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ABSTRACT

Homogeneous charge compression ignition (HCCI) engine has fuel flexibility and the potential
to reduce NOx and soot emissions. The aim of this work is to investigate the performance and
exhaust emissions of dual-fuel mode HCCI (DF-HCCI) engine. The existing CI Engine is
converted into a DF-HCCI engine by attaching the carburetor to the inlet manifold. Royal
Enfield bullet 500 cc, Mikarb type carburetor was attached outside the engine cylinder to prepare
the homogenous air-fuel mixture. Alcohol-based fuel (low reactivity fuel) was supplied through
the carburetor at the time of suction stroke and diesel/biodiesel blend/butanol blends (high

reactivity fuel) were injected to start the combustion at the end of the compression stroke.

To examine the influence of carburetor location on DF-HCCI engine performance, three
different length (6-inch, 9-inch, and 12-inch) inlet manifold pipes were chosen. Experimentation
was done for the different carburetor locations, it was revealed that a nearer location of the
carburetor outside the engine was preferable to avoid the evaporation losses and friction losses.

To vary the mass flow rate (MFR) of alcohol-based fuel different diameters of fuel jets were
used. In this study jet 40, jet 47.5, jet 60, jet 70, jet 80, and jet 90 were selected to change the
MFR of alcohol-based fuel in the carburetor. The effect of varying the MFR of alcohol-based
fuel and its optimization for premixed ratio at each load condition was investigated. It was
observed that an increase in the MFR of alcohol-based fuel extends the ignition delay (ID) and it
resist the start of combustion (SOC). Alcohol-based fuels have high octane number and high

autoignition temperature which helps to increase ID.

In the case of E100+D DF-HCCI engine, it was observed that NOx and smoke opacity was
reduced a lot with great improvement in the BTE, however, HC and CO emission increased. In
this study cumulative performance of emission reduction and BTE improvement was examined
by Simple Additive Weighting (SAW) optimization method. In SAW four different weightage
sets were assigned to each alternative parameter. With the help of SAW optimization, optimum
fuel jet and premixed ratio for each load condition were investigated. In E100+D DF-HCCI
engine it was observed that jet 40 is suitable for 20% load condition, jet 70 was suitable for 40%
load condition, jet 80 was suitable for 60% load conditions and jet 90 was suitable for 80% and
100% load conditions. The optimum premixed ratio for E100+D DF-HCCI engine was varied
from 47.55% to 75.94% at different load conditions.
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In the case of P100+D, B100+D DF-HCCI engine similar performance was observed in NOx and
smoke opacity reduction as well as BTE improvement. However, P100+D showed great
improvement in the BTE and B100+D showed a great reduction in the smoke opacity. The
premixed ratio range for P100+D DF-HCCI engine varied from 58.98% to 73.92% at different
load conditions. For B100+D DF-HCCI engine it varied from 45.84% to 63.02% at different load

conditions.

In the case of M100+D DF-HCCI engine NOx emission, reduced lot but smoke opacity was
increased and BTE was reduced. It showed poor performance at low load conditions compared
to a conventional diesel engine. Further, its premixed ratio range was also very low, i.e. in
between 31.40% to 43.97%. Further in the comparison of all alcohol-based DF-HCCI engine for
fuel jet 60, at 20%, 40%, and 100% load conditions P100+D DF-HCCI showed the best
cumulative performance and at 60% and 80% load conditions B100+D DF-HCCI engine showed

the best performance.

Experiments were performed to investigate the influence of Neem biodiesel blend 20 (Bio20)
instead of diesel in alcohol-based DF-HCCI engine on engine combustion and emission. It
revealed that inherent oxygen in the Bio20 helps to reduce HC and CO emission for all alcohol-
based DF-HCCI engines. In the case of E100+Bio20, P100+Bio20, and B100+Bio20 reduction
was observed in HC and CO emission, however smoke opacity increased compared to E100+D,
P100+D, and B100+D respectively. But in the case of M100+Bi020, Bio20 substitution instead
of diesel gave a good reduction in HC, CO, and smoke opacity as well as improvement in the
BTE. It was observed that Bio20 substitution instead of diesel for Methanol DF-HCCI engine

was most favorable compared to the rest of the alcohol-based DF-HCCI engine.

Further technical feasibility of butanol blend (B10/B20/B30) instead of diesel in the propanol
DF-HCCI engine was investigated. In this study, butanol was mixed with the diesel on a volume
basis and injected at the end of compression stroke instead of diesel in propanol DF-HCCI
engine. It was observed that the presence of oxygen and low cetane number of butanol assist to
reduce the total blend cetane number and increase its LHV. Increasing LHV and reduction in
cetane number of butanol blend assist to reduce the combustion temperature due to that high
reduction in NOx emission was observed. The presence of oxygen in the butanol blend helps to

reduce CO and HC emission compared to P100+D DF-HCCI engine. From the optimization it
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was observed that At 20% and 80% load conditions P100+B30, for 40% and 60% load
conditions P100+B10, and for 100% load conditions P100+B20 DF-HCCI engine gave an

optimized performance.
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1.1 General

Globally, the need of energy sources increasing drastically with the exponential growth in the
population and eases in living standards. The source of energy for industrial purposes, domestic
purposes, and transportation purposes are only fossil fuels. All over the world, internal
combustion (IC) engine is using for transportation purpose or any power generation purpose for

industrial or domestic.

Internal combustion (IC) engine is the main source of power generation in the automotive sector,
industrial sector, agriculture sector, and daily domestic purpose. IC engine is working on two
different cycles i.e. on Otto cycle and Diesel cycle. Otto cycle was used in the spark ignition (SI)
engine while the diesel cycle was used in the compression ignition (Cl) engine. Both engines
have different benefits as per applications. Sl engine is mainly used in portable power
generation, in the home application such as lawnmowers, chain saws, outboard motorboat
engine, and in a motorcycle. In this application low cost, lightweight, small bulk characteristics
are more important than the fuel economy, engine vibration, and engine durability, etc. Although
Cl engine is more applicable for large and stationary power generation purposes. Such as in cars,
trucks, marine engines, and for geneset application, etc. Cl engine has more compression ratio

(CR) range than Sl engine, which helps to give more fuel economy than Sl engine [1].

To produce effective power Sl engine required gasoline fuel while the CI engine required diesel
fuel. Day by day crude oil sources are diminishing, prices are reaching milestones. India was the
most consumer of crude oil and petroleum products after the China and United state in 2019.
Day by day consumption of crude oil in India is increasing than the production. The gap between
production and consumption is widening (shown in Figure 1.1). In 2019 crude oil production
reaches one million barrels per day and the requirement is extended up to 4.9 million barrel per
day. In petroleum products, diesel demand is more in India. For transportation, industry, and
agriculture purposes, almost 39% diesel consumption was done in 2019 among a total petroleum
product. While gasoline consumption around 14% of India's total oil consumption [2].
Consumption of fossil fuel in the IC engine produces global greenhouse gas (GHG) emissions
which cause an adverse effect on human health and the environment. IC engine is the biggest

contributor of air pollution. SI emission emits hydrocarbon (HC), carbon
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Figure 1.1 India's petroleum oil production and consumption, 2000-2019 [2]

Table 1.1 Euro emission norms for passenger car [3]

Phases |Date | HC | cO [NOx [PM | HC+NOx
Gasoline (Sl engine) g/km

Eurol |1992 - 2.72 - - 0.97
Euro2 | 1996 - 2.2 - - 0.5
Euro3 | 2000 0.2 2.3 0.15 - -
Euro4 | 2005 0.1 1.0 0.08 - -
Euro5 | 2009 0.1 1.0 0.06 0.005 -
Euro6 | 2014 0.1 1.0 0.06 0.005 -
Diesel (Cl engine)

Eurol |1992 - 2.72 - 0.14 0.97
Euro2 | 1996 - 1.0 - 0.08 0.7
Euro3 | 2000 - 0.64 0.50 0.05 0.56
Euro4 | 2005 - 0.50 0.25 0.025 0.30
Euro5 | 2009 - 0.50 0.18 0.005 0.23
Euro6 | 2014 - 0.50 0.08 0.005 0.17

monoxide (CO), and Nitrogen oxide (NOx) major emissions, while Cl engine emits NOx and
smoke or PM major emissions. These all emission shows an adverse effect on human health and
environment. Hence the emission norms are getting more stringent for automobile vehicles,

Table 1.1 shows the Euro norms for a passenger car.
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1.2 Vehicle emissions and their effect on human health

Vehicle emissions are the main source of air pollution. Air pollution affects human health and
the environment. Vehicles are emitting carbon monoxide (CO), hydrocarbon (HC), Nitrogen
oxide (NOx), Particulate matter (PM) hazardous emissions in the surrounding air. Figure 1.2

shows the impact of vehicle emissions on human health.
1.2.1 Effect of CO emission

Carbon monoxide (CO) emission occurs in IC engine due to incomplete combustion or lack of
oxygen. CO emission is colorless, tasteless, and odorless gas which is very less dense than air.
Excess consumption of CO causes carboxyhemoglobin. When the hemoglobin combines with the
CO emission it constrains the ability of hemoglobin to supply oxygen from the lungs to the total
body this is called carboxyhemoglobin. Excess inhalation of CO produces more
carboxyhemoglobin, if the 50% hemoglobin converted into carboxyhemoglobin may result in
fatality, coma. Inhalation of CO damage the heart and brain, miscarriage may happen in female,
it may damage the growth of the fetus, heart failure, etc [4,5].

_______________________ | Eye irritation, coughing and sneezing, can!

| Death, geneticmutations, harm toadevelopmgl ! cause skin, liver, kidney and cataract :
: fetus, decreased femal fertility, spasms, swelling | , 1 damage, Drowsiness and symptoms akinto |
1 ofthe throat, rapid pulse, dilated heart, irriatate ¥ 4 drunkenness‘ can cause cancer I

| the lungs and cause oedema, bronchitis [ S ] —————————————————

| Nonfatal heartattacks, Irregular heartbeat, aggravated R e T DS U 5 e S e o )

asthma, slow down lung function, increased respiratory |
| symptoms such as coughing and difficulty in breathing, '

| premature death, lung cancer
L i 8 o il e e ' ! damage to developing fetus, heart failure

I l Headache, Nausea and vomiting, blurred vision, |
confusmn, dizziness, chest pain, weakness, |
| damage to heart and brain, miscarriage, coma,

Figure 1.2 Influence of vehicle emission on human health
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1.2.2 Effect of HC emission

Due to misfire, or incomplete combustion HC emission is occurred in the IC engine. Also, high
fuel-rich regions and incomplete combustion help to generate HC emission. HC emission level of
harmfulness relies on the chemical composition of hydrocarbon. Benzene, pentane, methane,
acetaldehyde, acrolein, etc are the various hydrocarbons, which are very hazardous to a human
being. Inhalation of HC emission can damage the liver, skin, kidney. It may show symptoms

like coughing, sneezing, or eye irritation [4].

1.2.3 Effect of NOx emission

High combustion temperature and lean air-fuel mixture are the favorable conditions to produce
NOx emission in the IC engine. NOx emission is a very hazardous emission for a human being.
Inhalation of low level of nitrogen oxide can irritate eyes, nose, throat, probably chairing to
coughing, breath shortness, tiredness. Inhalation of high nitrogen oxide can cause rapid burning,
swelling of throat and upper respiratory system, the reduced oxygen level in tissues, generate
fluid in the lungs may cause death [4]. High concentration of NOx may cause genetic mutations,
it may harm the growing fetus, may decrease female fertility etc. If NOx combines with
hemoglobin generates methemoglobin which produces an obstacle to the transformation of
oxygen from the lungs to the body tissues. Also, NOx reacts with water and oxygen may fall

into acid rain.
1.2.4 Effect of PM or smoke

Particulate matter (PM) is produced in the rich air-fuel region in the combustion chamber, it may
be produced due to incomplete combustion of the rich fuel region. PM is produced by the
combination of carbon molecules with other chemical molecules such as hydrocarbon, sulfates,
nitrates, and metals. PM includes smoke, soot, dirt, dust, and liquid droplets. Few particles are
visible by necked eyes and some need microscope to see. PM is classified based on a particle
size such as ultrafine particle, fine particle, and coarse particle. Inhalation of PM particles causes
nonfatal heart attacks, irregular heartbeat, aggravated asthma, slow down lung function,
premature death in people with heart or lung disease. PM particle is the most dangerous emission
to human beings, inhalation of PM causes difficulty in breathing and long exposure causes

cancer.
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CO, HC, NOx, and PM are the most dangerous vehicle emissions for a human being. To reduce
these kinds of emission and to reduce the gap of production and consumption of crude oil need to
find advance combustion methods which have high fuel economy capacity and low emission.
Indirectly efficient use of energy sources is energy saving. High thermal efficiency combustion
mode is required to find. Also, the combustion mode is required who can replace conventional
fuel (gasoline or diesel) use in IC engine. To reduce engine emission and to achieve stringent
norms advance combustion strategy is required. To overcome these IC engine problems few

strategies were used in the IC engine.
1.3 Advance combustion strategies

Engine efficiency can be improved by the use of new technologies such as direct injection
gasoline engine, variable geometry turbocharger (VGTs) [6-8], variable valve control (VVA),
and variable compression ratio (VCR) systems [9,10]. In the direct injection gasoline engine,
gasoline fuel was injected into the cylinder before the start of ignition to improve the fuel
economy and reduce the NOx emission [11]. While in the VVA inlet valve closing and opening
time varied to reduce the effective CR. Inlet valve close early or late, reduce the effective CR it
leads to reduce the PRR and maximum in-cylinder pressure, due to which reduction in NOx
emission. Further, in VCR engine different CR was handle by changing the clearance volume to
control the combustion phasing and combustion temperature [9,12,13]. However, these strategies
are more complicated as well as costly to incorporate in the conventional engine. Further to
reduce the engine emission split injection, biodiesel blends, butanol blends [14], alcohol blends,
catalytic converter, particulate filter, etc. was used [15,16]. By the use of oxygenic fuel in the
blend it reduces HC, and CO emissions but it increased most hazardous NOx and soot emissions.
Further, the blend fraction is limited to 20% or 30% in conventional (diesel or gasoline) fuels
[17,18]. By using after-treatment methods energy losses may be possible due to extra

backpressure [4,19].

In advanced combustion technology, homogeneous charge compression ignition (HCCI) engine
is the most effective strategy. HCCI engine is a low-temperature combustion (LTC) strategy that
helps to reduce NOx and soot emission. HCCI engine can achieve more stringent norms as well

as it can adopt any fuel other than conventional fuels [20].
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1.4 Introduction of HCCI engine

Homogeneous charge compression ignition (HCCI) is the low-temperature combustion (LTC)
technology. In HCCI engine lean homogeneous charge prepared outside the combustion chamber
(CC) supplied to the engine and due to compression, it reaches its autoignition temperature.
Multiple sparks produce at an instant in the combustion chamber promote spontaneous
combustion at low temperatures. HCCI engine operates on a combination of Sl and CI engine
mode [19]. In the SI engine, a homogeneous charge is prepared outside the engine cylinder, and
combustion starts with the help of a spark plug. Whereas in CI engine air compressed in the
engine cylinder and near to the compression stroke fuel get injected through the injector to start
the combustion. However, in the case of HCCI engine, homogeneous charge preparation and
compression ignition both operations performed in a single mode [21,22]. Figure 1.3 shows the
comparison of Sl, ClI, and HCCI engine. The homogeneous nature of air-fuel mixture in the
HCCI engine reduces fuel-rich region in the combustion chamber assist to reduce PM emission
or smoke opacity. However lean air-fuel mixture and spontaneous combustion reduce
combustion temperature assist to reduce NOyx emission. Whereas Cl engine operates on
heterogeneous nature of air-fuel mixture initiate to produce high PM and NOx emission and Sl
engine has a high flame propagation which results in high combustion temperature leads to high
NOx emission [23].

Diesel Engine Gasoline Engine HCCI Engine
(compressionignition) (sparkignition) (HomogeneousCharge
Compression Ignition)
Fuel injector Spark plug
‘/ s
| ‘(M + e gy ey
dg i,
N et

iy EmEy Namt

\ L
\

Hot flame Hot flame Low temperature
region: NOx region: NOx combustion: ultra
+smoke low emissions

Figure 1.3 Comparison of Sl, Cl, and HCCI engine [24]
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In the SI engine, there are throttle losses and low CR promotes low brake thermal efficiency
(BTE), while in CI engine high-temperature combustion increases heat transfer losses promotes
low BTE. However, in the case of HCCI engine, no throttle losses or heat losses initiate to
increase its BTE compared to Sl or CI engine. HCCI engine can operate at high CR assist to
improve its BTE. The most unique and attractive characteristic of HCCI engine is that it can
accommaodate any fuel for combustion. Sl engine or CI engine can operate at particular fuel such
as for Sl engine gasoline is required and for CI engine diesel is needed. Conversely, HCCI
engine can operate at various fuels such as gasoline, diesel, biodiesel, alcohol-based fuels,
natural gases, biogases, etc.
Table 1.2 Comparison between conventional SI engine and HCCI engine [25]

Features of comparison | Sl engine HCCI engine

Compression ratio Low High

Efficiency Less More

Combustion duration More Less

Combustion flame Flame propagation Multipoint autoignition

Injection type Manifold injection Both manifold and direct injection
Throttle losses More No

NOyx emission Comparatively more Less

Major emission CO, HC, and NOy CO and HC emission

Table 1.3 Comparison between conventional diesel engine and HCCI engine [25]

Features of comparison | Cl engine HCCI engine

Combustion temperature | 1900-2100 K 800-1100 K

Efficiency High Equally high

Combustion duration More Less

Combustion flame Diffusive flame Multipoint autoignition

Injection time Direct injection Both manifold and direct injection
Cost Comparatively high Less

PM and NOyx emission More Less

Major emission NOx and PM HC and CO emission
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Table 1.2 shows the comparison between the SI and HCCI engine and Table 1.3 shows the

comparison between the Cl and HCCI engine.

1.4.1 Advantages

High CR, no throttle losses, and other losses lead to improving thermal efficiency in
HCCI engine.

Lean homogenous air-fuel mixture outside the combustion chamber assist to reduce PM

or smoke opacity and NOx emission.

HCCI engine having high fuel flexibility hence it can easily replace diesel or gasoline by

alternative fuel.

HCCI engine cost is less than the SI engine because there is no need of a spark plug or

throttle valve.

1.4.2 Disadvantages

Difficult to start at cold condition.
CO and HC emissions are high.

Autoignition is difficult to control, hence pressure rise rate (PRR) and heat release rate

(HRR) is high and engine is unable to run at high load condition.

1.4.3 Challenges in HCCI engine

HCCI engine is working on LTC strategy, in this lean homogeneous charge was supplied to the

engine cylinder, it leads to reduce engine combustion chamber temperature. If the atmospheric

temperature is very low then the initial air temperature contributed to the combustion chamber

temperature and getting difficult to start the ignition. Further due to LTC combustion HCCI

engine produce high HC and CO emission. In the HCCI engine, spontaneous combustion occurs

when fuel reaches its autoignition temperature, there is no combustion controller like SI engine

has spark plug, and the diesel engine has an injector. At high load conditions, there is difficult to

control engine combustion [26][27]. HCCI engine has various challenges as shown in the Figure

14.
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1.4.3.1 Difficult to start in cold condition

HCCI engine has a hurdle to start at geographical cold places. HCCI engine combustion was
completed at low temperature due to a lean homogeneous mixture. Compressed charge emits
more heat to the cold engine cylinder at cold atmospheric conditions. So HCCI engine is not
able to start the ignition of fuel in such cold conditions [28]. To overcome this challenge glow
plug can be used in the combustion chamber to warm up the engine for short period at the time
of engine start. Also, this problem can be overcome by starting the engine on conventional Sl or
CI mode for a short warm-up duration and then shift to HCCI mode.

1.4.3.2 High HC and CO emissions

In the HCCI engine, NOx and PM emission were highly reduced but HC and CO emission got
increased more. HC and CO emission mainly produce due to the absence of oxygen means too
rich air-fuel mixture or too lean air-fuel mixture. Some portion of air-fuel mixture accumulate in
the cylinder piston crevices and escaped from the combustion at the time of compression. Due to
low-temperature burn gas flam unable to consume this re-entered unburned air-fuel mixture at
the time of expansion stroke promotes more HC and CO emission [29]. Further due to very low-
temperature combustion HC and CO are unable to complete oxidation into H,0 and CO;
respectively. LTC promotes cylinder impingement and leads to produce more HC and CO
emissions. This impact on combustion efficiency of the engine, low combustion efficiency leads
to deteriorating HCCI engine performance at low load conditions than high load conditions.
Whereas the use of a catalytic converter can reduce these HC and CO emissions, but catalytic

converter assists to increase backpressure and impact on engine efficiency [5].
1.4.3.3 Combustion phasing control

One of the supreme challenge of HCCI engine is to control combustion. In HCCI engine there is
no combustion control, whenever fuel reaches its autoignition temperature by compression
spontaneous ignition may arise. However, in SI engine combustion control on spark timing and
CI engine combustion control on fuel injection timing. Premixed homogeneous air-fuel mixture
autoignition depends upon multiple parameters such as fuel chemical properties, engine
specification, and uncontrolled parameters. Combustion control of HCCI engine depends on the
autoignition temperature of the fuel, octane number of fuel, latent heat of vaporization (LHV),

compression ratio (CR), residual rate, exhaust gas recirculation (EGR) concentration, wall
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temperatures, inlet temperature, and pressure of fuel, homogeneity of mixture, cooling
temperature etc. Therefore HCCI combustion control at various load and speed conditions is a
challenging task. Combustion control directly influences engine power output and engine
efficiency. If too early combustion occurs before top dead center (bTDC) gives less power and
low thermal efficiency, whereas combustion retarded after top dead center (aTDC), increases
misfiring chances. Hence to control the combustion is an interesting task in HCCI engine. It can
also control by VCR and VVT.

1.4.3.4 Extend the operating range

HCCI engine is not able to operate at mid-load or full load conditions. It is more suitable for
low-load conditions. Controlling the combustion for full load and high speed is the main
challenge in HCCI engine. HCCI engine works on self-ignited spontaneous combustion. If the
load increase on the engine, fuel demand increases, more fuel liberate more heat energy in the
spontaneous combustion. Whenever more fuel burns at instant, combustion pressure and heat
release increases abruptly. Its HRR and PRR are more than its normal operating range. It may
lead to engine knocking and vibration. Seviour vibration and engine knocking may lead to
physical damage of engine accessories such as piston, connecting rod, engine cylinder, engine
outer parts, etc. To extend the operating range for wide load conditions and high speed,
combustion duration should increase. Extend the operating range of two different reactivity
fuels, different fuel blends, EGR implementation, etc may be useful [4].

Difficult to start at cold condition

Combustion phasing control Use of glow plug in the combustion

Changes in the engine operating condition like chamber to increase the temp. or to
as varying inlet temperature or inlet pressure, start the engine on conventional mode

and then shift to HCCl mode

Changes in injection timing and pressure,

Variable CRs, Variable valve timing.

HCCI Engine
Challenges

Extend the operating Range CO and HC emission is high

After treat t strat lik talyti
Operating range can be extend by using er treatment strategy like as catalytic
A . i A converter can control HC and CO
different strategies combustion like as RCCI,
PCCl, HCCI by using Blends of more than two

fuels, use of additives, EGR addition, or use of

emission of HCCI engine

two reactive fuels.

Figure 1.4 HCCI engine challenges and remedies
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These are the main challenges of HCCI engine. Control the combustion and extend the operating
range is the major hurdle of HCCI engine. To extend the operating range and elongate the

combustion various strategies are used in HCCI engine.

Dual fuel HCCI engine strategy will overcome the existing problem by supply of various
alcohol-based fuels in different proportion at the time of suction stroke. Further to ignite the
alcohol-based fuel homogeneous mixture diesel need to supply at the end of compression stroke.
This leads to control the sudden pressure rise rate and therefore engine run at all load conditions
with lower NOx and smoke opacity without a penalty of fuel consumption.

1.6 Introduction of present research on dual fuel mode HCCI engine

In the present research study, a single-cylinder CI engine is converted into dual fuel mode HCCI
engine by attaching a carburetor to the outside of the engine manifold. Alcohol-based high
volatile fuel supplied through the carburetor at the time of suction stroke and diesel or biodiesel
fuel was injected into the engine cylinder. To vary the mass flow rate of alcohol-based fuel
different diameter fuel jet was used in the carburetor. In this research, the alcohol-based fuels
were compared and the best alcohol-based fuel was found for dual fuel HCCI engine with lowest
NOx and smoke opacity emissions without penalty of fuel economy. Optimum mass flow rate
and optimum premixed ratio for each alcohol-based fuel under individual load conditions were
examined with the help of simple additive weighting (SAW) method. Further, instead of diesel
fuel supply, the biodiesel blend 20% or butanol blend from 10% to 30% was supplied to
investigate the dual fuel mode HCCI engine performance and reduction of HC and CO

emissions.
1.7 Thesis organization

In the current study, six chapters are involved. Chapter-1 describes the outline of IC engine
benefits, applications, and drawbacks. Further, conventional fuel consumption and production
scenario. Impact of IC engine emissions on human health and environment. In this chapter,
various advanced combustion methods are discussed to overcome the IC engine challenges. This

chapter includes the basic working principle of HCCI engine, its advantages, and challenges.
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Detail literature review of HCCI engine is included in chapter-2. In this chapter history of HCCI
engine and its current research is discussed. Research finding and research objective for the

current study based on literature gap is included.

In the next chapter-3, research methodology, selection of engine, selection of carburetor, and
alcohol-based fuel for the current research are explained. Detailed experimental setup for dual
fuel HCCI engine is described. Specifications of all engine apparatus and measuring instruments

are included.

Chapter-4 includes the detailed experimental procedure of dual fuel HCCI engine. All required
combustion parameters and performance parameters definitions are explained with formulae.
Detailed optimization procedures and methods with different weightage are explained in this

chapter.

In chapter-5 all experimental results are discussed. The influence of carburetor location on
engine performance and emission was explained in the first objective of chapter-5. Influence of
different mass flow rates on engine emissions and performance is explained with the optimum
premixed ratio for each load condition in objective-2 of chapter-5. Different alcohol-based fuel
performance was compared in objective three of chapter-5. Chapter-5 represents the

experimental results of the dual fuel HCCI engine for different load conditions.

Finally, the overall conclusion of this current research is drawn and some future

recommendations are included in chapter-6.
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Chapter — 2

Literature Review
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2.1 General

Widening the operating range and controlling the combustion are the major challenges of HCCI
engine. To extend the operating range and elongate the combustion duration various strategies
are used in HCCI engine. HCCI engine is classified based on homogenous charge preparation.
Availability of proper homogenous charge at a suitable time in the combustion is the heart of
HCCI engine. A proper homogeneous mixture improves the combustion process and gives high
fuel economy and low engine emissions. HCCI engine is classified based on homogenous charge
preparation. High viscous or low volatile fuels are making obstacles to form a homogenous
mixture. So by understanding different fuel nature homogenous charge preparation for HCCI
engine is necessary. External homogenous charge preparation was done outside the engine
cylinder at the time of suction stroke by using port injection, manifold injection, fumigation, or
open throttle carburetion, etc. Whereas internal homogenous charge preparation was done in the
engine cylinder by varying injection timing, early injection, late injection, and multiple

injections.

HCCl: Homogenous charge prepartion technigue

External homogenous charge prepartion Internalhomogenous charge prepartion
technique technigue

Early direct injection
Portfuel injection v !

Late direct iniection

Portfuel injection
with vaporizer

Multiple direct injection

Premixed and direct injection

Homogenous charge prepartion technigue

Figure 2.1 HCCI engine classification based on homogenous charge preparation
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2.2 External homogeneous charge preparation technique

The homogeneous charge prepared outside the engine cylinder is the supreme efficient technique
for gaseous, or more volatile nature fuels such as gasoline and alcohol-based fuels. This
technique is more effective because more time is available for the preparation of homogenous
charge before ignition. In this strategy, fuel is mixed with the fresh air at the time of suction
stroke. To inject the fuel, port injection, manifold injection or open throttle carburetion is a

suitable method.

First HCCI engine mode combustion was implemented in the SI engine in 1979. Onishi et al.
[30] performed HCCI combustion process on two-stroke engines. There was spontaneous
combustion done at a time and there is no flame propagation. They called it “active-thermo
atmosphere combustion” (ATAC). In the ATAC start and end of combustion were not specified.
Moderate performance was observed for low load conditions only. Further, stable operation and

absence of misfiring occurred in the wide range of part throttle operations.

The same combustion was demonstrated at the Toyata Motor Co. Ltd. and named as “TS
(Toyota-Soken) combustion” Noguchi et al. [31]. This self-ignited combustion is called “RUN-
ON” combustion. They carried out experiments with a horizontal opposed-piston two-stroke Sl
engine. It was observed that at no-load conditions HC emissions and fuel consumption were

improved.

Later Thring [32] exhibits that HCCI can operate at high EGR and high inlet air temperature.
Further, he concluded that four-stroke engine can operate on HCCI mode for low load and low

speed, which gives low and high fuel economy compared to a conventional ClI engine.

With the help of Honda R&D Co., Ltd Ishibashi Y. et al. [33] worked on self-ignited two-stroke
gasoline engine and name it activated radical combustion (ARC). The ARC improved fuel

economy and reduced HC emissions by 57% and 60% respectively.

Aoyama et al. [34] manufactured premixed charge compression ignition (PCCI) engine by the
use of gasoline port injection. Air fuel range of 33-44 was given for stable PCCI engine
performance. For extending the stable combustion range inlet air heating and supercharging were

useful. PCCI engine operated stably at 80 air-fuel ratio with 170° C inlet air temperature. PCCI
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engine achieved low NOx emissions but low fuel economy because of little stable range of

combustion.

For the initial research above researcher used a two-stroke or four-stroke gasoline engine for
HCCI combustion and a homogenous charge was prepared outside the engine cylinder. Further
to control the ignition timing various researchers used exhaust gas recirculation (EGR), varying
inlet temperature and pressure, varying swirl ratio, varying CR, VVT, etc strategies in the
external mixture formation HCCI engine [35,36]. An engine control unit (ECU) was used to
control the HCCI engine combustion by varying EGR substitution ratio, VVT [37]. EGR
contains various gases that assist to absorb temperature leads to increase ignition delay (ID). To
change the fuel quantity and EGR adjustment in HCCI engine for extension of load limit variable
valve timing (VVT) method is appropriate. In VVT early closing of exhaust valve and late
opening of inlet valve can trap exhaust gases in the engine cylinder, which may help to delay the
start of combustion (SOC) of homogenous fuel [38] [39].

Lei Shi et al. [38] implemented external and internal EGR to extend the combustion duration of
HCCI engine with the help of VVT. It was revealed that cooled external EGR can delay
combustion leads to avoid knocking at high load conditions. An increase in EGR percentage in
HCCI combustion reduced NOx emission compared to a diesel engine. Also if the EGR
percentage increased in the HCCI engine won't affect smoke opacity however if EGR increased
in a conventional diesel engine it effect on smoke opacity due to lack of homogeneity (high fuel-
rich region). Due to lack of oxygen and incomplete combustion in HCCI engine CO emission

was increased.

Nakano et al. [40] used EGR with varying inlet temperatures to control HCCI ignition. In this
study, three different fuel blends (65% iso-octane plus 25% toluene plus 10% n-heptane) were
used for the preparation of a homogenous charge. Substitution of EGR increased ignition delay
(ID) and increasing inlet temperature promoted the combustion. It was observed that cooled EGR

can control the HCCI combustion.

The preparation of low volatile or viscous fuel (diesel or biodiesel) homogeneous charge outside
the engine cylinder is difficult. With high viscous fuel, HCCI engine is not able to achieve low
emission and high fuel economy. Diesel vaporizer is the tool to vaporize the low volatile fuel in

the vaporization chamber. In the diesel vaporizer, the copper vaporizing chamber is covered with
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a band heater and that controlled by ECU. In the vaporization warm-up time and cut-off time
need to control for that purpose proportional integral derivative (PID) controller is required.
Low volatile fuel and air send to vaporization unit for the preparation of homogeneous mixture

outside of engine cylinder [41].

To achieve a homogeneous charge of air and fuel Ganesh et al. [42] inducted diesel in a
vaporizer before the engine cylinder. In the vaporizer, diesel is heated at 90° C to acquire the
diesel fuel in vapor form. Also to control the early ignition of vaporize diesel, cooled EGR
strategy was implemented. It is concluded that diesel vapor induction with 10% EGR reduced
more NOx and smoke opacity compared to diesel vapor induction without EGR. Further, it was
observed that this strategy was applicable up to 75% load condition, at high load condition
combustion is not under control so shifted on conventional diesel mode. Also, it gave low fuel

economy because of vaporization losses and unburned fuel consumption.

A similar kind of experimentation was done by Ganesh et al. [43] for high EGR percentage
(10%, 20%, 30%) with vapor form of diesel in HCCI engine. It was observed that the lowest
NOx and smoke emission was attained for diesel vapor induction with 30% EGR in HCCI
engine with 12% more fuel consumption penalty compared to baseline diesel engine.

Maurya, and Agarwal [44] introduced port injection technique for the external homogenous
charge preparation in HCCI engine. Ethanol fuel was injected into the intake manifold with the
hot fresh air. Intake air temperature increased with the help of preheater in the intake manifold
and varied from 120, 140, and 160° C at different air-fuel ratios. The whole system was
controlled by ECU and engine experiments performed for different intake air temperatures with
varying air-fuel ratios at a constant speed. It was observed that richer mixture ignited properly
for low intake air temperature, conversely richer mixture tends to knock or very high-pressure
rise rate may occur with increasing intake temperature. However higher intake air temperature

gives good HCCI engine combustion performance for a leaner mixture.

Gajendra et al. [45] used biodiesel blend 20 and 40 instead of diesel for external homogenous
charge preparation and examined the effect of biodiesel blend over diesel vaporization. In this
study, port injected fuel vaporization was done in the vaporizer, and to control the combustion
various EGR substitution (0%, 15%, and 30%) was used. Biodiesel blend HCCI engine showed

more stable results compared to diesel HCCI engine. However, a reduction in fuel economy and
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power output was observed with a minor increase in CO, HC, and smoke emissions. Because
biodiesel blend has low calorific value and less evaporation rate which impact on fuel economy
and smoke emission. But a significant reduction in NOx emission was observed for biodiesel
HCCI engine.

Cinar et al. [46] used VVT mechanism to trap the hot exhaust gases in the gasoline HCCI engine.
Inlet air temperature also changed between 20° C to 120° C to vaporize the fuel and a four-valve
mechanism was used to extend the operating range of HCCI engine. Low valve lift can trap the
hot exhaust gases and help to extend the combustion duration for a rich mixture. It assists to

avoid misfiring or knocking at higher load conditions.

Harisankar and Murugan [47] performed a similar kind of experiment for ethanol HCCI engine.
In this study, inlet air temperature varied from 130° C to 170° C, and ethanol fuel was injected in
the inlet manifold. It was concluded that 170° C inlet air temperature improved rake thermal
efficiency and combustion efficiency compared to the rest of the inlet air temperature. Further

NOx and smoke reduced a lot but HC and CO emissions got increased.

The same kind of work was carried out by Girish, and Suryawanshi [48] in HCCI engine, they
called this combustion as PCCI. They used vaporized diesel with EGR and without EGR. With
EGR NOx and smoke were reduced but HC and CO showed increment with low fuel economy in
without EGR PCCI engine compared to CI engine. Further with 30% EGR PCCI engine reduced
more NOx emission but high HC and CO emission was observed.

Computational study was carried out by Karthikeya et al. [49] to investigate the effect of
induction swirl, boost pressure, equivalence ratio, compression ratio, and EGR concentration on
HCCI engine performance parameters. In this study diesel homogenous charge was prepared
outside the combustion chamber. They reported that when swirl ratio of 4 with 30% EGR then
21% reduction in peak pressures compared to a swirl ratio of 1 with 0% EGR. It was found that
for reducing peak pressure lower compression ratios, higher EGR concentrations, lower
equivalence ratios, lower boost pressures, and higher swirl ratios were favorable conditions for

HCCI engine combustion.

In this external homogeneous mixture formation, various strategies were used by various
researchers to achieve the HCCI engine smooth combustion. Figure 2.2 indicates the various

names of external mixture formation strategies of HCCI engine.
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Figure 2.2 Execution of early external homogenous charge preparation strategies
2.3 Internal homogenous charge preparation

In this strategy, a homogenous charge is prepared in the engine cylinder by varying the injection
timing. In the conventional diesel engine fuel is injected near the TDC, but in this technique,
early fuel injection, late fuel injection, or multiple fuel injection was done to control the HCCI
engine combustion. In the early fuel injection, injection is done in the compression stroke before
TDC however in the late injection, injection is done in the power stroke after the TDC. While
multiple injection fuel was injected more than two times in the compression as well as in the

power stroke means before TDC and after TDC.
2.3.1 Early direct injection

Early direct injection method is mostly used in the diesel engine to prepare the homogenous
charge before combustion. Early injection tolerates more ID which makes proper air-fuel mixture
leads to autoignition. In the early injection, fuel is colliding on the cylinder wall and some fuel
particles get stick to it. When high fuel demand increases more fuel gets to accumulate on the
cylinder wall. Because in this method injection is done when the cylinder not near to the TDC or

mid of the compression stroke so fuel get an adequate cylindrical area to accumulate on the wall.

20|Page



Due to the accumulation of fuel particle on the cylinder liner excess incomplete combustion
happen which leads to increase PM or soot and HC emission more. This problem can be
overcome by using a sophisticated high injection pressure system with narrow-angle direct
injection (NADI). Another challenge of early direct injection HCCI combustion can be overcome
by advanced injection strategy. All advanced injection and combustion strategies for early direct

injection are shown in Figure 2.3.

HiMICS
PREDIC Homogeneous charge intelligent
Premixed lean Diesel Combustion Multiple Injection Combustion
. UNIBUS
Implementation
PCl . Uniform Bulky Combustion
Premixed Compression Ignition of Early Direct System
Injection
Strategy
MULDIC NADI™

Multi stage diesel combustion Narrow angle direct injection

Figure 2.3 Early direct injection strategy
2.3.1.1 Premixed Lean Diesel Combustion (PREDIC)

Premixed lean diesel combustion (PREDIC) is the advanced injection method was used by
Takeda et al. [50] to avoid fuel collision on the cylinder wall. In this study, early in-cylinder fuel
injection was done to achieve a homogenous air-fuel mixture. Three different fuel injector was
used, one at center and rest at two sides of the cylinder. At the same injection timing side injector
injecting fuel at the center of cylinder. At that instant collision of two fuel sprays may occur at
the center of cylinder and injection of fuel spray on cylinder wall was avoided. Due to this proper
homogenous mixture is prepared at the center of the cylinder. In this study NOx emission was
greatly reduced however HC and CO got increased. Influence of swirl was not shown great
influence on NOx emission. This early injection HCCI engine may perform for partial load
condition which was handled by lean mixture, for high load condition difficult to control the

combustion.
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Figure 2.4 PREDIC strategy with water injection [51]

A similar PREDIC strategy was used by Nishijima et al. [51] to reduce NOx and HC emission
simultaneously with considerable improvement in fuel economy. In this study, the third injector
injected water to extend the combustion duration and to control the HC emission. Figure 2.4
shows the experimental setup. First injection was done -30 or -40° aTDC and then water
injection was done at -180 or -270° aTDC. Also, the water injection quantity was equal to the
fuel injection quantity for the control of HC and CO emission. Finally, it was concluded that the
split injection at -40° aTDC and water injection at -180° aTDC can simultaneously reduce NOx

and HC emission with fuel consumption improvement in PREDIC mode.
2.3.1.2 Premixed compression ignition (PCI)

PCI combustion strategy was used to reduce fuel consumption, expanding the load range, and
reduce HC emission. lwabuchi et al. [52] used premixed compression ignition (PCI). In this
study, fuel was injected early in the compression stroke and fuel gets ignited at its self-ignition
temperature. To avoid the fuel collision on engine cylinder nozzle with an angle of 80° was used,

which is throwing downward spray compared to conventional engine spray. Further engine
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operating range with PCI combustion was limited; it was useful for low load conditions only.
PCI combustion was found to be more clean (reduction in NOx and smoke emission) and

efficient compared to a conventional diesel engine, however, HC emission produced more.
2.3.1.3 Multi-stage diesel combustion (MULDIC)

Multi-stage diesel combustion (MULDIC) is developed to overcome the PREDIC strategy
challenge like a low operating range. In this combustion mode, three injectors used like as
PREDIC strategy, and combustion did in two stages. In the first stage, early injection was done
to prepare the premixed lean mixture and spontaneous combustion occurred. Successively
second stage injection done in the hot gases. Detailed injection timing and injection pressure is
shown in figure 2.5. Hashizume et al. [53] used multi-stage diesel combustion (MULDIC) mode
in diesel engine. This concept was used to reduce NOx emission under higher load conditions. In
MULDIC, first stage injection was fixed at 150deg bTDC, which corresponds to lean
combustion produce low NOx. And the second stage combustion related to diffusion combustion
which was varied from 2deg bTDC to 30deg aTDC. It was concluded that in the second stage
combustion NOx produced more but fuel-rich combustion near to TDC reduced NOx as well as

smoke, however, fuel consumption was more compared to baseline diesel engine.
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. ]
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Figure 2.5 MULDIC injection pattern [53]

2.3.1.4 Homogeneous charge intelligent Multiple Injection Combustion System (HiMiCS)

HIMICS strategy was used to reduce simultaneously NOx and smoke opacity. Yokota [54]
incorporated HiIMICS (Homogeneous charge intelligent Multiple Injection Combustion System)

combustions which is the combination of premixed compression ignition combustion and
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multiple injections. In HIMICS concept, the pre-mixture was formed at the time of suction stroke
to the mid of compression stroke. In this strategy pilot injection (P), main injection (M), Early
injection (E), and late injection (A) like this multiple injections were used. Set of injections with
quantity was shown in Figure 2.6. Narrow spray angle was used in order to permit multiple
injections. It was concluded that NOx and smoke were reduced at retarded injection timing,

however, HC and CO emissions increased with less fuel economy.
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Figure 2.6 HiMICS injection pattern [54]

2.3.1.5 Uniform Bulky Combustion System (UNIBUS)

Hasegawa et al. [55] carried out experimentation on UNIBUS (Uniform Bulky Combustion
System) mode. This technique was used to control combustion. In this strategy, two stages of
combustion done, first done too early to form a premixed homogenous charge. Inlet temperature
and pressure also control in such a way that high-pressure reaction should not start before the

second injection.

Engine Speed  :2000
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A
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Figure 2.7 UNIBUS single and double injection strategy [55]
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The injection strategy is shown in Figure 2.7. In experiments, the first injection timing was
varied from —54 degrees aTDC to —4 degrees aTDC and second injection timing is fixed that 13
degree aTDC. Low NOyx and smoke were observed in both injection stages. NOx was reduced
below 70 ppm and smoke near to zero was recognized in the Japanese test mode.

2.3.1.6 MULINBUMP compound combustion

Su et al. [56] used compound combustion technology by using multi-pulse fuel injection and
BUBP combustion chamber. The premixed combustion was achieved by multi-pulse injection.
This pulse injection timing, ideal time in between two pulses, duration for each pulse injection,
number of pulses in one working cycle all are controlled. The aim behind this pulse control is to
restrict the fuel spray penetration on the cylinder liner and to prepare a proper air-fuel mixture.
Further, this premixed combustion proceeds in the BUMP combustion chamber to enrich the
mixing rate with the help of BUMP ring which leads to lean diffusive combustion. Multi-fuel
injection and BUMP combustion chamber are shown in Figure 2.8. Especially soot emission
reduced a lot in the BUMP chamber, overall great reduction in NOx and soot emissions was

noticed for less load limit.
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Figure 2.8 Multi pulse injection and bump combustion chamber [56]
2.3.1.7 Narrow-angle direct injection (NADI™)

In the very early direct injection more cylinder surface exposed to the fuel spray, fuel use to
accumulate on the cylinder liner due to wide fuel spray angle in the conventional diesel engine.

Narrow-angle direct injection (NADI) has the benefits to escape the fuel deposition on the
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cylinder liner. Fuel spray should be at the center of the engine cylinder to avoid unnecessary HC
and soot emission. Walter and Gatellier [57] used NADI™ strategy to extend the engine load
range, and zero NOx_ and particulate matter emission. Less than 100-degree fuel spray angle was

used to avoid fuel impingement.
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Figure 2.9 (a) Diesel engine spray angle, (b) Narrow spray angle in HCCI engine [58]

Kim and Lee [58] used dual-injection technique with a narrow spray angle to suppress the NOx
and smoke. In this study injection angle of the diesel engine was narrowed from 156-degree to
60-degree to avoid the fuel impingement on engine cylinder as shown in Figure 2.9. Also to
avoid the advance ignition of premixed charge prepared by early direct injection CR reduced
from 17.8:1 to 15:1. Figure 2.9(a) shows the conventional engine spray angle and Figure 2.9(b)
shows the narrow injection spray angle. In this study, three different kinds of injection were
used as conventional diesel injection, early injection, dual injection. It was revealed that dual
injection strategy with narrow-angle spray reduced the NOx emission due to early HCCI
combustion start by early injection and CO emission reduced by second late injection which
leads to improving the fuel economy.

Reveille et al. [59] executed a CFD study to reduce the near zero NOx and Particulate matter by
using NADI™ strategy in the dual mode engine. Dual fuel HCCI combustion mode applies for

part-load condition and shifted to conventional diesel mode for high load condition. It was
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observed that at part load condition almost zero NOx and PM emission achieved with good

thermal efficiency.
2.3.2 Multiple direct injections

Fang et al. [60] incorporated multiple injection techniques in a high-speed direct injection
(HSDI) diesel engine to investigate the impact of injection angle and injection pressure. Two
different spray angle was used that is 150-degree and 70-degree with two different injection
pressure is 100 bar and 600 bar. The multi injection was done in two stages, the first injection
was done at -40° aTDC means early injection, and the second stage injection done at 8° aTDC
means late injection. In the first stage of injection with high pressure in the case of 150-degree
angle, premixed combustion was observed with non-luminious flame while in the case of 70-
degree two types of flame observed non-luminous and luminous. In the second stage of injection,
ignition occurs near the spray tip of bowl wall in the case of 150-degree while in the case of 70-
degree ignition occurs central region of bowl. 150-degree angle fuel spray performed like PCCI
combustion with little soot emission, however in the case of 70-degree spray angle more soot
was observed. Conversely, a 70-degree spray angle gives the lowest NOx emission for both

injection pressure.

Dual-injection technique was used by Das et al. [61] to run the diesel engine on HCCI mode in
order to reduce NOx and smoke emissions. In this experiment, pilot injection was made at the
time of suction stroke and main injection at the end of compression near the top dead center
(TDC). Experimentation was performed for constant speed and 0-67% engine load conditions. In
this study premixed ratio was used from 0% to 80% and the effect of 15% and 30% EGR rate
studied for 80% premixed ratio. It was found that increasing the mass of pilot fuel advances the
start of combustion (SOC), PRR, and HRR. Further using 80% premixed ratio and 30% EGR
reduced NOx by 76% and smoke opacity by 40%. From the study it was concluded that if
premixed ratio rises from 0-80%, 17.8% peak pressure increases with 1.5 deg advancement; for

the same peak pressure, reduced by 4.5% and 12.7% for 15% and 30% EGR respectively.
2.3.3 Late direct injection

Late direct injection was developed to overcome the early direct injection problem like as

extending the combustion range and simultaneous reduction of NOx and soot emission without
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suppression in the fuel economy. Modulate kinetics combustion (MKC) developed by Nissan
Motor Co., Ltd. [62,63]

2.3.3.1 Modulated kinetics combustion (MK Combustion)

Reduction of simultaneously NOx and smoke with high fuel economy Kimura et al. [62]
developed modulated kinematics combustion concept in the direct injection diesel engine. For
the reduction of NOx emission less concentration of oxygen is required to reduce the combustion
temperature means EGR induction is a suitable option but it increases smoke. To reduce the
smoke opacity more ID is required to get more time to preparation of fuel mixture. Hence
injection timing retarded to extend the ID. Further to control the HC and soluable organic
fraction (SOF) higher swirl with a toroidal combustion chamber was used. This avoided the
cooling losses and improves the fuel economy. These all MK combustion schemes are explained
in Figure 2.10. It was concluded that MK combustion can achieve high load conditions at a
chemically corrected air-fuel ratio with less smoke. It was observed that NOx emission was

reduced by 88% and smoke was reduced up to 96% with suppression in fuel consumption.
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Figure 2.10 MK combustion strategy [62]

In further research low CR, cooled EGR and high injection pressure were executed in the multi-
cylinder engine to achieve premixed combustion at a wide load range. Also to avoid the HC
emission combustion chamber design optimized and concluded that a large cavity is the best
design for reduction of HC emission [63].
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2.4 Premixed and direct injection homogenous charge preparation techniques

Premixed and direct injection homogenous charge preparation technique is the combination of
external and internal direct injection charge preparation techniques. This technique can overcome
the HCCI engine challenges like extending the operating range and control on combustion
phasing with great improvement in fuel economy [5,64]. In the premixed charge preparation, a
major quantity of fuel is injected in the suction stroke to prepare a suitable air-fuel mixture. To
ignite the homogenous charge small amount of fuel is injected at the end of compression stroke
directly into the cylinder. This technique is known as reactivity controlled compression ignition
(RCCI) or dual-fuel HCCI (DF-HCCI) engine. In this technique, two different reactivity fuels
choose for premixed combustion and direct injection. Low reactivity fuel means high
autoignition temperature or high octane number fuel is used for premixed charge preparation
because it has high knocking resistance ability. So fuel won't burn automatically in between the
compression stroke. Whereas high reactivity fuels means high cetane number fuel or low octane
number fuel used for in-cylinder direct injection to start the combustion. High reactivity fuel
promotes combustion and burns quickly if injected in the high temperature and pressure mixture.
Due to two different autoignition temperatures and octane number combustion duration may
elongate which leads to sustain the wide range of engine load. Also due to direct injection of
high reactivity fuel combustion may be in control which leads to reduce high-pressure rise rate
(PRR) and heat release rate (HRR). Also to control the combustion by using two different
reactivity fuels some researchers did changes in the fuel mixture or changes in the engine
operating parameters. Various fuel was used to operate dual fuel HCCI (DF-HCCI) engine
operation. Few used gaseous fuel in the manifold injection and high reactivity fuel for direct
injection. Few used alcohol-based fuel for port injection and diesel or biodiesel for direct
injection.

2.4.1 Gaseous fuel dual fuel HCCI engine

Gaseous fuels such as compressed natural gas (CNG), biogas, liquified petroleum gas (LPG),
hydrogen, etc, have gaseous nature which can mix with the inlet fresh air to form a homogenous

mixture.

Liquified petroleum gas (LPG) is a gaseous product of petroleum refining consist of propane,

butane, and other light hydrocarbons. The transportation and storage of LPG are easier than the
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remaining gaseous fuel. It can convent into a liquid at atmospheric pressure. The LPG has a high
calorific value (CV) and high octane number. It will a good fuel for DF-HCCI engine. LPG is a
low reactivity fuel that can be used at the time of suction in the inlet port in a DF-HCCI engine
[65].

Kumaraswamy, et al. [66] used LPG and diesel DF-HCCI mode engine. To control the
combustion EGR incorporated with the LPG in the inlet manifold and to start the combustion
pilot diesel injection done near the TDC. Experimentation was done at 20% to 100% load
condition with EGR and without EGR for DF-HCCI engine. It was concluded that LPG with
EGR reduces more NOx and smoke emission for all load conditions compared to without EGR.
Conversely, thermal efficiency improved for the LPG without EGR dual-fuel engine compared
to with EGR. However, use of EGR with LPG increased more HC and CO emission compared to
conventional and without EGR, LPG HCCI engine.

Similar kind of research was done by Tira et al. [67] on LPG and diesel DF-HCCI engine with
EGR at the time of inlet air. In this experimental study influence of different direct injection fuel
such as rapeseed methyl ester and gas-to-liquid diesel fuels on engine combustion was
investigated. Experimentation was done for three different levels of LPG i. e. 0.2%, 0.5%, and
1% of the total volume of inlet air. Engine operated for 3 bar and 5 bar IMEP engine load and
EGR varied from 0% to 20%. The result showed that different direct injection fuel has no effect
on HC and CO emission but there is considerable reduction was observed in NOx and soot
emission. Gas to liquid diesel reduced highest NOx and soot emission compared to rapeseed
methyl ester and diesel. Further EGR contribution was helpful to run the engine at a wide load

range.

Brijesh et al. [68] investigated the LPG-diesel RCCI engine performance for 75% load condition.
LPG was varied from 0% to 40% with an inlet fresh air at the time of suction, while diesel
injected into the cylinder. Increasing the percentage of LPG reduced NOyx, PM, and CO
emission however HC was increased and thermal efficiency deteriorated. Further, they
concluded that LPG-diesel RCCI recorded the lowest emission such as NOx, PM, CO with a
tolerable range of HC and thermal efficiency for 10% LPG substitution.

Also instead of LPG, hydrogen is a good gaseous fuel for IC engines. Hydrogen is a clean

emission fuel that does not produce CO,, CO, HC, or soot emissions. This promotes a high fuel
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economy with clean combustion [69-71]. The various researchers used hydrogen in the Sl
engine or Cl engine. Ibrahim and Ramesh [72] used hydrogen in diesel ignited DF-HCCI engine
to investigate the influence of hydrogen to diesel energy ratio and EGR on HCCI engine
combustion performance. An experiment was performed on 2 bar, 3 bar and 4 bar brake mean
effective pressure (BMEP) with EGR and without EGR. Hydrogen is supplied with fresh air and
diesel injected into the cylinder. It is observed that the hydrogen diesel DF-HCCI engine
improved thermal efficiency without EGR for 2 bar load and with EGR for 3 bar and 4 bar load.
NOx emission reduced with increasing the energy ratio of hydrogen but due to axial diesel
injection CO, HC and soot were increased. Hydrogen diesel DF-HCCI engine shows a reduction

in HC and CO emission compared to diesel HCCI engine.

Similarly, biogas is also the best alternative gaseous fuel for IC engine. Biogas is a renewable
fuel that can be produced by anaerobic digestion of organic matter like cooking waste,
agricultural waste, animal dung, and urban waste. In the biogas, methane contribution is a
maximum which is around 60% and the remaining carbon dioxide. To run the engine-based
generator biogas is the best option in a rural area. In the previous research, biogas was used in
the Sl engine and CI engine. Due to high octane number and high self-ignition temperature
biogas is the best low reactivity fuel for dual fuel HCCI engine [73].

Mohamed Ibrahim et al. [74] carried out an experimental study to investigate the predominantly
premixed charge compression ignition (PPCCI) mode engine performance. This engine worked
like a DF-HCCI engine. They used biogas along with the air and diesel injected through the
common rail system into the cylinder. Engine operated for 2 bar to 4 bar BMEP load with
varying inlet charge temperature (ICT) from 40° C to 100° C and varying direct injection timing
from 50° to 100° bTDC. The result showed that 55-70° bTDC was an effective injection range
for diesel injection, 80% biogas from total energy, and 50-90° C were the best intake charge
temperature for the best performance of the engine. However, in PPCCI mode HC and NOx level

was less compared to dual fuel mode.

Further natural gas is also a good alternative that has high octane number and high autoignition
temperature which can sustain a high CR HCCI engine. Natural gas is a mixture of several
hydrocarbon molecules such as methane, ethane, propane, butane with an inert diluent such as

nitrogen and carbon dioxide. In natural gas, methane is the main constituent compared to the rest
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of the molecules. The contribution of molecules in natural gas depends upon geographical
resources, time decay, treatment applied during production, etc. Further natural gas is clean
emission fuel compared to conventional fuels [75]. Due to its superior properties, it is the best
fuel to use as low reactivity fuel in the DF-HCCI engine. Nieman et al. [76] executed a
numerical study by using a genetic algorithm (GA) on natural gas diesel RCCI engine. In this
study, natural gas was injected into the inlet port and diesel was injected two times in the engine
cylinder. The influence of methane amount, diesel injection timing and quantity, and the EGR
substitution investigated on engine performance. Engine operated at low load, mid load, and high
load conditions. Engine load varied from 4 bar to 23 bar indicated mean effective pressure
(IMEP) and 800 to 1800 rpm. NOx and soot emission reduced greatly up to 13.5 bar IMEP load
without the use of EGR with maintaining high efficiency.

Kakaee et al. [77] extended the previous research on natural gas diesel RCCI engine. In this
study numerical study was done for 9 bar IMEP load with two different kinds of natural gas
based on their internal composition (Methane number and Wobbe number). The performance
was investigated base on fuel composition, different inlet temperatures, and different engine
speeds. It was observed that increasing initial temperature increased NOx emission due to
advanced combustion. Further higher wobbe number fuel increased NOx emission and lowers
HC and CO emissions. At low engine speed with a lower Wobbe number produced more
unburned combustion like HC and CO emission. They conclude that for higher efficiency and
low emission higher Wobbe number is suitable for high engine speed conditions.

Numerical simulation study was done by Yousefi and Birouk [78] to investigate the effect of
natural gas energy ratio and injection timing of diesel on DF-HCCI engine performance under
low load conditions. In this study, natural gas was injected into the inlet port while pilot diesel
was injected in the premixed combustion chamber for better mixing. Experimentation was done
for 25% load condition with varying natural gas energy ratios from 0% to 60%. It was revealed
that 50% natural gas energy fraction gives maximum thermal efficiency at 12° and 20° bTDC
diesel injection timing. Increasing natural gas contribution reduced NOx emission and 60%
natural gas energy fraction gives the lowest NOx emission. Further use of pre-combustion
chamber reduced unburned methane emission by 46% compared to without premixed

combustion chamber HCCI engine.
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2.4.2 Gasoline diesel dual fuel HCCI engine

Yang et al. [79] implemented DF-HCCI engine strategy for the extension of HCCI engine load
range. They used gasoline fuel in the inlet port and to ignite the premixed charge stratified direct
injection of gasoline or methanol was done. Gasoline stratification leads to advance combustion
and an increase more HRR and NOx emissions at higher load conditions. It assists to reduce fuel
economy and CO emission. While methanol stratification prolongs the combustion because of
delays the ignition timing which leads to reduce PRR and 50% load attain range was extended.
Further NOx and CO emission got reduced however HC got increased due to methanol

stratification compared to gasoline stratification.

Instead of throttle Xiao et al. [80] used EGR to control the combustion in gasoline diesel dual
fuel HCCI engine. Gasoline was supplied in the inlet port and diesel injected in the cylinder.
Influence of various gasoline energy ratios and different diesel injection times on engine
combustion and performance was investigated for 4.3 bar to 8 bar IMEP engine load. Increasing
the gasoline proportion delay the combustion which leads to reduce in-cylinder pressure and
HRR. Further, late direct injection timing of diesel increased PM emission and reduced thermal
efficiency. NOx emission reduced for increasing gasoline proportion and 77% gasoline ratio

gave highest thermal efficiency.

Tong et al. [81] conducted an experimental study to examine the influence of polyoxymethylene
dimethyl ethers (PODE) in place of diesel in gasoline diesel DF-HCCI engine. Gasoline was
supplied through the inlet port at 133°bTDC and diesel or PODE directly injected into the engine
cylinder. Further intake pressure of air varied from 0.18 MPa to 0.22 MPa for various gasoline
premixed ratios (i.e. from 55% to 85%). It was concluded that gasoline with PODE gave a better
performance in terms of thermal efficiency improvement and reduction in smoke compared to
gasoline/diesel HCCI engine. Further gasoline/PODE engine can operate up to 1.76 MPa IMEP
engine load with single direct injection while gasoline/diesel can operate up to 1.39 MPa IMEP
with double direct injection. In both cases maintained low smoke and considerable thermal
efficiency. However, in gasoline/PODE NOx, CO, HC was increased compared to

gasoline/diesel engine.

Kavuri et al. [82] compared RCCI and gasoline compression ignition (GCI) combustion
strategies at high load conditions (20 bar IMEP at 1300 rpm). It was observed that RCCI has
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better combustion control compared to the GCI, due to the smaller ID of diesel than gasoline.
However, GCI strategy gave less soot emission compared to RCCI. In another aspect, both
strategies have high efficiency and fewer NOx emissions. It was observed that RCCI has high
PRR compared to GCI but it was in an acceptable range for wide load conditions. GCI strategy
was found to be more sensitive to adopt small changes in the inlet charge conditions compared to
RCCI.

Tong et al. [83] incorporated DF-HCCI combustion and called it homogenous charge induced
ignition (HCII). In this study, two different reactivity fuels such as gasoline through port
injection and diesel as a direct injection were used. For various premixed gasoline ratios, engine
performance was examined for 25% to 100% load. In this strategy, incomplete combustion was
observed for 10% to 30% gasoline ratio, while high HRR occurred for above 90% gasoline ratio.
But 70% to 80% gasoline ratio noticed as the best range for smooth combustion and lowest
emissions. In this study, NOx and soot emission were reduced and fuel consumption also

improved for DF-HCCI engine, conversely, HC and CO increased.

To extend the RCCI engine range Benajes et al. [84] increased piston bowl volume to reduce the
CR from 17.5:1 to 15.3:1, in medium-duty gasoline diesel RCCI engine. Gasoline was injected
into inlet port and diesel was injected into cylinder. In this strategy, three modes of combustion
were used, up to 8 bar IMEP fully premixed RCCI combustion, then up to 15 bar IMEP highly
premixed RCCI combustion mode and to achieve high load diffusive dual-fuel mode combustion
was used. Fully premixed RCCI attained lowest NOx and soot emission at low load, while to
reduce the knocking tendency diesel injection retarded in highly premixed RCCI strategy it helps
to reduce NOx emission but little high soot emission attained compared to fully premixed RCCI
strategy. To attain the combustion at 75% to full load diffusive dual-fuel combustion technique
was suitable compared to the rest of the strategy. This technique shows little more NOx and soot
compared to the rest of the strategy but higher thermal efficiency and emission than the

conventional diesel engine.

Vipavanich et al. [85] performed the experimentation on a gasoline diesel DF-HCCI engine at
50% load condition. Gasoline was supplied through the manifold and diesel which is the
combination of 95% pure diesel and 5% biodiesel by volume injected in the cylinder. The

gasoline mass flow rate (MFR) varied from 0 to 0.06 g/s without EGR substitution. It was
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concluded that with increasing the MFR of gasoline HRR, PRR was increased and combustion
duration (CD) got shorten over a conventional diesel engine. Fuel consumption was reduced it

leads to improving thermal efficiency.

Xu et al. [86] carried out an experiment on gasoline/diesel dual-fuel engine for optimization of
gasoline fraction, diesel injection pulse, diesel injection timing, EGR rate under 70 Nm-1800
rpm load and 50 Nm-1400 rpm load. With increasing gasoline ratio NOx emission and soot
emission reduced, 66% gasoline ratio showed highest fuel economy with a reduction in NOx and
soot emissions. At load 50 Nm for 1400 rpm fuel consumption was more compared to diesel
engine by single diesel injection strategy. It was observed that under higher load conditions
double diesel injection was more suitable for the lowest NOx and soot emission with the highest
fuel economy. Further addition of hot EGR improved fuel economy with low NOx and soot

emission under 1400 rpm and 50 Nm load.

Wang et al. [87] conducted an experiment to determine the influence of several parameters
(intake pressure, EGR rate, gasoline proportion, diesel injection timing, etc) on RCCI engine.
Here gasoline was supplied at the time of suction and diesel was injected after compression of a
homogeneous mixture. It was observed that gasoline/diesel RCCI engine was suitable for
moderate to high load conditions with very low NOx, soot emissions, and improved thermal
efficiency; however, for low load conditions, single-shot fuel injection was better. Further, high
EGR rate, increasing gasoline fraction, and early injection timing was favorable for RCCI
combustion at high load condition; conversely, very high EGR rate or more advanced fuel

injection caused uncontrolled combustion.

Further experiments and numerical analyses were done by A. Lalwani et al. [88]; they used
gasoline for port injection and diesel for direct injection. They concluded that HCCI mode
possibly would not persist after 40% of engine load, hence after 40% engine load, the engine
shifted on diesel mode. In HCCI mode, NOx, CO,, and thermal efficiency improved by 80%,
30%, and 15% correspondingly. However, HC and CO emissions severely increased at part load

conditions compared to a conventional diesel engine.
2.4.3 Methanol diesel dual fuel HCCI engine

Various researchers executed methanol fuel in the inlet port of DF-HCCI engine. Methanol

(CH3OH) is a low reactivity fuel compared to gasoline, which has a very high octane number and
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very less cetane number. Methanol is the alternative fuel it can be produced from various
biomass, natural gas, coal or it can be recovered from carbon dioxide (CO;) [89]. Methanol has a
high latent heat of vaporization (LHV) and self-ignition temperature which leads to elongate the
ID. More ID helps to produce proper premixed combustion in HCCI engine. Methanol has a
superior combustion characteristic compared to gasoline fuel [90]. Alcohol-based fuels are

always given superior combustion characteristics compared to gasoline fuel [91].

Yao et al. [92] employed methanol in the inlet port and diesel in the combustion chamber. They
called it diesel methanol compound combustion (CMCC). The experiment was performed for
10% to 100% load conditions with two different engine speeds (i.e. 2200 rpm, 3200 rpm). In the
DMCC combustion mode, longer ID was observed, due to high LHV of methanol. Further NOx
emission was reduced a lot however CO, HC emissions were increased. Due to more soluble

organic fraction PM emission also increased compared to diesel engine.

Geng et al. [93] performed the experiment on diesel/ methanol dual fuel (DMDF) combustion to
investigate the PM emission for different load conditions. Experiments were conducted for low
load, medium load, and high load conditions for varying energy ratio of methanol. Methanol
energy ratio with diesel varied from 10% to 30%. It was observed that at low and medium load
dry soot emission was suppressed, conversely at high load, it was increased. With increasing the
contribution of methanol in the engine inlet air temperature got reduced, which leads to reduce

particle matter up to mid load condition but at high load condition, it was increased.

Liu et al. [94] used the same combustion technology (i.e. DMDF) to invest the influence of
injection pressure on methanol diesel dual-fuel engine performance. Experiments were carried
out for different injection pressure of diesel (i.e. 70, 85, 100, 115, and 130 MPa) and constant
methanol energy ratio (i.e. 45%) under 30% and 80% engine load. It was concluded that NOx
and smoke emission was reduced although HC and CO were increased in the DMDF mode
compared to a diesel engine. The increase in the injection pressure of diesel suppressed smoke,

CO, and HC emission but NOx emission increased with a penalty of more fuel consumption.

Similarly, Li et al. [95] investigated the diesel injection parameter effect on DMDF engine
performance. They performed the experiment under 25%, 60%, and 100% load conditions, for
varied direct injection pressure (70 MPa to 115 MPa), varied direct injection timing (3° CA
bTDC to 15° CA bTDC), and varied direct injection quantity (45 mg/cycle to 52 mg/cycle) of
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diesel fuel. It was concluded that rapid combustion was increased for higher diesel injection
pressure while suppressed for high injection quantity and early injection of diesel. NOx and
smoke emission got reduced compared to diesel engine mode however increment was observed
in HC and CO emissions. For higher diesel injection pressure and early injection timing, smoke

reduced more however NOx emission increased for the same case.

Tutak, and Szwaja [96] executed CFD analysis on methanol diesel dual-fuel engine to
understand the engine emission performance. The study was performed for 20% and 50%
methanol energy ratio and five different diesel direct injection timing (i.e. 3.5, 6, 8.5, 11, 13.5,
16, 18.5° CA bTDC). It was observed that the combustion process was shorter than diesel engine
due to premixed combustion of methanol. With retarding the direct injection timing cylinder
pressure was reduced with high ID. It suppressed soot emission and improved thermal efficiency
but NOx emission got increased due to rapid and short combustion.

Pan et al. [97] investigated the influence of intake air temperature on methanol diesel DF-HCCI
engine combustion and emissions. An experimental study was performed for 75% load
condition. Methanol fraction varied from 0-40% and intake temperature varied from 20-80°C. It
was perceived that NOx emission reduced with increasing methanol fraction, while increased
with increasing inlet temperature. HC and CO emission got suppressed at higher inlet air
temperature however HC and CO increased with increasing methanol fraction. Also, PM
emission was reduced for higher methanol fraction, however, it increased at a higher temperature

without penalty of fuel consumption.

Diesel ignited methane DF-HCCI engine was studied by Guerry et al. [98] to examine the impact
of diesel injection timing on engine emissions and combustion performance. An experiment was
performed under two load conditions (4.1 bar IMEP and 12.1 bar IMEP) for constant speed. The
results show that at any start of injection (SOI) of diesel smoke emissions were very low (<0.05
FSN) for both load conditions. It was observed that to prevent maximum PRR and knocking
tendency, SOI timing should be 310° CA to 340° CA for 12.1 bar load. Further, beyond 280°

advance, SOI crank angle (CA) engine operation was unstable under both load conditions.

Experiments with methanol and diesel DF-HCCI engine was carried out by Jia, and Denbratt
[99] to examine the effect of methanol in three different locations. Here methanol fuel was

injected at three different timings; port injection was injected at -350° aTDC, direct injection
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(DI_E) at -358° aTDC, and direct injection at the compression stroke at (DI_L) -100° aTDC.
Diesel was injected two times near to the TDC at -48 and -15 °CA ATDC. An experiment was
performed for constant speed 1500 rpm under 5 bar IMEP with 60° C inlet air temperature. The
results show that the DI_L combustion strategy gave poorer performance than port injection and
DI_E injection. The authors came to the conclusion that the DI_E strategy showed very low NOx

and soot emission compared to the remaining two strategies.

Dou et al. [100] performed experiments to examine the impact of methanol contribution, EGR,
intake temperature, injection timing on soot emission in diesel/methanol dual-fuel engine.
Methanol was supplied into the intake manifold and diesel was injected into the combustion
chamber. The experiment was conducted at constant speed (1660 rpm) and at 50% of engine
load. The results indicate that increase in methanol percentage and retardation of diesel injection
timing were responsible for the drop-off soot and PM emissions, compared to early injection of

diesel.
2.4.4 Ethanol, propanol, and butanol dual fuel HCCI engine

HCCI engine has fuel flexibility ability it can run on ethanol, propanol, or butanol. Methanol fuel
has very little heat carrying capacity; the consumption of methanol is more compared to ethanol,
propanol, or butanol. Ethanol also has high octane number that helps to resist the knocking of the
engine, high LHV of ethanol permitting dense air, and lean combustion. While propanol and

butanol have more CV compared to ethanol, methanol.

Maurya, and Agarwal [101] employed ethanol fuel in the inlet port and diesel injected near to the
TDC in the diesel engine to convert it into DF-HCCI engine. Engine operated under constant
speed for varying inlet air temperature (i.e. 120-150° C) and different relative air-fuel ratios (i.e.
2-5). In this study, stable HCCI engine operation was obtained for 2-5 relative air-fuel ratio.
Further highest indicated thermal efficiency was achieved for 2.5 relative air-fuel ratios at 120° C
inlet air temperature. During DF-HCCI mode engine was able to withdraw a maximum 4.3 bar
IMEP. Very low NOyx emission was observed but high HC and CO emission was noted

compared to a diesel engine.

Sarjovaara et al. [102] converted a turbocharged stationary engine into diesel ignited ethanol DF-
HCCI engine. For the conversion modification was done in lowering the CR, importing port

injection system, and turbocharger. Experiments were performed for 75% and 100% load
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conditions at 1500 rpm constant speed. They concluded that up to 90% ethanol energy ratio can

be contributed for high load conditions.

Kim et al. [103] implemented DF-HCCI engine strategy on Sl engine. They used ethanol at
various injection timing (540° bTDC, 305°bTDC, 270°bTDC) at the time of suction and gasoline
directly injected in the cylinder (305° bTDC). They used 2 different CR ( 9.5 and 13.3) for full
load conditions. It was observed that if the ethanol injection timing at the inlet valve open helps
to reduced engine knocking. It was concluded that HC and NOx emission got increased in
ethanol gasoline DF-HCCI engine while CO and PM got reduced at 13.3 CR. However, at 9.5

CR very minimal changes were observed in the ethanol-gasoline DF-HCCI engine.

Qian et al. [104] performed the experiment on dual fuel Sl engine by using ethanol for port
injection and gasoline surrogate for direct injection. In this study port injection fuel was fixed
and the direct injection fuel octane number changed. It was observed that indicate thermal
efficiency of directly injected fuel (research octane number 75) with 35% ethanol similar to
direct-injected gasoline (octane number 95) spark-ignition engines. Further increasing ethanol
fraction with direct injection of gasoline fuel with 95 research octane number reduces NOx, HC,
ethane, olefins gradually.

Chu et al. [105] implemented gaseous propanol to form a premixed homogeneous charge and to
ignite the charge pilot diesel injection was done in the cylinder. Experiment performed under
high load condition at 14.5 bar IMEP with 1500 rpm speed. Maximum PRR was observed below
7 bar/deg CA at higher load conditions with high indicated thermal efficiency and lowest
emissions. It was observed that 36.1% EGR can control rapid premixed combustion and
reduction of NOx emission. In propanol diesel DF-HCCI engine 81% NOx and 65% soot

emission were reduced compared to a diesel engine.

Polk [106] employed a diesel ignited propanol DF-HCCI engine strategy in the heavy-duty six-
cylinder diesel engine. An experiment was performed for varying propanol energy substitution
under four different load conditions (i.e. 5, 10, 15, and 20 bar at constant 1500 rpm). 86%
maximum energy substitution of propanol was permissible under 5 bar BMEP load, while for 10
bar, 15 bar, and 20 bar BMEP it was 60%, 33%, and 25% respectively. With increasing the

propanol substitution NOx emission decreased while smoke emission reduced for 5 bar and 10
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bar BMEP for further load conditions, smoke was invariant. However, with increasing propanol

HC and CO emission increased for all load conditions.

Krishnan et al. [107] implemented a diesel-ignited propane dual fuel LTC combustion strategy to
investigate the effect of fuel injection pressure, timing, and inlet boosting pressure on engine
performance and emission. Diesel injection timing varied from 280-355° CA, diesel injection
pressure varied from 200-1300 bar, and inlet pressure varied from 1.1-1.8 bar. An experiment
was performed under constant load 5.1 bar BMEP for constant speed 1500 rpm with 80%
propanol energy substitution. It was revealed that as increasing injection pressure peak cylinder
pressure suppressed and the more homogeneous charge was observed. It helps to reduce NOx
emission but HC and CO were increased however fuel conversion efficiency was invariant. 500
bar injection pressure observed optimum pressure for lowest emission. Increasing inlet pressure
reduced ID and increases in-cylinder pressure it leads to an advance HRR profile. Additionally, it
helps to increase fuel conversion efficiency. Further 320° CA showed the lowest NOx and smoke
emission while HC and CO were more for the late injection timing with higher conversion

efficiency.

Hodges et al. [108] investigated the influence of propanol energy ratio on engine emission and
performance of diesel ignited propanol DF-HCCI engine. An experiment was performed for
constant 3.3 bar BMEP at 1500 rpm load. In this experiment, injection timing was fixed at 310°
aTDC with 500 bar injection pressure without the use of EGR. It was demonstrated that HC and
CO emission was lower for a low premixed ratio, while NOx was increased but PM was
invariant. Combustion efficiency was suppressed as increasing propanol energy ratio, 71%

propanol energy ratio observed optimum for combustion efficiency.

Chen et al. [109] incorporated butanol fuel in the inlet manifold of diesel engine. They examine
the effect of diesel ignited butanol DF-HCCI engine performance over direct injection mode of
butanol-diesel blend engine. An experiment was performed at 1.0 MPa IMEP at 1900 rpm with
EGR substitution. It was demonstrated that increasing the contribution of butanol ratio
increases peak cylinder pressure, HRR, and short CD under low EGR rate. However, at high
EGR rate peak cylinder pressure, HRR decreased and CD elongated with increasing butanol

energy ratio. With increasing, butanol substitution soot and NOx were reduced while HC and CO
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were increased, and fuel economy deteriorates. Further with the increasing EGR rate NOx was

reduced but soot, HC, and CO were increased.

Yadav, and Ramesh [110] implemented a butanol diesel DF-HCCI engine strategy to investigate
the influence of multiple injections of direct injection fuel (i.e. diesel) on engine performance
and emissions. Experiments were conducted for 75% and 100% load conditions under constant
speed (1800 rpm). Butanol fuel supplied through the port injection and diesel injection was done
at various times in the engine cylinder. Diesel injection was done in three different ways such as
Pilot plus Main Injection (PMI), Main plus Post Injection (MPI), and Main Plus Two Post
Injections (MPTPI). It was concluded that MPI injection with port injection of butanol gives the
lowest smoke and NOx emission with the highest BTE compared to the rest of the two diesel
injection strategies. However, HC and CO emissions increased a lot. While PMI diesel injection
strategy was reduced NOx emission with a penalty of high fuel consumption and increased

smoke emission.

Similarly, Ganesh et al. [111] used butanol diesel RCCI strategy to investigate the optimum
operating conditions. In this study, butanol was injected into the inlet port and diesel was
injected into the cylinder. An experimental investigation was performed for 0-100% load
condition, with varying diesel injection timing, injection pressure, intake air temp., and butanol
mass. It was concluded that at 71% butanol mass fraction reduced 99% NOx and 91% smoke
emission with 4% improvement in thermal efficiency under 2.7 bar BMEP load. However, for
the same load condition and same butanol mass fraction HC and CO were increased by 98% and
60% respectively. Further HC and CO emissions were reduced with increasing diesel injection

pressure.
2.5 Various other combustion control strategy

The various researchers implemented different fuel blends to reduce heat release rate and
pressure rise rate in HCCI engine under an external mixture preparation strategy. Fuel blending

is the most popular method to control HCCI combustion.

L. Xingcai et al. [112] implemented ethanol and n-heptane fuel blends in the HCCI engine to
control the combustion. An experiment was performed for 0% to 50% ethanol and n-heptane
blends in the port injection for 1.5 bar to 2.5 bar load for constant speed (1800 rpm). It was

observed that due to the high octane number of ethanol ID was increased and low-temperature
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combustion (LTC) occur. The increasing contribution of ethanol in the n-heptane delays the start
of combustion which leads to prolonge the CD. It reduces HRR and combustion temperature
compared to pure n-heptane HCCI combustion mode. It was observed that HC emission
increased for 30% to 50% blends compared to pure n-heptane and 10-20% blends, however, CO

emission was high for all load conditions.

S. Swami Nathan et al. [113] used two different fuels in the inlet manifold of a diesel engine.
They used biogas in the inlet manifold and to control the combustion diesel was injected at the
same time in inlet manifold with varying inlet air temperature. Initially, the engine was started at
85° C inlet air temperature when diesel was injected in the inlet manifold, then the substitution of
biogas increased slowly with reducing the diesel quantity. Engine operation was performed for
50% engine load with three different inlet air temperatures i.e. 80°, 100°, and 135° C as per the
air plus diesel plus biogas proportion. It was observed that the best proportion ratio of biogas and
diesel is 50% means 50% biogas and 50% diesel. It reduced NOx and smoke for all inlet
temperatures however HC emission was reduced for high inlet temperature and fuel economy

also deteriorated.

Similar kind of HCCI engine numerical study was done by H. Guo, and W. Neill [69] on n-
heptane HCCI engine with the addition of hydrogen. In this study, hydrogen was injected in the
inlet port after the injection of n-heptane. It was revealed due to the chemical effect of hydrogen
leads to retard combustion phasing of n-heptane HCCI engine. Hydrogen addition reduces the
combustion duration at a constant CR. Further with an increase in the proportion of hydrogen
improves the thermal efficiency at higher CR and reduces the HC emission, however, it increases

HC emission per unit burned n-heptane mass.

Turkcan et al. [114] interrogated the influence of ethanol and methanol blends on combustion
and emissions of gasoline direct injection HCCI engine. In this study, gasoline, E10, E20, M10,
and M20 blend fuels were used; the first injection timing was fixed at 120° aTDC and second
injection timing was varying from 30° to 15° CA bTDC. During the experiment, 80% of the total
amount of fuel was injected at 120° aTDC and the rest of the fuel was injected on second
injection timing. It was concluded that the retard of second injection timing delayed the SOC,
reduced cylinder pressure, and HRR. Further, second injection timing did not affect HC and CO

emissions compared to NOx and soot emissions. Gasoline-alcohol blends suppress the NOx, HC
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and CO emission and increase the indicated efficiency for optimum second injection timing at

low equivalence ratio.

S. Polat [115] converted S engine into HCCI engine by increasing the CR and changing inlet air
temperature. In this study, port injection strategy was used to investigate the impact of diethyl
ether- ethanol fuel blends on HCCI engine emission and performance. E30/D70 (30% ethanol—
70% diethyl ether by volume), similarly E40/D60 and E50/D50 fuels were used at various inlet
air temperatures (i.e. 333, 353, 373, and 393 K). It was observed that combustion duration was
increased and ID was decreased with increasing inlet air temperature. With increasing the
ethanol proportion in the diethyl ether blend engine was not able to perform at a leaner mixture
because of high autoignition temperature and octane number of ethanol. E40/D60 shows higher
indicated thermal efficiency at 353 K inlet air temperature and lowest NOX emission compared
to E30/D70 fuel blend. However, HC and CO were increased with an increasing amount of

ethanol in the blends.
2.6 Summary

From the literature, it was concluded that HCCI combustion mode is the advanced combustion
strategy over conventional SI and CI engine. HCCI combustion gives the lowest NOx and smoke
with great improvement in the fuel economy. Uncontrolled spontaneous combustion and limited
operating range is the main drawback of HCCI engine. To overcome the HCCI engine challenges
various methods were used, RCCI or dual fuel HCCI (DF-HCCI) engine combustion methods
were more appropriate was observed. It was concluded that DF-HCCI engine can use alternative
fuels in the HCCI combustion with lower emission and higher efficiency under a wide operating
range. Hence present work is mainly focused on DF-HCCI engine mode combustion. In DF-
HCCI engine, alcohol fuel shows superior performance as a low reactivity fuel compared to
gaseous fuel at high load conditions [116]. Also, butanol blends and biodiesel blend will be a
good replacement for the diesel in DF-HCCI engine for the reduction of extra NOx, HC, and CO
emissions [117-119].

2.7 Observations and gaps identified from the literature
From the literature, the following observations are noted in brief as follows.

e Dual fuel HCCI or RCCI engine is the most suitable method to control the HCCI
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combustion and to extend the operating range.

Alcohol-based fuels are the most suitable low reactivity fuel for DF-HCCI engine due to

their high anti-knocking property and high autoignition temperature.

Alcohol-based fuel can easily mix with the air due to its volatile nature as well as high

latent heat of vaporization

Carburetor is a suitable attachment to mix the air-fuel mixture outside the combustion

chamber.

Biodiesel blend can reduce the HC and CO emission, due to the presence of inherent

oxygen.

Butanol blend will be a good fuel replacement in the HCCI engine instead of diesel.

The following gaps were identified for the research review.

From the literature review, it is observed that little work is found on comparing different

alcoholic fuels as low reactivity fuel and diesel or biodiesel as high reactivity fuel.
Very few authors attempted the experiment on different loads applied on HCCI mode

engine.

Very limited author defined optimum alcohol-based fuel substitution ratio or the
premixed ratio for each load condition in DF-HCCI engine for different alcohol-based

fuels.

Use of a carburetor for the preparation of homogenous charge and the influence of its

location on the engine inlet manifold is a new concept.

Limited literature is found on the impact of biodiesel blend (Bio20) and butanol blend
(B10/B20/B30) in dual fuel mode HCCI engine on HC and CO emissions.

2.8 Objectives of the research work

Main objective of the research is to design dual fuel mode HCCI engine and investigate its

performance under different load conditions by using various alcohol-based fuels. The present

study contributes toward the future dual fuel mode HCCI engine to decide which alcohol-based

fuel to be used at what proportion in the dual fuel HCCI engine along with diesel under different
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load conditions for better combustion and lowest emission. The following are the objectives of

the present work.

1) To experimentally investigate the influence of carburetor location on dual fuel mode HCCI

engine performance.

2) To optimize mass flow rate and premixed ratio under each load, for methanol, ethanol,

propanol, butanol alcohol-based fuels by using different fuel jets in the carburetor.

3) Experimentally recognize the suitable fuel among the fuels: Methanol, Ethanol, Propanol,
and Butanol with port fuel injection technique which yields HCCI like performance.

4) To investigate the influence of biodiesel blend (Bio20) in place of diesel in dual fuel HCCI

engine on combustion performance and emissions.

5) To investigate the technical feasibility of various butanol blends (B10/B20/B30) in the

propanol dual fuel mode HCCI engine.
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Chapter — 3

Experimental Setup and Instrumentation
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3.1 General

Before carrying out research, a basic idea of the instrumentations and materials is vital. In this
chapter, a detail of test engine, instruments, and developed experimental setup were explained.
To develop the required experimental setup selection of engine, selection of fuels, selection of
premixed fuel injection system, selection of tools were elaborately discussed in this chapter.
Whole experimental setup along with loading device, and emission measuring instruments were

discussed. Figure 3.1 shows the flow chart of present research work.
3.2 Test engine

To investigate the performance of dual-fuel HCCI (DF-HCCI) engine, a single-cylinder, 4-
stroke, water-cooled, direct injection, naturally aspirated, constant speed, compression ignition
(CI) engine was selected. In the present research, the existing CI engine is converted into DF-
HCCI engine by attaching the carburetor to the inlet manifold for the supply of homogenous
charge. Carburetor selection is made based on the required charge mass flow rate (MFR) for the
engine. The engine parameters selected are : compression ratio 17.5, injection timing 23° bTDC,
injection pressure 210 bar, and engine speed 1500 rpm. Three-hole nozzle injector was used to

inject the fuel. Detailed specification of the engine is shown in Table 3.1.
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Experimentation with different primary fuels
(Methanol, Ethanol, Propanol, and Butanol) for diesel
ignited dual fuel HCCI engine with different MFR of
alcohol-based fuel under various load conditions.

y

. i . Optimize  the  engine
Analysis the all combustion characteristics performance by

and em_lssmns for each_ glcohol based fuel SAW method.
under different load conditions.

A

\ 4

Investigated the optimum premixed ratio for each
alcohol based fuel under individual load conditions.
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Compared all alcohol based fuel
performance and investigated the best
alcohol-based fuel under various load
v
Examine the influence of biodiesel 20
instead of diesel in dual fuel mode HCCI
engine for all alcohol based fuels.
v
Examine the influence of butanol blend
(B10/B20/B30) substitute to diesel in

propanol dual fuel HCCI engine.

End

Figure 3.1 Flow chart of present research work
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Table 3.1: Engine details

Engine Type
Cylinder/ Stroke
Bore (mm)

Stroke length (mm)
Compression ratio
Rated speed (rpm)
Rated output KW(HP)
Volume (cc)

Connecting rod length (mm)

Direct injection pressure (bar)

No of holes per nozzle

Fuel injection Timing

AV1, Kirloskar oil diesel engine
1/ 4- Stroke Engine
87.5

110

17.5:1

1500

3.5(5)

661.45

234

210

3

23°BTDC

3.3 Selection of carburetor

A carburetor was attached to the engine manifold for the supply of low reactivity fuels in the

combustion chamber to achieve a premixed homogeneous charge. In the present study 5 HP CI

engine was selected. To choose the suitable carburetor for DF-HCCI engine, the MFR capacity

of carburetor should be equal to or more than the capacity of a conventional Cl engine. Engine

air intake capacity depends on the volume of the engine, density of the fluid, speed of the engine,

and coefficient of discharge. Equation 3.1 gives the MFR of air in the engine cylinder.

Mass flow rate (MFR) of air in the cylinder [1]

Ca*A*xLxpxn
0.85x0.661x1073x1.2x750/60

8.42 gls

3.1)

Where, Cq indicates the coefficient of discharge, A indicates the engine cylindrical area in m?, L

indicates the stroke length in meter, p indicates the fluid density kg/m® and n indicates the

engine rpm.
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From the above equation, it is observed that MFR capacity of air for the selected CI engine is
8.42 g/s. Hence the carburetor should have more than this MFR capacity or at least 8.42 g/s to
run the DF-HCCI engine.

To meet the above MFR capacity, Royal Enfield 500 cc dual spark engine carburetor was
selected because it satisfies the requirement of DF-HCCI engine operation. The make of the
carburetor is Mikcarb VM-28. This is a simple float type carburetor with zinc and aluminum

main jet and needle jets. Table 3.2 shows the details of carburetor.

Table 3.2 Carburetor details

Manufacture Mikcarb (500cc)
type VM-28

Material Zinc

Model 1850000000

Main jet 110

Main jet material Zinc and aluminum
Cubic capacity 500 CC

Engine output 22BHP/5400 RPM

3.4 Fuels selected for dual fuel HCCI engine

From the literature, it was found that in the DF-HCCI engine two different reactivity fuels are
suitable which having different octane numbers and cetane numbers. Fuel supplied at the time of
suction stroke must have low reactivity means low cetane number and to ignite the homogeneous
charge the injected fuel must have high reactivity means high cetane number. In this study,
Methanol, Ethanol, Propanol, and Butanol fuels have been selected as these fuels have low
reactivity in nature to form the premixed charge. To start the combustion, Diesel or Neem
biodiesel 20 (Bio20) or butanol blend (B10/B20/B30) have been selected as these fuels have a
high reactivity in nature. Alcohol-based fuels are volatile and easy to mix with the inlet air
outside the combustion chamber, with high autoignition temperature due to which the charge
resists the early start of combustion. Also, alcohol-based fuels have high octane number and low
cetane number which resist engine knocking. Further, alcohol-based fuels have high latent heat

of vaporization (LHV) it helps to reduce the engine combustion chamber temperature, assist to
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improve combustion performance. High LHV absorbs the heat from the inlet air which assists to
complete low-temperature combustion (LTC). The detailed properties and characteristics of all

alcohol-based fuels and conventional fuels are shown in Table 3.3.

In this study diesel as a high reactivity fuel was used to ignite the premixed homogenous charge
in DF-HCCI engine. Also, the experiments were conducted by supplying 20% blend Neem
biodiesel (Bio20) instead of clean diesel. Blending was done based on volume, 20% biodiesel
was mixed with 80% diesel. Further butanol blends with diesel were used as high reactivity fuel,
butanol blends were done on basis of volume. B10 indicate 10% butanol plus 90% diesel, B20
indicates 20% butanol plus 80% diesel and B30 indicate 30% butanol plus 70% diesel. Bio20,
B10, B20, and B30 these four blends prepared in a mechanical emulsifier, which is available in
NIT Warangal thermal engineering lab as shown in Figure 3.2. The density and calorific value
of blends were measured by hydrometer and bomb calorimeter respectively; the measured values

are shown in Table 3.4.

Figure 3.2 Mechanical emulsifier blending machine
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Table 3.3 Fuel properties and characteristics [120-124][110]

Parameters Units Methanol Ethanol Propanol Butanol Gasoline Diesel
Chemical Formula - CH30OH C,HsOH Cs;H,OH C4sH,OH Cst0Cypp Csto Cos
Molecular Weight g/mol 32.04 46.06 60.09 74.12 100 - 105 190 - 211.7
Specific Gravity - 0.789 0.785 0.803 0.807 0.744 0.830
Boiling Point °C 64.7 78.4 97.1 117.5 25-215 170 - 340
LHV kJ/kg 1168 920 757 708 380-500 270
Lower CV MJ/Kkg 21.4 28.9 31.1 34.2 43.8 43.5
Stoichiometric - 6.47 9.0 10.33 11.2 14.7 14.5
air/fuel ratio
Flash Point °C 11-12 17 11.7 35-37 -42 >70
Auto-Ignition °C 463 434 350 345 300 210
Temp.
Research Octane - 108.7 108 117 103 95 -
Number
Motor Octane - 88.6 92 99 91 85 -
Number
Cetane Number - 5 6 12 17 - 40 - 55
Viscosity at 40° C mm/s° 0.58 1.13 1.74 2.22 0.56 2.72
Carbon % Wit 37.48 52.14 59.96 64.82 86 86.13
Oxygen % Wit 49.93 34.73 26.62 21.59 0 0
Hydrogen % Wit 12.48 13.02 13.31 13.49 14 13.87
Flammability limit % vol 6.7-36 3.3-19 2.2-13.7 1.49- 1.3-7.6 0.6-7.5
11.25
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Table 3.4 Density and lower calorific value of different blends

Type of Blend Density (kg/m°) Lower Calorific Value (kJ/kg)
Bio100 881 38720
Bio20 839 43220
B100 807 34200
B10 827 42541
B20 825 41525
B30 823 40500
Diesel 830 43500

3.5 Experimental test setup and instrumentation

The experiments were performed on dual fuel HCCI (DF-HCCI) engine. The schematic and
actual experimental setup of a DF-HCCI engine is shown in Figure 3.3 and Figure 3.4
respectively. Figure 3.4(a) shows the actual experimental setup and Figure 3.4(b) shows the
carburetor location outside the engine cylinder. Conventional CI engine is converted into DF-
HCCI engine by attaching the carburetor to the inlet manifold outside the engine cylinder.

Eddy current (Model AG10) water-cooled dynamometer was used to apply load on the engine.
The selected dynamometer load was controlled by S-type strain gauge which has 0-50 kg range
and 185 mm arm length. Exhaust gases, inlet, and outlet cooling water temperatures were
measured by RTD PT100 and thermocouple sensors. Cooling water temperature for engine was
kept in the range of 55°C - 60°C and accordingly MFR of engine cooling water was varied with
the help of Rotameter. To measure in-cylinder pressure and fuel line pressure, two different
piezoelectric transducers (Model-S111A22) were used. One was installed in the fuel line and
another was installed in the combustion chamber. By using in-cylinder pressure data with crank
angle (CA), HRR, PRR, cumulative heat release rate, indicated mean effective pressure (IMEP)

were calculated by engine software.

“ICEnginesoft" software was used for combustion and performance analysis of engine. Complete
engine setup was computer interfaced; engine data was controlled by ECU (Make - PE USA,
Model PE3) and captured on monitor screen. Digital control panels of engine included engine

load control knob, fuel measuring burette, engine load indicator, and orifice meter for air-fuel
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ratio measurement. Kubler crank angle sensor (Model- 8.K1540.1361.0360) was used to measure
engine speed, fuel injection timing, and enabled a generation of cam and crankshaft time pulse
relation. Mass of air flow measured by airflow transmitter (Make- Wika Germany, Pressure
transmitter, Range 0-250 mm WC) which is fixed at air box outside the engine. Fuel flow
transmitter (Make-Yokogawa Japan, DP transmitter, Range 0-500 mm WC) fixed in the burette
to measure the fuel flow. Finally, air-fuel ratio was recorded on the screen of Enginesoft. 50
consecutive combustion cycles were considered for each test of engine to analyze engine

performance.

Alcohol Fuel Tank

Direct Iniection Fuel Tank

Alcohol Fuel Line
Direct Injection Fuel Line

< Carburetor
K———— Inlet Air

Fuel Injector —>

Data Acquisition System

Exhaust Gas Exit

~a Pressure Transducer Five gas analyser @ %
~N
Outlet Water Temp. \i, | @ = | ==

Inlet Water Temp.

Engine RPM (

Dynamometer VCR Engine

Figure 3.3 Schematic representation of alcohol-based dual fuel HCCI engine

Exhaust gases were measured by INDUS five gas analyzer (PEA 205N, Make- INDUS), which
is attached outside the exhaust gas pipe. INDUS 5-gas analyzer was recorded CO in % vol., HC
in ppm, CO, in % vol., O, in % vol., and NOx in ppm. Smoke opacity was recorded by NETEL
smoke meter (model no.NPM-SM-111B). The Accuracy, range and resolution of INDUS five
gas analyzer and NETEL smoke meter is shown in Table 3.5 and Table 3.6. A photographic
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view of gas analyzer and smoke meter is shown in Figure 3.5.

Table 3.5 Accuracy, range and resolution of Indus gas analyzer

Exhaust gases HC CcoO NOx
Resolution of gases <2.0:1ppm vol. 0.01% Vol. 1 ppm vol.
Accuracy of gases <2000 ppm vol.: £4ppm vol. +0.02% Vol. + 5 ppm vol.
Range of gases 0 - 30000 ppm 0 —15% vol. 0 - 5000 ppm

Table 3.6 Accuracy, range and resolution of Smoke Meter

Parameters Accuracy Range Resolution
K +0.1m* 0- 0.01
HSU - 0-99.9 0.1%

Fuel Injector

N
|

‘L.

[Dynamometer

+ I

(@) (b)

Figure 3.4 (a) Actual experimental setup of dual fuel HCCI engine (b) Carburetor location
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NETEL Smoke meter

INDUS 5 gas Analyser

Figure 3.5 Photographic view of the emission analyzers
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Chapter - 4

Experimental Procedure and Optimization Method
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4.1 General

In this chapter, total experimental procedure is explained. Further combustion characteristics
such as Ignition delay (ID), Combustion duration (CD), brake specific fuel consumption (bsfc),
brake thermal efficiency (BTE), premixed ratio, cooling potential, performance improvement
were defined. Also, brake power (BP), net heat release rate (HRR) was defined. Uncertainty
analysis is included for the measuring parameters. Further, various optimization techniques were

discussed among these simple additive weighting (SAW) technique was applied.
4.2 Experimental procedure

In this study diesel or biodiesel blend 20 (Bio20) or butanol blend (B10/B20/B30) ignited
alcohol-based DF-HCCI engine combustion performance and emissions were investigated by

varying MFR of alcohol-based fuel under different load conditions.

Initially, standard operating conditions are fixed like 17.5 CR, diesel injection timing 23 bTDC,
and injection pressure 210 bar for constant speed i.e. 1500 rpm. Basic experiment conducted on
conventional Cl mode engine by diesel fuel supply for 20% load to 100% load in the interval of
20% load.

Then engine CI engine is converted into DF-HCCI engine by attaching the Bullet 500 cc
carburetor to the inlet manifold of the engine to investigate the DF-HCCI engine performance.

In the present study, alcohol-based fuel was supplied through the carburetor at the time of
suction stroke as a low reactivity fuel, and diesel or Bio20 or butanol blend (B10/B20/B30) was

supplied through the injector at the end of compression stroke as a high reactivity fuel.

All experimental tests were performed under different load conditions (20% to 100% load) in the
interval of 20% load. DF-HCCI engine performance was compared with a conventional diesel

engine.

Through the open throttle carburetor, a constant amount of fuel was supplied and the engine load
is controlled by varying the diesel fuel supply.

During an experiment test on a particular load, initially, the load was set in load indicator of
engine panel with the help of load control knob and then to achieve constant 1500 rpm speed

direct injection diesel fuel was manually controlled.

59| Page



Carburetor fuel consumption was measured manually with the help of stopwatch for 10 ml fuel

consumption.

To fix the carburetor location outside the engine cylinder three different lengths of inlet manifold
pipe were selected. In this study, 6-inch, 9-inch, and 12-inch lengths of inlet manifold pipe were
used to fix the carburetor location as shown in Figure 4.1. In this case, ethanol fuel is supplied
through the carburetor and diesel injected near to the TDC. From the DF-HCCI engine

performance, best length of inlet manifold pipe was chosen for rest of the experiments.

In the next set of experiments, various alcohol-based fuels (methanol, ethanol, propanol, and
butanol) were used in the DF-HCCI engine. To vary the MFR of alcohol-based fuel in the
carburetor, different fuel jets were used. In this study jet 40, jet 47.5, jet 60, jet 70, jet 80, and jet

90 were chosen. Figure 4.2 shows the different fuel jets and their location in the carburetor.

Initially, an experiment was performed for ethanol-diesel DF-HCCI engine with varying MFR of
ethanol. The optimum MFR of ethanol and the optimum premixed ratio were found for each load
condition by using simple additive weighting (SAW) optimization method for the lowest

emission and highest fuel economy.

Similarly, for methanol, propanol, and butanol optimum MFR and optimum premixed ratio were

found for each load condition by using SAW optimization method.

All alcohol-based fuels were compared based on the performance of engine and the best alcohol-

based fuel can be found.

Further influence of biodiesel blend 20 (Bio20) instead of diesel on HC and CO emission of

alcohol-based DF-HCCI engine was investigated.

After that technical feasibility of butanol blend (B10/B20/B30) in place of diesel in propanol,
DF-HCCI engine was investigated.
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6 inch Pipe Length

() (b)
Figure 4.1 (a) Carburetor location outside the engine cylinder (b) Various length of inlet
manifold pipe

(a) (b)

Figure 4.2 (a) Fuel jet location in the carburetor (b) Different number fuel jets

4.3 Performance parameters

In this study, combustion and performance analysis was done with the help of ignition delay
(ID), combustion duration (CD), premixed ratio (PR), brake thermal efficiency (BTE), brake
specific fuel consumption (bsfc), performance improvement, and cooling potential parameters

which are defined below.
Ignition Delay (ID) (OCA) = CAPPRR - CAPFLP (41)

Eq. 4.1 defines ignition delay (ID) as CA interval of peak pressure rise rate (PPRR) and peak
fuel line pressure (PFLP) [125].

Combustion Duartion (CD) (OCA) = CAMFB 90 — CAMFB 10 (42)
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Eq. 4.2 defines CD as the CA interval between 90% fuel mixture combustion to 10% fuel

mixture combustion [126,127].

(myCVy)
(mpCVp)+(m,CVy,)]

Premixed ratio (PR) (%) = [ x 100 (4.3)

Eq. 4.3 defines premixed ratio, as the ratio of heat energy utilized by alcohol-based fuel to the

heat energy utilized by both fuels (alcohol-based fuel and direct injection fuel) [128][104].

BP

Brake thermal efficiency (BTE)(%) = CRTANTNGTSIR 3600 x 100 (4.4)

In Eq. 4.3 and Eq. 4.4 ‘m’ define the MFR of fuel and CV indicates calorific value; suffix ‘a’
indicates alcohol-based fuel and the suffix ‘D’ indicates direct injection fuel. Eq. 4.4 defines
brake thermal efficiency (BTE) as the ratio of brake power (BP) to heat energy supplied by both
fuels (alcohol-based fuel and direct injection fuel) [80][1].

(FCa)+(FCp)

Brake specific fuel consumption (bsfc) (kg/kW.h) = =

(4.5)

Eq. 4.5 defines brake-specific fuel consumption (bsfc) as the ratio of fuel consumption (FC) to
the brake power (BP) generated at that load. In Eq. 4.5 FC indicated that fuel consumption in

ka/hr, suffix ‘a’ indicates alcohol-based fuel, and the suffix ‘D’ indicates direct injection fuel.

(Parametercy)—(Parameter )
= Heell *100 (4.6)
Parameterc;

Improvement (%) =

Eq. 4.6 defines the improvement of engine parameter, “Parameterc,” indicates the value of any
parameter of conventional CI engine and “Parameterncc)” indicates the value of any parameter of
HCCI engine. The difference of both divided by conventional Cl engine parameter value
indicates improvement of performance.

*H
Cooling Potential (K) = AF:# 4.7)
Stoich* & gir

Eq. 4.7 defines the cooling potential of alcohol-based fuels. It is the ratio of the product of
equivalence ratio and latent heat of vaporization (LHV) to the product of stoichiometric air-fuel
ratio and specific heat of air. Here ¢ indicate an equivalence ratio of a particular fuel, Hgg fyel IS

the LHV, AFRgich IS the stoichiometric air-fuel ratio and C, 4, is the specific heat of air [129].

Complete engine setup was computer interfaced; engine data was controlled by ECU and
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captured on monitor screen. By using in-cylinder pressure data with crank angle (CA), HRR, was

calculated by engine software.

The net heat release rate (HHR) was calculated from the in-cylinder pressures attained during
experiments by applying the first law of thermodynamics with suitable assumptions as per the

formulation in Equation 4.9.

&—Lpdv_k 1 Vd_P+_de (48)

d0  y-1 do y-1 do do

thr_tht_dQn_ Y Pd_v+ 1 Vd_P (49)
d0 dé do y-1 do y-1 déo

- . . C, .
Where % indicates the rate of combustion heat release with crank angle and y = -2 is the
C

v

ratio of specific heats, P, V are the instantaneous pressure and volume of the cylinder measured

by the sensors during experimentation, % is the rate heat transfer loss from the cylinder wall

dQ,

by convection,

is the net heat release rate, 3—\; is the change of cylinder volume with crank

angle and g—z is the rate of change of cylinder pressure with crank angle.

Brake power is the engine output power measure by engine crank angle speed sensor and load
sensor (strain gauge).

2*xTxN*T

Brake power (BP) = 3000

(kW) (4.10)

Where N indicates the engine speed in rpm, T is the torque applied on the engine in Nm.
4.4 Uncertainty analysis

Uncertainty analysis was performed to check the accuracy of the measured parameters. During
the experiment, individual reading was varying with each other due to manual error, uncontrolled
environmental parameters, poor sensor calibration, etc. Thus it was necessary to take the mean of
all readings for calculations. If individual reading is denoted by y;, and there are n readings, then
arithmetic mean (yn) is estimated by:

63| Page



1

Ym = ~Xizo Vi (4.11)

The deviation for individual reading is defined by d; = y; — ym,

The standard deviation (o) is:

o= [AELo0i —m)? (4.12)
The standard deviation of the mean (o) is defined as,
Om = (4.13)

The uncertainty (or) error of recorded data is = o, IS shown in Table 4.1.

Overall uncertainty of experimentation is calculated by the square root of the sum of the squares

of each measurent uncertainty [130-132].
Overall uncertainty = square root of ((0.0135)% + (2.56)*+(4.84)%+(1.29)*+(1.42)%+(0.1)%)= 5.78%

Table 4.1: Uncertainty of parameters

Measurement Uncertainty
CO (% vol) +0.0135

HC (ppm) +2.56
NOx(ppm) +4.84
Smoke Opacity (HSU) +1.29
Engine Speed (rpm) +1.42
Torque (Nm) +0.10

4.5 Optimization of operating parameter

The objective of the present study is to optimize the premixed ratio and MFR of alcohol-based
fuel (methanol, ethanol, propanol, and butanol) at each load condition by considering the lowest

emissions, and highest fuel economy.

In the optimization for decision making multiple objective decision making (MODM) and
multiple attribute decision making (MADM) these methods are important. MODM methods is
useful for infinite or large number of alternatives choices while MADM method is useful for a
limited number of alternatives. MADM approach is to find out the best alternative among the
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limited number of alternatives. MADM method proves that how to attribute information is
perfect for particular alternatives at a suitable weight. The MADM decision matrix is depend
upon four terms i.e. alternatives, attributes, weight or relative importance of each attribute, and
measures of performance of alternatives with respect to the attributes. The decision table is

shown in Table 4.2. The decision table shows alternatives, A; (fori=1, 2, ....., N), attributes, B;
(for j =1, 2, ....., M), weights of attributes, W; (for j=1, 2, ....., M) and the measures of
performance of alternatives, m;j (fori= 1,2, .....,N; j=1, 2, ....., M).

A decision maker aims to find out the best alternative or to rank the complete set of alternatives.
Attributes may not be in the same units so before adding in the decision table all should be
normalized in the same units, so that all attributes may be considered in the decision problem. To
solve MADM problem five different methods are commonly used i.e. Simple Additive
Weighting (SAW) Method, weighted product method (WPM), four modes of the Analytic
Hierarchy Process (AHP) Method, Revised AHP, and technique for order preference by
similarity to ideal solution (TOPSIS).

Table 4.2: Decision table in MADM methods

Alternatives Attributes
B; B, Bs - - Bwm
(W1) (W2) (W3) ) Q) (Ww)
A My My, Mi3 - - Mim
A; My Mg, Ma3 - - M2
As M3 M3, M33 - - Mam
An My M2 M3 - - MM

In the present study, simple additive weighting (SAW) optimization method was used to examine
the best MFR of fuel or fuel jet number (jet 40, jet 60, jet 70, jet 80, and jet 90) for any
individual load conditions. Additionally, the same method was used to find out the best blend of

high reactivity fuel instead of diesel in an alcohol-based DF-HCCI engine.
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SAW method is also known as weighted sum method (WSM). This is the most simple and
widest used MADM method. In this, every single attribute is assigned with some weight and
the sum of weights should be 1. Each alternative is evaluated with regard to every attribute.
Initially SAW is particularly used for the same unit attributes. However, if all the units of
attributes normalized then SAW may be best for any number of attributes. The overall
performance score of an alternative is the sum of all products of the normalized attribute value

and the weight assigned to that attribute given by Equation 4.14.

M
Y, = z]_lvvj(mij)normal (4.14)

where (Mij)normal represents the normalized value of mj;, and Y; is the overall or composite score
of the alternative A;. The alternative with the highest value of Y; is considered as the best

alternative.

Normalization was done on the basis of beneficial attributes and non-beneficial attributes.
Beneficial means that higher value is better and non-beneficial means lower value is better

among the alternatives considered.

In this study, non-beneficial attribute (Smoke opacity, NOx, HC, and CO) normalization was
done by (m;j)x/(m;;)L, where (mjj)k is value of attribute for K-th alternative, which is the lowest
value among all alternatives considered, while (mj;). is value of measured attribute for the L-th

alternative.

Beneficial attribute (BTE) normalization was done by (mj;)./(mij)k, where (mjj). is the value of
measured of the attribute for L-th alternative, and (m;)x is the value of attribute for the K-th

alternative, which is the highest value among all alternatives considered.

In MADM optimization technique weightage and importance of output parameters totally
depend on the required design of engine [133,134]. In the present study, optimization was done
based on the lowest exhaust emissions and highest BTE. The aim is to reduce NOx and smoke
opacity without loss in fuel economy by the use of alcohol-based DF-HCCI engine combustion
mode. For optimization of MFR of alcohol-based fuel or fuel jet no or premixed ratio at
individual load conditions, four different sets of weightages were considered. Also to optimize
the butanol blend in the alcohol-based DF-HCCI engine same weightages were used. Four

different sets of weightage are shown in equation 4.15-4.18.
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Y1 =0.333 BTE + 0.333 Smoke opacity + 0.333 NOx + 0.0 HC+ 0.0 CO (4.15)

In Eq. 4.15 equal weightage was assigned to BTE, smoke opacity, and NOx emission attributes
i.e. 33.33% each, but HC and CO emissions attribute assigned 0% weightage. The main aim of
this study was to control NOx and smoke opacity because HC and CO can be easily controlled
by after-treatment methods [135].

Y, =0.4 BTE + 0.25 Smoke opacity + 0.25 NOx + 0.05 HC+ 0.05 CO (4.16)

In Eq. 4.16, 40% weightage was assigned to BTE, 25% each was assigned to smoke opacity and
NOx emission, and very low means 5% each was assigned to HC and CO emissions.

Y3 =0.3 BTE + 0.25 Smoke opacity + 0.25 NOx + 0.1 HC+ 0.1 CO (4.17)

In Eq. 4.17, 30% weightage was assigned to BTE, 25% each was assigned to smoke opacity and
NOx emission and a little more means 10% each was assigned to HC and CO emissions.

Y, =0.5BTE + 0.25 Smoke opacity + 0.25 NOx + 0.0 HC+ 0.0 CO (4.18)

In Eqg. 4.18, HC and CO emission attributes weightage was 0% and the highest weightage was
assigned to BTE i.e 50% and 25% each were assigned to smoke opacity and NOx emission

attribute.

To investigate the optimum alternative parameter all attributes normalized values submitted in
each equation for example in eq. 4.15 by considering 33.3% weightage to each attribute i.e. BTE,
NOyx emission, and smoke opacity, finally the score noted for each alternative. A similar
procedure was done for each alternative. The highest score among all alternatives indicates the
best alternative for particular weightage selection sets.

Similarly, the best alternative was found for 3 more sets of weightage equation i.e. equation 4.16,
4.17, and 4.18.
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Chapter - 5

Results and Discussion

Experimentally Analyzed the Performance of DF-HCCI Engine over
Conventional Diesel Engine
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5.1 General

In this section, experimentally the alcohol-based DF-HCCI engine performance was analyzed
and compared with the conventional diesel engine. The influence of carburetor location on the
DF-HCCI engine performance was examined. Combustion characteristics such as in-cylinder
pressure, heat release rate (HRR), pressure rise rate (PRR), Mass fraction burn, ignition delay
(ID), combustion duration (CD), were discussed for various alcohol-based DF-HCCI engine.
Performance characteristics such as brake thermal efficiency (BTE), brake specific fuel
consumption (bsfc), oxide of nitrogen (NOx) emission, Hydrocarbon (HC), carbon monoxide
(CO), Smoke opacity, were analyzed. Different alcohol-based fuel premixed ratio was fixed for
individual load condition by considering SAW optimization. Further, the influence of butanol
blends and biodiesel blend instead of diesel on alcohol-based DF-HCCI engine was investigated

for different load conditions.
5.2 Objective 1

To experimentally investigate the influence of carburetor location on dual fuel mode HCCI

engine performance.
5.2.1 General

Experimentation was done for ethanol-diesel (E100+D) DF-HCCI engine at a constant MFR of
ethanol. Ethanol fuel was supplied through the carburetor and to ignite the premixed ethanol
charge at the end of compression stroke diesel was injected. Fuel jet 60 was used in the
carburetor for all load conditions and the varying load was controlled by diesel injection. Three
different lengths of inlet manifold pipe such as 6-inch, 9-inch, and 12-inch were used to fix the
carburetor location outside the engine. Influence of these three different carburetor locations on

DF-HCCI engine performance and emissions were investigated under various load conditions.
5.2.2 Combustion and emission characteristics

Figure 5.1(a) shows the in-cylinder pressure with crank angle (CA). With increasing the length
of inlet manifold pipe little increment was observed in-cylinder pressure. If the carburetor

location away from the engine cylinder little more in-cylinder pressure was noted.
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Figure 5.1 (a) In-cylinder pressure Vs. CA, (b) PRR Vs. CA, (c) ID Vs. engine load,

(d) CD Vs. engine load, () MFR Vs. engine load, (f) BTE Vs. engine load
If the carburetor location is 12-inch away from the engine cylinder the in-cylinder pressure is
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observed as 59.16 bar while at 9-inch and 6-inch location in-cylinder pressure is 58.45 bar and

57.89 bar respectively.

Figure 5.1(b) shows PRR with CA for various locations of carburetor outside the engine. PRR
was observed below 6 bar/°CA for all inlet manifold pipe lengths. It shows that the engine is

working without knocking at any carburetor location outside the engine [88,105].

Figures 5.1(c) and 5.1(d) show ignition delay (ID) and combustion duration (CD) for different
engine loads. An increase in length of inlet manifold pipe reduced ID and increased CD. Since
the carburetor location away from the engine cylinder, alcohol-based fuel (ethanol) get more
time to prepare air and fuel mixture outside the engine, which leads to reduce the ID. Figure
5.1(e) shows the mass flow rate (MFR) of ethanol and diesel for different carburetor locations
under various load conditions. With increasing the length of the inlet manifold pipe diesel
consumption was increased. If the alcohol-based fuel (i.e. ethanol) transportation gap in between
engine cylinder and injection point is more fuel may evaporate or friction losses may be added
[136]. If the carburetor location was set 12-inch away from the engine cylinder ethanol may
evaporate, some friction losses may happen, fuel may atomize so to fulfill the required amount of
power and to achieve the constant rpm more diesel fuel was consumed. More diesel
consumption leads to extend the diffusion combustion phase, which assists to elongate the CD.

Hence with increasing the length of the inlet manifold pipe CD got increased.

More diesel consumption for 9-inch and 12-inch inlet manifold pipe helps to a little increment in
the in-cylinder pressure. This diesel consumption also impacts brake thermal efficiency (BTE) as
shown in figure 5.1(f). If the carburetor location is near (6-inch pipe) to the engine cylinder a

little improvement in BTE compared to the rest of the locations (9-inch, 12-inch).

In the case of emission characteristics, there were not any considerable changes in the NOx
emission, smoke opacity, HC emission, and CO emission against carburetor location outside the
engine as shown in figure 5.2(a), 5.2(b), 5.2(c), and 5.2(d).

In this study, varying the carburetor location was not showing considerable changes in the engine
emission and in-cylinder pressure but to avoid the evaporation losses, friction losses, fuel
atomization, fuel molecule sticking to the manifold [137,138], a nearer location of the carburetor
was better. Nearer carburetor location will impact the fuel economy of the DF-HCCI engine.

Hence to fix the carburetor location in DF-HCCI engine 6-inch length inlet manifold pipe was
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selected for further studies.
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5.3 Objective 2
To optimize mass flow rate and premixed ratio under each load, for methanol, ethanol,

propanol, butanol alcohol-based fuels by using different fuel jets in the carburetor.

5.3.1 General

Under this experimentation, four different alcohol-based fuels were chosen methanol, ethanol,
propanol, and butanol. All alcohol-based fuel was supplied at the time of suction stroke through
the carburetor and to ignite this homogenous charge diesel was injected at the end of
compression stroke. To vary the mass flow rate (MFR) of alcohol-based fuel different fuel jet
was used in the carburetor. Optimum premixed ratio and MFR were investigated for each
alcohol-based fuel under individual load conditions. SAW optimization method was used to find

out the optimum MFR and premixed ratio for four different weightage sets.

5.3.2 Ethanol-diesel DF-HCCI engine performance for different load conditions
In this experiment ethanol fuel was supplied at the time of suction stroke through the carburetor
and diesel was injected at the end of a compression stroke. To vary the MFR of ethanol five

different fuel jets such as jet 40, Jet 60, jet 70, jet 80, and jet 90 were used.

5.3.2.1 In-cylinder pressure for different load conditions

—— E+D 100% Jet 60

70 ~

—— Diesel 100%
—— E+D 80% o s oy
807 | Diesel 80% /?7*'%%
0, 7
E+D 60% ~ 50 / N
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——E+D 40 % 40 ~
40 | Diesel 40% //y /,// RN
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In-cylinder Pressure (bar)

=
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o
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Figure 5.3. Comparing diesel and dual-fuel mode HCCI engine in-cylinder pressure Vs. crank
angle under different load conditions, for jet 60

Figure 5.3 presents in-cylinder pressure with respect to CA for 20% to 100% rated power of
engine using fuel jet 60. It was observed that for both neat diesel and DF-HCCI engines, in-
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cylinder pressure was increasing with increasing load on the engine. Increasing load on engine
demanding more fuel, and burning more fuel releases more energy which results to increase in-
cylinder pressure [139]. In the DF-HCCI mode, start of combustion (SOC) is delayed compared
to neat diesel engine. The results indicated that Ethanol-Diesel (E100+D) DF-HCCI engine in-
cylinder pressure curves are shifting forward compare to neat diesel engine. It indicates that

ethanol contribution resists SOC and it helps to low temperature combustion (LTC).
5.3.2.2. Influence of a different MFR of Ethanol on combustion and emission characteristics

Figure 5.4 indicates in-cylinder pressures of the engine for different MFR of ethanol by the use
of different fuel jets in the carburetor. Figure 5.4(a) shows in-cylinder pressure for 100% rated
load on the engine. In-cylinder pressure curve is shifted towards TDC. It means that with
increasing MFR of ethanol, combustion got delayed in the DF-HCCI engine compared to neat
diesel engine. It increases ID (shown in Figure 5.6(a)) and ignition timing is retarded due to high
auto-ignition temperature and high octane number of ethanol. Increasing MFR of ethanol retards
the combustion phase (ethanol is low reactivity fuel so it retards the combustion) and more part
of combustion is completed in the expansion stroke so that it leads to lower in-cylinder pressure.
This helps to run the engine at LTC mode which reduces NOx emissions. Similar results have
been noticed in the case of gasoline/methanol port injected fuel with diesel as a direct injection
fuel [140,141]. It is noticed that in-cylinder pressure for jet 70, jet 80, and jet 90 is lower than
diesel engine. However, jet 40 and jet 60 in-cylinder pressures are found equal to a neat diesel
engine. The maximum in-cylinder pressure values for jet 40, jet 60, jet 70, jet 80, and jet 90 are
62.05 bar, 62.79 bar, 61.98 bar, 58.42 bar, and 55.07 bar respectively, but, neat diesel engine in-
cylinder pressure is 61.16 bar. Similarly, peak pressure CA for jet 40, jet 60, and jet 70 are 10°
aTDC, for jet 80 is 13°aTDC, for jet 90 is 15° aTDC, whereas for diesel is 9°aTDC.

Figure 5.4(b) shows the in-cylinder pressure for 80% engine load. Jet 40, jet 60, jet 70, jet 80,
and jet 90 were used for 80% engine load. Similar nature of in-cylinder pressure was found for
80% engine load, peak in-cylinder pressures for jet 40, jet 60, jet 70, jet 80, and jet 90 are 58.25
bar, 58.82 bar, 55.42 bar, 47.85 bar, and 42.3 bar respectively; however, diesel peak in-cylinder
pressure is 58.45 bar. Peak pressure crank angle for jet 40, jet 60, are 10°aTDC, for jet 70 it is
12°aTDC, for jet 80 it is 17°aTDC and for jet 90 is it 20° aTDC, whereas for diesel engine it was
9°aTDC.
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Figure 5.4 The variation of in-cylinder pressure for different fuel jets of DF-HCCI combustion

(e)

at different engine loads (a) 100% (b) 80% (c) 60% (d) 40% (e) 20%
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Figure 5.4(c) shows the in-cylinder pressure for 60% engine load. For 60% engine load jet 40,
jet 60, jet 70, jet 80 were used. In this load condition, in-cylinder pressures are reduced and the
combustion phase retarded was similar to engine load 80 and 100%. Peak in-cylinder pressure
and CA for jet 40 is 54.13 bar at 10°aTDC, for jet 60 it is 52.71 bar at 12°aTDC, for jet 70 it is
46.04 bar at 16°aTDC and for jet 80 it is 43.67 bar at 18°aTDC.

Figure 5.4(d) shows the in-cylinder pressure with a CA for 40% engine load. For 40% engine
load, jet 40, jet 60, and jet 70 were used. Peak in-cylinder pressure and CA for jet 40 is 47.12 bar
at 12° aTDC, for jet 60 it is 45.49 bar at 14° aTDC and for jet 70 it is 36.21 bar at 18° aTDC,

however, diesel engine in-cylinder pressure is 50.46 bar at 9°aTDC.

Figure 5.4(e) shows the in-cylinder pressure for 20% engine load. Peak in-cylinder pressures
with a CA for jet 40, jet 60 are 40.77 bar at 13° aTDC, 37.29 bar at 15° aTDC respectively;

however, for diesel, it was 47.26 bar at 9°aTDC.
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Figure 5.5 Variation of (a) heat release rate and (b) pressure rise rate,
for different fuel jets under 100% load conditions

Figure 5.5(a) and figure 5.5(b) illustrate the effect of increasing the MFR (jet number) on HRR
and PRR of E100+D DF-HCCI engine combustion for 100% rated load. It is noticed that the
increase of ethanol MFR, retards the peak HRR and peak PRR crank angle. This is due to delay
in SOC; which results in LTC in dual fuel mode HCCI engine compared to the neat diesel
engine. Therefore low HRR and PRR are observed. Further, it is noticed that E100+D DF-HCCI

engine running very smoothly without knocking. In this test, PRR is less than the 6 bar/° CA for
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all loads. The majority of researchers define the knocking criteria of the engine in PRR value,

which should be less than 10-20 bar/CA [88,105,142,143].
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Figure 5.6 (a) Ignition delay (ID) Vs. Engine load, (b) Combustion duration (CD) Vs. Engine

load, (c) Cooling potential Vs. Engine load, (d) Exhaust gas temp Vs. Engine load

ID with an increase in jet number for different load conditions. The ID

Figure 5.6 (a) shows the

is increased with increase in ethanol MFR because ethanol has high self-ignition temperature,

high octane number and higher latent heat of vaporization (LHV) compared to neat diesel; so it

absorbs more energy from the compressed air and it increases the ignition timing and delays

SOC. High self

ignition temperature allows the fuel to resist the start of ignition leads to an

increased ID. With increasing the MFR of ethanol ID was increased because ethanol substitution

increases its cooling potential (as shown in figure 5.6(c)). If the high LHV fuel contribution

increases its ability to absorb the heat from the compressed air increases, it leads to extend the ID
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[129][115] and reduce the engine combustion temperature assist to reduce the exhaust gas

temperature (shown in Figure 5.6(d)).

Figure 5.6(b) presents the combustion duration (CD) for increasing MFR of ethanol under
different load conditions. The results show that CD is reduced with the increase of MFR of
ethanol. Homogeneous fuel has a longer ID due to the maximum amount of fuel burns in the
rapid combustion phase aTDC in a low-temperature environment; very less fuel is burnt in
diffusion combustion, therefore, it reduces CD. Similar results have been found for alcohol-
based fuel with diesel RCCI engine [111]. However, at 60% engine load condition CD was
increased for jet 70 and jet 80 because at this load condition more than the requirement premixed
fuel was supplied through the carburetor, and to ignite this premixed charge minimum amount of
diesel was injected. This extra diesel and extra ethanol fuel promotes diffusion combustion and
leads to extend the CD. A similar kind of results appeared at 80% load condition for jet 80 and
jet 90.

Figure 5.7(a) represents NOx emission with varying loads of the engine. It is observed that NOx
emissions are reduced with an increase in the MFR of ethanol (increase in jet number) for all
load conditions compared to a neat diesel fuel engine. DF-HCCI engine is working on the lean
homogeneous mixture because of which combustion occurs at low temperature and for NOx
emissions, temperature of the combustion chamber is the main affecting factor. Further, ethanol
has high LHV, and it helps to absorb the heat from combustion chamber and reduces the
combustion chamber temperature. Figure 5.4 displays the low peak in-cylinder pressure and
Figure 5.5(b) displays low PRR with increase in jet number means that the DF-HCCI engine
working on LTC mode and it helps to reduce NOx emissions. In the present experiment, Jet 60
reduces NOx emission from 320 ppm to 42 ppm for 20% engine load. And jet 90 reduces NOx
emission from 1614 ppm to 585 ppm for 100% load conditions. Maximum 92.5% NOx emission
was reduced for jet 90 at 80% load while jet 70 reduced 96.46% at 40% load conditions. On
average 85% NOyx emission was reduced by E100+D DF-HCCI engine compared to a neat diesel
engine for all load conditions. Overall performance improvement in NOx emission for various

MFR under different load conditions as shown in figure 5.8(a).
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Figure 5.7 Variation of (a) NOx Vs. Engine load
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Figure 5.7(b) shows the smoke opacity in HSU with varying loads for different MFR of ethanol
(different fuel jets). The results display that the smoke opacity is reduced with an increase in jet
numbers. Smoke opacity depends on the inhomogeneity of air-fuel mixture in the combustion
chamber. In this study, ethanol is supplied with air at the time of suction stroke and plenty of
time is available for ethanol to mix with air. High ID permits the fuel for proper homogenous
charge it leads to reduces the fuel-rich region in the combustion chamber helps to reduce the
smoke opacity. Further, ethanol is the most volatile fuel and it easily mixes with air and forms a
homogenous mixture, most of the charge burn in the premixed phase combustion promotes a
reduction in smoke opacity of E100+D DF-HCCI engine compared to neat diesel engine. The
results show that smoke opacity reduced almost 87.84% for jet 90 at 100% load. It was observed
that an increase in ethanol mass contribution at the time of suction reduced smoke opacity
compared to a neat diesel fuel engine. For 100% load, smoke opacity reduced from 32 HSU to
3.89 HSU for E100+D DF-HCCI engine.

Figure 5.7(c) and Figure 5.7(d) displays HC and CO emission with varying loads for different
jet numbers. The results show that HC and CO emissions increase with increase in jet number at
any particular load compared to a neat diesel engine. HC and CO emissions occur due to LTC,
incomplete combustion, and the combustion near the misfire. Jet 60 results show that HC and
CO emissions are very high for low load conditions and they reduce with increase in load
conditions. It indicates that for any particular load in E100+D DF-HCCI engine if the
contribution of ethanol fuel is more compared to diesel fuel, combustion is done near misfire at
low temperature and impingement on the wall of the cylinder, it promotes the formation of HC

and CO emissions.

Figure 5.7(e) shows the brake thermal efficiency (BTE) with varying loads for different fuel jets.
It is observed that BTE for 60%, 80%, and 100% engine load are more than the neat diesel
engine. Jet 40 and jet 60 showed the highest BTE for 60%, 80%, and 100% engine load. The
mass flow rate of ethanol for jet 40 and jet 60 is low and ID is also low. The peak in-cylinder
pressure is nearly equal to neat diesel engine but due to a homogeneous mixture of ethanol, total
fuel is properly utilized to obtain the required power hence BTE increases for 60%, 80%, and
100% engine load. While at low load conditions due to more than requirement fuel is consumed
leads to reduce the BTE compared to neat diesel engine. However, NOx and smoke opacity

emissions are very poor for jet 40 and jet 60. Jet 90 shows less fuel economy compared to neat
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diesel engine because jet 90 ID is highest and peak pressure is also reduced due to late

combustion so that more fuel is utilized to achieve the required power of the engine.

Figure 5.7(f) shows the comparison of bsfc under different load conditions. The results show

that bsfc for DF-HCCI engine is high as compared to diesel engine because the calorific value
(CV) of ethanol fuel is 27 MJ/kg and diesel is 43.5 MJ/kg. The contribution of ethanol fuel is

more compared to diesel to attain the requisite power. Hence to attain the same power in DF-

HCCI engine more ethanol fuel consumption is required compared to diesel engine.
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Figure 5.8 shows the improvement (reduction of emission and increment of BTE) of E100+D
DF-HCCI engine over diesel engine. Positive value on Y-axis denotes the favorable
improvement (i.e. reduction of NOy, reduction of smoke opacity, and increment of BTE) and the
negative value on Y-axis denotes unfavorable improvement. Figure 5.8(a) shows the NOx
emission reduction for various fuel jet numbers under different load conditions. Maximum NOx
reduction was occurred at 40% engine load for jet 70, while jet 40 reduced the lowest percentage
NOx emission at 100% load. Figure 5.8(b) shows smoke opacity reduction at different load
conditions for different fuel jets. Maximum smoke opacity was reduced for jet 90 under 100%
load, while the minimum smoke opacity reduction was noticed for jet 40 at 40% load. Figure
5.8(c) indicates BTE improvement for various fuel jet numbers under different load conditions.
Jet 40 given the highest BTE for 80% engine load.

Figure 5.9 presents the premixed ratio of ethanol for various MFR of ethanol (various fuel jet
numbers) under different load conditions. The results show that with increasing the fuel jet
number contribution of ethanol energy ratio increases at different load conditions. This premixed
ratio of ethanol indicates the amount of heat energy contributed by ethanol among ethanol and
diesel consumption. Jet 90 at 80% load condition contributed a maximum 75.94% ethanol
premixed ratio. To generate the power at 80% load, 75.94% power is generated by ethanol fuel
consumption and the remaining 24.06% power is generated by diesel fuel consumption. High
premixed ratio is possible because the amount of ethanol fuel supplied will replace the
conventional diesel fuel result in low NOx and smoke opacity without penalty of BTE.
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5.3.2.3 Optimize the MFR and premixed ratio at each load conditions

From this study, it was observed that jet 70 helps to reduce maximum NOyx emission at 40% load
condition, while jet 90 reduced maximum smoke opacity at 100% load, and jet 40 increased
maximum BTE at 80% load condition. It was very difficult to judge the best fuel jet number or
MFR at any individual load condition. Hence optimization was done to finalize the cumulative
performance of different fuel jets at individual load conditions. SAW optimization method was
used to find out the best fuel jet number or MFR at individual load conditions for lowest
emission and highest BTE or fuel economy.

Table 5.1 Ranking of different fuel jets for various weightage sets under each load conditions

Load (%)  Type of jet Y1 Rank Y, Rank Y3 Rank Y, Rank

20 Cl 0.583 3 0.687 3 0.687 3 0.687 3
Jet 40 0.915 1 0.861 1 0.826 1 0.896 1
Jet 60 0.829 2 0.762 2 0.709 2 0.814 2
40 Cl 0.541 4 0.656 2 0.656 2 0.656 4
Jet 40 0.578 3 0.615 4 0.56 4 0.67 3
Jet 60 0.644 2 0.643 3 0.584 3 0.702 2
jet 70 0.915 1 0.822 1 0.771 1 0.874 1
60 Cl 0.426 5 0.555 5 0.565 3 0.545 5
Jet 40 0.533 4 0.589 4 0.528 5 0.65 4
Jet 60 0.589 3 0.611 3 0.547 4 0.676 3
jet 70 0.818 2 0.771 2 0.707 2 0.835 2
Jet 80 0.917 1 0.824 1 0.77 1 0.878 1
80 Cl 0.359 6 0.498 6 0.512 4 0.484 6
Jet 40 0.452 5 0.536 4 0.483 5 0.589 4
Jet 60 0.457 4 0.525 5 0.469 6 0.581 5
jet 70 0.576 3 0.608 3 0.545 3 0.67 3
Jet 80 0.766 2 0.738 2 0.683 2 0.792 2
jet 90 0.916 1 0.85 1 0.795 1 0.906 1
100 Cl 0.465 6 0.586 6 0.595 4 0.578 6
Jet 40 0.553 5 0.615 5 0.567 6 0.663 5
Jet 60 0.591 4 0.636 4 0.579 5 0.693 4
jet 70 0.752 3 0.75 3 0.696 3 0.803 3
Jet 80 0.762 2 0.753 2 0.699 2 0.806 2
jet 90 0.957 1 0.884 1 0.831 1 0.937 1

In this study, four different sets of weightage were assigned to the BTE, NOx, smoke opacity,
HC, and CO attributes (output parameters). Normalized values of all attributes submitted to each

equation and the highest score define the best alternative. Similarly, another three different sets
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of weightages were assigned to the output parameters to find out the best alternatives (fuel jet
number). Each alternative score and rank for every set of weightage is shown in Table 5.1. The

assigned weightages are shown in the equation 4.15 to 4.19.

From Table 5.1 it is concluded that all optimum fuel jets are suitable at a particular load by
maintaining the highest fuel economy (BTE) and lowest emission compared to neat diesel
engine. Jet 40 is suitable for 20% load conditions for all four weightage sets of output
parameters. Similarly, jet 70 is suitable for 40% load conditions, jet 80 is suitable for 60% load
conditions and jet 90 is suitable for 80% and 100% load conditions.

From this optimization at each load condition best MFR of ethanol is found for the lowest
emission and highest BTE showed in Table 5.2. From the MFR and CV of ethanol and diesel,

optimum premixed ratio is found for each load condition is shown in Table 5.2.

Table 5.2 Optimum jet number, MFR, and the premixed ratio of Ethanol

Load (%) | Optimized Fuel Optimized Ethanol | Optimized premixed ratio (%)
jet MFR (kg/hr)
20 40 0.340 47.55
40 70 0.697 69.9
60 80 0.869 69.83
80 90 0.957 75.94
100 90 0.957 68
Average 66.244

Table 5.2 shows the optimum premixed ratio for each load in the E100+D DF-HCCI engine. The
premixed ratio range is between 47.5% to 75.94%. Means on an average 66.224% diesel fuel can

be replaced by ethanol with lower emissions and higher BTE compared to diesel engine.

5.3.3 Methanol diesel DF-HCCI engine performance for different load conditions

In this experimental study, Methanol fuel was used in the carburetor at the time of suction stroke
and diesel was injected at the end of the compression stroke to start the combustion. In this set
of an experiment to vary the MFR of methanol 3 different types of fuel jet were used in the
carburetor i. e. jet 40, jet 47.5, and jet 60. Further, large number fuel jet was not used because of
unstable engine rpm and misfiring. Methanol-diesel (M100+D) DF-HCCI engine combustion

performance and emission for all different loads are discussed in this section.
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5.3.3.1 Impact of varying MFR of methanol on combustion and emission characteristics

Figure 5.10(a) shows the in-cylinder pressure curves against CA for 100% load condition. These
graphs show a similar nature as ethanol for varying MFR. With increasing the MFR of methanol
in-cylinder pressure curves shifted forward due to very high ID (shown in figure 5.10(c)).
Methanol fuel has a high autoignition temperature and octane number compared to neat diesel
fuel which assists to delay the start of ignition. With increasing the contribution of methanol in-

cylinder pressure was retarded.

Figure 5.10(b) shows the PRR with crank angle for 100% load conditions. The result shows that

PRR was not more than the 7 bar/ °CA, which is lower than the engine knocking PRR range.

Figure 5.10(c) shows the ID for varying fuel jet numbers at different load conditions. With
increasing methanol contribution in the DF-HCCI engine, ID was increased. Methanol fuel has
high octane number and autoignition temperature with high LHV which leads to an increased ID.
Further methanol has high LHV due to this cooling potential of inlet charge is high which assist

to increase the ID (as shown in figure 5.10(e)).

Figure 5.10(d) indicates the combustion duration (CD) for different fuel jets under various load
conditions. The result shows that with increasing the methanol contribution at low load condition
CD was increased because of the very high cooling potential of methanol. Due to very high ID
and cooling potential, the combustion chamber temperature is reduced and hence to burn the fuel
takes more time to catch the fire. It is also observed that at high load condition CD was reduced
with increasing the fuel jet number. Because at high load condition enough temperature was
developed in the combustion chamber and with increasing the MFR of methanol, high ID

contribute a fast spontaneous premixed combustion hence CD was reduced.
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Figure 5.10 M100+D DF

, (b) PRR Vs. CA, (c)

-HCCI engine (a) In-cylinder pressure Vs. CA
Ignition delay (ID) Vs. Engine load, (d) Combustion duration (CD) Vs. Engine load,

(e) Cooling potential Vs. Engine load, (f) Exhaust gas temp Vs. Engine load
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M100+D DF-HCCI engine emitted low NOx emission due to high LHV and low in-cylinder
temperature. With increasing the MFR of methanol NOx emission reduced compared to diesel
engine shown in Figure 5.11(a). However, M100+D DF-HCCI engine shows the adverse effect
on smoke opacity shown in Figure 5.11(b) at low load conditions. At low load conditions,
smoke opacity was increased because of low-temperature incomplete combustion, while at high

load conditions it was reduced compared to diesel engine.

Figure 5.11(c) and Figure 5.11(d) shows the CO and HC emission respectively for different
MFR of methanol under various load condition. With increasing the MFR of methanol CO and
HC emission were increased. Methanol fuel has high LHV which reduced the combustion
chamber temperature and leads to incomplete combustion. This results in more HC and CO

emission compared to diesel engines.

Figure 5.11(e) presents the BTE of M100+D DF-HCCI engine at different load conditions. It
was observed that at low load condition very poor engine performance because of LTC. Due to
this more Methanol fuel need to supply to get the required power and engine rpm. However, at

high load conditions, the engine performance is not much affected.

Figure 5.11(f) indicates bsfc for M100+D DF-HCCI engine for various load conditions. The
results show high bsfc of M100+D DF-HCCI engine compared to diesel engine under all load
conditions. Methanol fuel CV is 21.4 MJ/kg while diesel fuel CV is 43.5 MJ/kg, hence to full fill

the requirement of power and engine rpm more methanol fuel need to supply.

Figure 5.12 shows the performance improvement in M100+D DF-HCCI engine over diesel
engine. Positive value on Y-axis denotes the favorable improvement (i.e. reduction of NOx,
reduction of smoke opacity, and increment of BTE) and the negative value on Y-axis denotes
unfavorable improvement. Figure 5.12(a) shows the reduction of NOx emission over diesel
engine for various load conditions. Maximum 97.19% NOx emission was reduced at low load

conditions for jet 60.

Figure 5.12(b) shows the reduction of smoke opacity of M100+D DF-HCCI engine over diesel
engine for different load conditions. At load 60%, 80%, and 100% smoke opacity were reduced
compared to diesel engine while at 20% and 40% smoke opacity was increased. Maximum

47.13% smoke opacity was reduced at 100% load condition for fuel jet number 60.
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Figure 5.12 Improvement of M100+D DF-HCCI engine over neat diesel engine at different load
condition for various MFR (a) NOx emissions reduction,
(b) Smoke opacity reduction, (c) BTE increment

Figure 5.12(c) indicates the increment of BTE in M100+D DF-HCCI engine over diesel engine.
The result shows that at 20% and 40% load condition BTE was reduced lot and at 60% to 100%

the BTE is almost equal to diesel engine.

Figure 5.13 shows the premixed ratio for three different fuel jets at different load conditions. At
20% load conditions 43.97% maximum methnaol premixed ratio can be used without knocking
the engine.
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Figure 5.13 Premixed ratio of methanol under various load conditions for different fuel jets

5.3.3.2 Optimization of MFR and the premixed ratio of methanol at different load conditions

Similar sets of weightage and SAW method were applied to find out the optimum fuel jet
number at different load conditions. Table 5.3 shows the combined score and ranking of
different fuel jet numbers under different load conditions.

From Table 5.3 it is concluded that all optimum fuel jets are suitable at a particular load by
maintaining the highest fuel economy (i.e. BTE) and lowest emission compared to diesel engine.
Conventional diesel engine combustion mode is suitable for 20% and 40% load conditions
compared to M100+D DF-HCCI engine mode. While jet 60 is suitable for 60%, 80% and 100%

load conditions for all four weightage sets of output parameters.

From this optimization at each load condition best MFR of methanol is found for lowest
emission and highest BTE shown in Table 5.4. From the MFR and CV of methanol and diesel

optimum premixed ratio is found for each load condition shown in Table 5.4.
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Table 5.3 Ranking of different fuel jets for various weightage sets under each load conditions

Load (%) Typeofjet Y1 Rank Y2 Rank Y3 Rank Y4 Rank

20 Cl 0675 1 0.757 1 0.757 1 0.757 1
Jet 40 0.505 3 0516 3 046 4 0572 3
jet47.5 0497 4 0.502 4 0.447 3 0.557 4
Jet 60 0.618 2 0573 2 0522 2 0.623 2
40 Cl 0.685 2 0.764 1 0.764 1 0.764 1
Jet 40 0.584 3 0591 3 0.527 3 0.655 3
jet 47.5 0522 4 053 4 0471 4 0589 4
Jet 60 0695 1 0.648 2 0.589 2 0.708 2
60 Cl 0.655 4 0.737 4 0.74 2 0.734 4
Jet 40 0.748 3 0.747 3 0.683 3 0811 3
jet47.5 0.765 2 075 2 0.677 4 0823 2
Jet 60 0917 1 0849 1 0777 1 0922 1
80 Cl 0.676 4 0.746 4 0.753 4 0.739 4
Jet 40 0875 3 0.846 3 0.798 3 0895 3
jet47.5 0.904 2 0872 2 0815 2 0929 2
Jet 60 0939 1 0884 1 0824 1 0943 1
100 Cl 0.731 4 0.795 4 0.798 2 0.793 4
Jet 40 0837 3 0.809 3 0.765 4 0853 3
jet47.5 0879 2 0.845 2 0.794 3 0895 2
Jet 60 0999 1 0931 1 0862 1 1 1

Table 5.4 Optimum fuel jet number, MFR and the premixed ratio of Methanol

Load (%) Optimized Fuel | Optimized Methanol | Optimized Premixed ratio
Jet MFR (kg/hr) (%)
20 60 0.557 43.96
40 60 0.557 40.70
60 60 0.557 37.90
80 60 0.557 33.30
100 60 0.557 31.40
Average 37 45

If we consider M100+D DF-HCCI engine for all load conditions the premixed ratio range is
between 43.96% to 31.40%. Means on an average 37.45% diesel fuel can be replaced by
methanol with lower emissions and higher BTE compared to diesel engine.
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5.3.4 Propanol-diesel DF-HCCI engine performance for different load conditions

In this experiment propanol fuel was supplied through the carburetor with the fresh air at the

time of suction stroke and diesel was injected at the end of a compression stroke. In this set of

experiments jet 40, jet 60, jet 70, jet 80, and jet 90 were used to change the MFR of propanol at

different load conditions. Propanol-diesel (P100+D) DF-HCCI engine performance was

compared to the diesel engine.

5.3.4.1 Influence of varying MFR of propanol on combustion and emission characteristics
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Figure 5.14 Variation of (a) In-cylinder pressure Vs. CA, (b) PRR Vs. CA, (c) HRR Vs. CA for
different MFR of propanol in DF-HCCI engine
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DF-HCCI engine. Nature of the curves of in-cylinder pressure, PRR, HRR for varying MFR is
Further Figures 5.15 shows the ID, CD, cooling potential, and exhaust gas temperature for

different MFR of propanol under various load conditions. All the graphs showed similar kind of

Propanol diesel (P100+D) DF-HCCI engine showed similar performance like as the E100+D
nature like as E100+D DF-HCCI engine.

the same but values are different because of propanol characteristics as shown in Figure 5.14.
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Figure 5.16 Variation of (a) NOx Vs. engine load, (b) Smoke opacity Vs. engine load, (c) CO
Vs. engine load (d) HC Vs. engine load (e) Brake thermal efficiency Vs. engine load, (f) bsfc Vs.

engine load, for different MFR of propanol in DF-HCCI engine
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Figure 5.16 shows all engine emission and performance graphs for varying MFR of propanol
under different load conditions. NOx emission and smoke opacity reduced a lot for increasing
MFR of propanol while HC and CO emission was increased compared to diesel engine [106]. In
the case of P100+D DF-HCCI engine BTE was improved nicely for high load conditions
compared to diesel engine. The technical reason for the reduction of NOy, reduction of smoke
opacity and improvement in BTE is same as E100+D and M100+D DF-HCCI. Since ethanol,

methanol, and propanol are the same nature alcohol-based fuels.
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Figure 5.17 Improvement of performance over diesel engine (a) NOx emission reduction Vs.
engine load, (b) Smoke opacity reduction Vs. engine load, (c) BTE increased Vs. engine load for
different MFR of propanol in DF-HCCI engine

Figure 5.17 shows the performance improvement of P100+D DF-HCCI engine over diesel

engine. The positive value on Y-axis denotes the favorable improvement (i.e. NOx emission
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reduction, smoke opacity reduction, and BTE increment) and the negative value on Y-axis
denotes non-favorable improvement. Figure 5.17(a) shows the reduction of NOx emission over
diesel engine for various load conditions. Maximum 78.75% NOx emission was reduced at 20%
load conditions for jet 60, while at 100% load 47.46% NOx was reduced for jet 90.

Figure 5.17(b) shows the reduction of smoke opacity of P100+D DF-HCCI engine over diesel
engine for different load conditions. At all load conditions, smoke opacity was reduced
compared to diesel engine. At 80% load maximum 87.5% smoke opacity was reduced for jet 90,
while at 20% load minimum 35.63% smoke opacity was reduced for jet 40.

Figure 5.17(c) indicates the increment of BTE in P100+D DF-HCCI engine over diesel engine.
The result shows that at 20% and 40% load condition BTE was reduced and at 60% to 100% it
was increased. At 60% load 20.15% BTE was increased for jet 40, while at 100% load 3.37%
BTE increased for jet 90.
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Figure 5.18 Premixed ratio of propanol under various load conditions for different fuel jets

Figure 5.18 shows the premixed ratio for five different fuel jets at different load conditions. At
60% and 80% load conditions maximum of 73.93%, premixed ratio of propanol was used for
fuel jet 90, while at 100% load conditions minimum of 25.43% premixed ratio of propanol was
used for fuel jet 40.

5.3.4.2 Optimization of MFR and the premixed ratio of propanol at different load conditions

Similar sets of weightages and SAW method were used to find out the optimum fuel jets at
different load conditions. Table 5.5 shows the combined score and ranking of different fuel jet

numbers under different load conditions.
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From table 5.5 it is concluded that all optimum fuel jets are suitable at a particular load by
maintaining the highest fuel economy (BTE) and lowest emission compared to diesel engine.
P100+D DF-HCCI engine showed superior performance for all load conditions compared to
diesel engine.

Table 5.5 Ranking of different fuel jet for various weightage sets under each load conditions

Load (%) Typeofjet Y1 Rank Y2 Rank Y3 Rank Y4 Rank

20 CI 0.554 3 0.666 3 0.666 3 0.666 3
jet 40 0.758 2 0.742 2 0.701 2 0.782 2

jet 60 0.938 1 0.856 1 0.805 1 0.908 1

40 CI 0.543 4 0.658 4 0.658 4 0.658 4
jet 40 0.701 3 071 3 0671 3 075 3

jet 60 0.806 2 0.776 2 0.716 2 0.836 2

jet 70 0.947 1 862 1 0.801 1 0.923 1

60 CI 0.393 6 0.532 6 0541 3 0524 6
jet 40 0.517 5 0.582 5 0.534 5 0.631 5

jet 60 0.555 4 0.603 3 0.539 4 0.667 3

jet 70 0.563 3 0.592 4 0.529 6 0.654 4

jet 80 0.801 2 0.769 2 0.703 2 0.836 2

jet 90 0.902 1 0.826 1 0.767 1 0.885 1

80 CI 0.426 6 0.545 6 0.561 6 0.528 6
jet 40 0.571 5 064 5 0.601 4 0.678 5

jet 60 0.605 4 0.645 4 0.598 5 0.693 4

jet 70 0.657 3 0.682 3 0.632 3 0731 3

jet 80 0.764 2 0.758 2 0.701 2 0816 2

jet 90 0.971 1 0.905 1 0.851 1 0.959 1

100 CI 0.513 6 0.617 6 0.629 5 0.605 6
jet 40 0.668 5 0.716 5 0.684 4 0.748 5

jet 60 0.734 4 0.751 3 0.701 3 0.801 3

jet 70 0.748 3 0.748 4 0.701 3 0.796 4

jet 80 0.83 2 0.797 2 0.747 2 0.847 2

jet 90 0.968 1 0.901 1 0.849 1 0.954 1

From this optimization at each load condition best MFR of propanol is found for lowest emission
and highest BTE shown in Table 5.6. Optimum premixed ratio for each load condition is found

for MFR and CV of propanol and diesel is shown in Table 5.6.
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Table 5.6 Optimum fuel jets, MFR and the premixed ratio of Propanol

Load (%) | Optimize Fuel jet | Propanol MFR (kg/hr) | Optimized premixed ratio (%0)
20 Jet 60 0.401 58.98

40 Jet 70 0.542 66.01

60 Jet 90 0.792 73.92

80 Jet 90 0.792 73.92

100 Jet 90 0.792 65.4

Average 67.646

P100+D DF-HCCI engine premixed range is observed in between 58.98% to 73.92%. Means on
an average 67.64% diesel fuel can be replaced by propanol with lower emissions and higher BTE

compared to diesel engine.
5.3.5 Butanol-diesel DF-HCCI engine performance for different load conditions

In this experiment butanol fuel was supplied through the carburetor with the fresh air at the time
of suction stroke and diesel was injected at the end of a compression stroke. In this set of
experiments jet 40, jet 60, jet 70, jet 80, and jet 90 were used to change the MFR of butanol at
different load conditions. Butanol-diesel (B100+D) DF-HCCI engine performance was compared

to the diesel engine.
5.3.5.1 Influence of varying MFR of butanol on combustion and emission characteristics

Butanol-diesel (B100+D) DF-HCCI engine showed similar trends like as the E100+D or
P100+D DF-HCCI engine. In-cylinder pressure, PRR, HRR for varying MFR has followed the
same trend like as E100+D or P100+D DF-HCCI engine with different measured values because

of butanol fuel characteristics as shown in Figure 5.19.
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Figure 5.19 Variation of (a) In-cylinder pressure Vs. CA, (b) PRR Vs. CA, (¢) HRR Vs. CA for
different MFR of butanol in DF-HCCI engine

Further Figure 5.20 shows the ID, CD, cooling potential, and exhaust gas temp for different
MFR of butanol under various load conditions. These all graphs showed similar kind of trend
like as E100+D or P100+D DF-HCCI engine.

Figure 5.21 shows engine emission and performance graphs for varying MFR of butanol under
different load conditions. NOx emission and smoke opacity reduced with increasing MFR of
butanol while HC and CO emission was increased compared to diesel engine. Further, in
B100+D DF-HCCI engine BTE was improved nicely for mid load condition i.e. 60% and 80%

load while for low and high conditions it was reduced compared to diesel engine.
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Figure 5.20: Variation of (a) ID Vs. engine load, (b) CD Vs. engine load, (c) Cooling potential

Vs. engine load (d) Exhaust gas temp Vs. Engine load, for different MFR of Butanol in DF-

HCCI engine

Figure 5.22 shows the performance improvement in B100+D DF-HCCI engine over diesel

engine. The positive value on Y-axis denotes the favorable improvement and the negative value

axis denotes non-favorable improvement. Figure 5.22(a) shows the reduction of NOx

on Y-

emission over diesel engine for various load conditions. Maximum 84.69% NOx emission was

reduced at 20% load conditions for jet 70, while at 100%

load 47.21% NOx was reduced for jet

70. At 100% load minimum 18.53% NOx was reduced for fuel jet 40.

HCCI engine over diesel

Figure 5.22(b) shows the reduction of smoke opacity of B100+D DF

engine for different load conditions. At all load conditions, smoke opacity was reduced a lot
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Figure 5.21: Variation of (a) NOX Vs. engine load, (b) Smoke opacity Vs. engine load, (c) CO

emission Vs. engine load (d) HC emission Vs. Engine load (e) Brake thermal efficiency Vs.

Engine load, (f) bsfc Vs. Engine load, for different MFR of butanol in DF-HCCI engine
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Figure 5.22: Improvement of performance over neat diesel engine (a) NOx emission reduction
Vs. engine load, (b) Smoke opacity reduction Vs. engine load, (c) BTE increased Vs. engine load
for different MFR of butanol in DF-HCCI engine

compared to diesel engine. At 80% load maximum 88.58% smoke opacity was reduced for jet

90, while at 20% load minimum 48.58% smoke opacity was reduced for jet 40.

Figure 5.22(c) indicates the increment and decrement of BTE in B100+D DF-HCCI engine over
a diesel engine. The result shows that at 20%, 40%, and 100% load condition BTE was reduced
and at 60% to 80% it was increased. At 80% load maximum 10.33% BTE was increased for jet
70.
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Figure 5.23 Premixed ratio of Butanol under various load conditions for different fuel jets

Figure 5.23 shows the premixed ratio for five different fuel jets at different load conditions. At
80% load conditions maximum of 71.19%, premixed ratio of butanol was used for fuel jet 90,
while at 100% load condition minimum of 22.05% premixed ratio of butanol was used for fuel
jet 40.

5.3.5.2 Optimization of MFR and the premixed ratio of butanol at different load conditions

Similar four sets of weightages and SAW method were used to find out the optimum fuel jet
number at different load conditions. Table 5.7 shows the combined score and ranking of

different fuel jet numbers under different load conditions.

From Table 5.7 it is concluded that all optimum fuel jets are suitable at a particular load by
maintaining the highest fuel economy (BTE) and lowest emission compared to diesel engine.
B100+D DF-HCCI engine showed superior performance for all load condition compared to

diesel engine.

From this optimization at each load condition best MFR of butanol is found for lowest emission
and highest BTE shown in Table 5.8. From the MFR and CV of butanol and diesel optimum

premixed ratio is calculated for each load condition shown in Table 5.8.
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Table 5.7 Ranking of different fuel jets for various weightage sets under each load conditions

Load (%) Typeofjet Y1 Rank Y2 Rank Y3 Rank Y4 Rank

20 CI 0.535 4 0.651 4 0.651 4 0.651 4
jet 40 0.705 3 0.687 3 0.661 3 0.714 3

jet 60 0.785 2 0.725 2 0.687 2 0.763 2

jet 70 0.825 1 0.732 1 0.698 1 0.767 1

40 CI 0.495 5 0.622 5 0.622 4 0.622 5
jet 40 0.655 4 0.663 3 0.637 3 0.69 4

jet 60 0.663 3 0.653 4 0.606 5 0.701 3

jet 70 0.89 1 0.796 1 0.74 1 0.853 1

jet 80 0.789 2 0.723 2 0.677 2 077 2

60 CI 0.461 5 0.589 5 0.594 5 0.584 5
jet 40 0.664 4 0.689 4 0.651 3 0.726 4

jet 60 0.673 3 0.701 3 0.648 4 0.755 3

jet 70 0.971 1 0.893 1 0.828 1 0.958 1

jet 80 0.801 2 0.768 2 0.715 2 0.82 2

80 CI 0.492 6 0.605 6 0.614 6 0.595 6
jet 40 0.67 5 0.732 4 0.713 4 0.75 5

jet 60 0.691 4 0.726 5 0.697 5 0.755 4

jet 70 0.921 1 0.894 1 0.846 1 0.942 1

jet 80 0.812 3 0.803 3 0.772 3 0.834 3

jet 90 0.887 2 0.854 2 082 2 0.887 2

100 CI 0.55 6 0.663 6 0.663 6 0.663 6
jet 40 0.659 5 0.707 5 0.701 5 0.713 5

jet 60 0.727 4 0.756 4 0.72 4 0.792 4

jet 70 0.906 1 0.88 1 0.837 1 0.923 1

jet 80 0.866 3 0.85 3 0.813 3 0.886 3

jet 90 0.903 2 0.874 2 0.835 2 0.912 2

B100+D DF-HCCI engine premixed range is observed in between 45.84% to 63.02%. Means on
an average 56.93% diesel fuel can be replaced by butanol with lower emissions and higher BTE

compared to conventional diesel engine.
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Table 5.8 Optimum fuel jet, MFR and the premixed ratio of Propanol

Load (%) Optim!zed Fuel | Optimized Butanol thimizgd
Jet MER (kg/hr) premixed ratio (%)

20 70 0.542 63.02
40 70 0.542 62.92
60 70 0.542 5850
80 70 0.542 54.37
100 70 0.542 45.84

Average 56.93

5.3.6 Summary

From this study, for each alcohol-based fuel i.e. ethanol, methanol, propanol, and butanol
optimum premixed ratio was found under individual load conditions. This premixed ratio
indicates the permissible energy fraction of each alcohol-based fuel at a particular load with low
engine emission and high BTE. For each alcohol-based fuel at every individual load optimum

premixed ratio is shown in Table 5.9.

From this study, it was concluded that E100+D DF-HCCI engine can operate efficiently with
low emission and high BTE compared to a conventional diesel engine at 60% load if the energy
fraction of ethanol is 69.83%. Similarly, for other load and every alcohol-based fuel (methanol,

propanol and butanol) this optimum energy fraction was calculated and is shown in Table 5.9.

Table 5.9 Optimum premixed ratio of each alcohol-based fuel for individual load condition

Load M100+D | E100+D | P100+D | B100+D
20 43.97 47.55 58.98 63.02
40 40.71 69.9 66.01 62.92
60 37.90 69.83 73.92 58.52
80 33.30 75.94 73.92 54.37
100 31.40 68 65.4 45.84
Average | 37.46 66.24 67.64 56.93

For M100+D DF-HCCI engine premixed ratio range is 31.4% to 43.97%.
For E100+D DF-HCCI engine, premixed ratio range is 47.55% -75.94%.
For P100+D DF-HCCI engine premixed ratio range is 58.98 %- 73.92%.
For B100+D DF-HCCI engine premixed ratio range is 45.84% - 63.02%.
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5.4 Objective 3

Experimentally recognize the suitable fuel among the fuels: Methanol, Ethanol, Propanol,

and Butanol supplied through carburetor that yields HCCI like performance.

In this study, all four alcohol-based fuels were compared with each other and the best alcohol
fuel was investigated by analyzing the engine combustion performance and emission. In this
experiment, various alcohol-based fuels i.e. methanol, ethanol, propanol, and butanol was
supplied through the carburetor by using fuel jet 60, and diesel was injected to start the
combustion. The MFR of alcohol-based fuel, is maintained constant for all load conditions (fuel
jet 60), and the engine load was controlled by varying the diesel fuel supply. Combustion and
emission characteristics for these four different alcohol-based fuels were investigated.

5.4.1 Combustion and emission characteristics for different alcohol-based fuels in DF-

HCCI engine under different load conditions

Figure 5.24(a) presents the in-cylinder pressure with crank angle (CA) for 100% load
conditions. Results show that the butanol and propanol fuel pressure curve just after the diesel
pressure curve and ethanol and methanol curves are far away from the diesel engine curve. All
curves shifted forward (just away from the TDC) compared to diesel engine curve. The increase
of carbon number in the alcohol-based fuel means weakens the hydroxyl group which changes
the fuel characteristics such as reduction of octane number and ability to resist the autoignition.
Methanol fuel has the highest autoignition temperature due to this it resists to start the
combustion early. Hence methanol pressure curve moves forward compared to all alcohol-based
fuel. There are no considerable changes in the peak in-cylinder pressure and its peak pressure
CA.

From the figure 5.24(a) the in-cylinder pressure for M100+D DF-HCCI engine is 61.63 bar at
371° CA, for E100+D DF-HCCI engine it is 62.79 bar at 371 °CA, for P100+D DF-HCCI engine
it is 62.6 bar at 370° CA and for B100+D DF-HCCI engine it is 62.25 bar at 370° CA. However,
for a neat diesel engine, it is 61.16 bar at 370 °CA.

Figure 5.24(b) shows PRR with a degree CA for different alcohol-based fuel under 100% load
condition. PRR for all alcohol-based DF-HCCI engine is below 6 bar/°CA which is nearer to the
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value of a neat diesel engine. This indicates the anti-knocking ability of all alcohol-based DF-

HCCI engine and shows all these fuels are suitable for DF-HCCI engine combustion.

Figure 5.24(c) indicates the HRR with a degree CA for different alcohol-based fuels under
100% load condition. Results show the normal rise of HRR for all alcohol-based fuels compared
to diesel engine. There is no sudden rise of heat release means fuel is burning smoothly without
misfire. With decreasing the carbon number in the alcohol-based fuel, means delay in heat

liberation time, due to this HRR curves shifted forward means late heat-releasing occurs.
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Figure 5.24 Variation of (a) In-cylinder pressure Vs. Crank angle, (b) PRR Vs. Crank angle, (c)
HRR Vs. Crank angle, for different alcohol-based fuel DF-HCCI engine

Figure 5.25(a) demonstrated the ID under different load conditions for 4 different alcohol-based
fuels. Results show that with increasing the carbon number ID was reduced, which means for

less carbon alcohol such as methanol has the highest ID. In ID orders methanol have the highest
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increases, self-ignition

Butanol fuel has lowest ID compared to rest of
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changes were observed in fuel characteristics such as LHV of fuel decreases with increasing
temperature decreases with increasing the carbon number. These properties impact the cooling

compared to neat diesel fuel. With increasing the carbon number in the alcohol-based fuel, due to
polarization, the hydroxyl group weakens and their alkane counterpart decreases. As a result,

helps to reduce the engine combustion temperature.
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Figure 5.25 Comparison of (a) ID Vs. Engine load, (b) CD Vs. Engine load, (c) Cooling
potential Vs. Engine load, (d) Exhaust gas temperature Vs, Engine load, for different alcohol-
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Figure 5.25(b) demonstrated CD for all different alcohol-based fuels under various load
conditions. The result indicates the highest CD for butanol DF-HCCI engine compared to the rest
of the alcohol-based fuels. Because butanol fuel has a low ID and low autoignition temperature,
it takes time to burn in the premixed combustion phase. Further, less carbon number alcohol-
based fuel has a high ID, it got more time to get ready for combustion hence spontaneous and
short combustion happens, it leads to reduce CD. However, at low load condition methanol
shows high CD because methanol has high cooling potential, which leads to consume more fuel
to get required power and engine rpm hence CD was more.

Figure 5.25(c) shows the cooling potential for all four different alcohol-based fuel for various
load conditions. For all load conditions cooling potential is same for all alcohol-based fuels
because in this study alcohol-based fuel MFR is constant and the load was controlled by diesel
fuel. The cooling potential depends on the MFR, stoichiometric, and LHV of fuel. Methanol fuel
has the highest cooling potential it helps to reduce the engine combustion chamber results in low

exhaust gas temperature shown in figure 5.25(d).

Figure 5.26(a) presents the NOx emission for 4 different alcohol-based fuels under different
load conditions. The results indicate that all alcohol-based DF-HCCI engines the reduction of
NOx emission is far better than diesel engine. Methanol fuel reduced the highest NOx emission.
Because lower carbon number fuel i.e. methanol has the highest cooling potential it assists to
cool the inlet charge leads to reduce combustion chamber. NOx emission depends upon the
combustion chamber temperature. Low combustion chamber temperature assists to reduce NOX

emission.

Figure 5.26(b) show smoke opacity under various load conditions for different alcohol-based
DF-HCCI engine. An increase in the carbon number in the fuel reduced smoke opacity.
Butanol+D showed the lowest smoke opacity, while M100+D showed the highest smoke
opacity. All alcohol-based fuel reduced smoke opacity for all load conditions, except M100+D at
low load conditions. Smoke opacity depends upon the fuel-rich region in the combustion
chamber. In the DF-HCCI engine premixed homogenous charge prepared outside the engine

cylinder; due to which very few chances of fuel-rich region occur.
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In DF-HCCI engine to ignite the premixed charge diesel is injected which may form a
heterogeneous mixture and leads to produce smoke opacity. Further, high CV alcohol-based fuel
can contribute more energy ratio means less chance of fuel rich region due to supply of less
quantity diesel fuel. While low CV alcohol-based fuel can contribute low energy ratio means
high chances of the fuel-rich region. Hence Butanol+D showed the lowest smoke opacity while

M100+D showed the highest smoke opacity compared to the rest of the alcohol-based fuel.

Figure 5.26(c) and figure 5.26(d) presents the CO and HC emission for various alcohol-based
fuels under different load conditions. Results indicate that HC and CO emission increased with
reducing carbon number in the fuels. M100+D showed the highest HC and CO emissions while
B100+D showed the lowest HC and CO emissions. HC and CO emission was produced due to
incomplete fuel consumption. Because of high cooling potential, LTC leads to produce cylinder

impingement on liner.

Figure 5.26(e) indicates the BTE for four different alcohol-based DF-HCCI engines under
various load conditions. At 20% and 40% load conditions all alcohol-based fuel showed lower
BTE compared to diesel engine, while at 60%, 80%, and 100% load conditions BTE was
increased compared to diesel engine. E100+D and P100+D DF-HCCI engine indicated the
highest BTE compared to methanol and butanol DF-HCCI engines. From this comparison, it was
observed that propanol fuel is most efficient for DF-HCCI engine compared to other alcohol-

based and diesel engine.

Figure 5.26(f) shows bsfc for various alcohol-based DF-HCCI engine under different load
conditions. In DF-HCCI engine to get the required power and rpm more amount of fuel need to
consume due to the low CV of alcohol-based fuel. All alcohol-based DF-HCCI engine showed
high bsfc compared to diesel engines. Propanol fuel showed lower bsfc compared to the rest of
the alcohol-based fuels.

Figure 5.27(a) shows the reduction of NOx emission in alcohol-based DF-HCCI engine over a
diesel engine. The positive value on Y-axis denotes the favorable improvement and the negative
value on Y-axis denotes non-favorable improvement. M100+D reduced the highest NOx
emission i.e. 97.19% under 20% load conditions. While E100+D reduced 86.88%, P100+D
reduced 78.75% and B100+D reduced 76.88% under 20% load conditions. With increase in the
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load NOx reduction percentage was reduced for all alcohol-based fuel due to the constant MFR

of alcohol-based fuel.
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Figure 5.27 improvement of alcohol-based DF-HCCI engine performance over neat diesel
engine (a) NOx emission reduction Vs. engine load, (b) Smoke opacity reduction Vs. Engine
load, (c) BTE improvement Vs. Engine load

Figure 5.27(b) shows the smoke opacity reduction for four different alcohol-based DF-HCCI
engine over diesel engine. All alcohol-based DF-HCCI engines reduced smoke opacity for all
load conditions except methanol DF-HCCI engine at low load conditions (i.e. 20% and 40%).
B100+D DF-HCCI engine reduced the highest smoke opacity for all load conditions compared to
the rest of the alcohol-based fuel. B100+D, P100+D, E100+D, and M100+D DF-HCCI engine
reduced smoke opacity by 76.88%, 74.38%, 61.38%, and 47.13% respectively under 100% load

conditions compared to diesel engine.
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Figure 5.27(c) presents the influence of alcohol-based fuels on the BTE of DF-HCCI engine
over diesel engine. All alcohol-based DF-HCCI engines improved BTE for high load conditions
(i.e. at 60%, 80%, and 100% engine load) except butanol at 100% load condition and methanol at
60% load conditions. However, BTE was reduced for all alcohol-based DF-HCCI engine at 20%
and 40% load conditions. P100+D DF-HCCI engine showed 14.76% highest increment in BTE
at 80% load condition while E100+D improved 10.83%, B100+D improved 4.13% and M100+D
improved 2.66% at 80% load condition over diesel engine.
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Figure 5.28 Premixed ratio of all four alcohol-based fuel under various load conditions for DF-
HCCI engine

Figure 5.28 shows the premixed ratio for four different alcohol-based fuels in DF-HCCI engines
at different load conditions. Ethanol fuel shows the highest premixed ratio for all load conditions
compared to the rest of the alcohol-based fuel. At 20% load condition, premixed ratio of
Methanol, Ethanol, Propanol, and Butanol is 43.96%, 61.54%, 58.99%, and 56.28% respectively.

5.4.2 Optimization of alcohol-based fuel in DF-HCCI engine at different load conditions

Four sets of weightages and SAW method were used to find out the optimum alcohol-based fuel
in DF-HCCI engine at different load conditions. Table 5.9 shows the combined score and
ranking of different alcohol-based DF-HCCI engine under different load conditions.

From Table 5.9 it is concluded that alcohol-based fuels are suitable in DF-HCCI engine at a
particular load by maintaining the highest fuel economy (BTE) and lowest emission compared to
diesel engine. P100+D and B100+D DF-HCCI engine showed superior performance for all load
conditions compared to the rest of the alcohol and diesel engine.
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From this optimization, the best alcohol-based fuel for suitable operating load range on DF-

HCCI mode engine was identified.

Table 5.9 Ranking of different fuel jet for various weightage sets under each load conditions

Load (%) Type of alcohol Y1 Rank Y2 Rank Y3 Rank Y4 Rank
20 Cl 0494 5 0.621 2 0621 1 0.621 3
M100+D 0579 3 0543 4 0493 4 0594 4
E100+D 0504 4 0517 5 0.465 5 0.57 5
P100+D 0649 1 0.64 1 0588 2 0692 1
B100+D 0.605 2 0591 3 0553 3 0.629 2
40 Cl 0.483 5 0612 3 0612 2 0612 5
M100+D 0.626 3 059 4 0536 4 0.656 3
E100+D 0578 4 0593 5 0535 5 0.653 4
P100+D 0674 1 0677 1 0617 1 0737 1
B100+D 0.644 2 0.64 2 0592 3 0.687 2
60 Cl 0.444 5 0571 5 0579 4 0562 5
M100+D 0714 2 0.689 3 0.622 3 0.756 3
E100+D 0622 4 0639 4 0573 5 0.705 4
P100+D 0.707 3 0.716 2 0.652 2 0.78 2
B100+D 0732 1 0.74 1 0.69 1 0.79 1
80 Cl 0523 5 0624 5 0.636 4 0611 5
M100+D 0739 3 0725 4 0671 3 0779 4
E100+D 0723 4 0.728 3 0.671 3 0.785 3
P100+D 0.806 2 0.803 2 0751 2 0.855 2
B100+D 0.855 1 0844 1 0818 1 0869 1
100 Cl 0.6 5 0683 5 0695 4 0.67 5
M100+D 0779 4 0751 4 0692 5 0.81 4
E100+D 0813 3 0.797 3 0.744 3 0.85 3
P100+D 0926 1 0895 1 0845 2 0945 1
B100+D 0909 2 0875 2 0851 1 0.899 2

From the SAW optimization, it was concluded that P100+D DF-HCCI engine gave the best
cumulative performance for low load and high load conditions. However, B100+D DF-HCCI
engine gave the best performance for mid-load conditions. E100+D gave a moderate
performance for all load conditions and M100+D gave the poorest cumulative performance for

all load conditions compared to the rest of the alcohol-based DF-HCCI engine.
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5.4.3 Summery

In this study, all four alcohol-based fuels (methanol, ethanol, propanol, and butanol) were
compared with each other and the best suitable fuel for DF-HCCI engine was examined. It is
concluded that the P100+D DF-HCCI engine is best for low and high load conditions and the
B100+D DF-HCCI engine is best for mid load conditions.
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5.5 Objective 4

To investigate the influence of biodiesel blend (Bio20) in place of diesel in dual fuel HCCI

engine on combustion and emission.

In this experiment in place of diesel, a biodiesel blend was used in the all alcohol-based DF-
HCCI engine. Most of the researchers found that 20% blend is most effective to reduce the HC
and CO emission, hence in this study, only 20% blend was used. Neem biodiesel blend 20
(Bio20) was used which is the mixture of 80% diesel and 20% neem biodiesel by volume. The
influence of Bio20 on DF-HCCI engine was investigated for constant MFR of alcohol-based fuel

through the fuel jet 60 carburetor.
5.5.1 M100+Bio20 DF-HCCI engine performance over M100+D DF-HCCI engine

In this experiment methanol fuel was carried through the carburetor at the time of suction stroke
and to ignite the premixed charge Neem Biodiesel 20 (Bio20) was injected at the end of the
compression stroke. Constant MFR of methanol was supplied by using fuel jet 60 in the
carburetor and the load was controlled by Bio20. The influence of Bio20 instead of diesel in

methanol DF-HCCI engine was investigated.
5.5.1.1 Influence of Bio20 instead of diesel on combustion and emission characteristics

Figure 5.29(a) presents in-cylinder pressure for M100+D, M100+Bio20, and diesel engines
under 100% load conditions. Results show that Bio20 promotes better combustion compared to
M100+D DF-HCCI engine. Since methanol has a high octane number, high self-ignition
temperature which assists to delay the start of combustion (SOC). Thus combustion is initiated
after the end of the compression stroke. Hence most of the combustion part is completed in the
expansion stroke, due to which in-cylinder pressure is reduced. But M100 with Bio20 reduces
ignition delay (ID) and promotes combustion due to the presence of extra oxygen in the biodiesel
blend [144].

Figure 5.29(b) and Figure 5.29(c) show PRR and HRR curves for M100+D, M100+Bi020, and
diesel engines at 100% load condition. It shows that Bio20 helps to start the combustion early
because the oxygen inherent Bio20 assists to reduce 1D (shown in Figure 5.30). Inherent oxygen
in the Bio20 increases the cetane number and promotes combustion. Methanol having the same

autoignition temperature but due to the change of direct injection fuel in the case of
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M100+Bio20 early combustion promoted and ID reduced compare to M100+D DF-HCCI
engine. However, both M100+D and M100+Bio20 show more delay in the SOC compared to a

conventional diesel engine.
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Figure 5.29 Variation of (a) In-cylinder pressure Vs. Crank angle, (b) PRR Vs. Crank angle, (c)
HRR Vs. Crank angle, (d) Exhaust gas temp. Vs. engine load, for methanol DF-HCCI engine

Figure 5.29(d) shows the exhaust gas temperature for M100+D, M100+Bio20, and diesel
engines under different load conditions. Results show that Bio20 instead of diesel in methanol
DF-HCCI engine increased exhaust gas temperature compared to M100+D DF-HCCI engine.
Bi020 blend promotes combustion and assists to increase the combustion chamber temperature,

which leads to increase in the exhaust gas temperature.
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Figure 5.30 Impact of Bio20 in place of diesel on ID and CD of methanol DF-HCCI engine

Figure 5.30 shows ID and combustion duration (CD) for M100+D, M100+Bi020, and diesel
engine. It is observed that M100+Bi020 reduces ID because extra oxygen present in the Bio20
helps to trigger SOC compared to M100+D DF-HCCI engine. However, CD of M100+Bi020 is
more compared to M100+D. Inherent extra oxygen helps to elongate the CD and extend the
combustion period. But M100+D and M100+Bi020 both have less CD compared to diesel engine

due to sudden combustion of methanol premixed charge.

Figure 5.31 presents the CO emission and HC emissions for M100+D, M100+Bio20, and
conventional diesel engines. In Figure 5.31 the results revealed that M100+Bio20 reduces more
CO emission at low load conditions compared to high load conditions. For all load conditions,
more reduction drop occurred in the M100+Bio20 DF-HCCI engine compared to M100+D DF-
HCCI engine. Because Bio20 is an oxygenated fuel, it helps to convert CO into CO, emissions
leads to a reduction in CO emissions. Also figure 5.31 shows HC emission for DF-HCCI
engine. Results revealed that HC emissions for M100+Bio20 DF-HCCI engine were reduced
compared to M100+D. Since oxygen present in Bio20 triggers the combustion, it increases the
combustion temperature and reduces HC emissions while the extra oxygen combines with HC
and converts it into H,O and CO; [145].
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Figure 5.31 Impact of Bio20 instead of diesel on CO (% vol.) and HC (ppm) emissions of
methanol DF-HCCI engine

Figure 5.32 shows NOx emissions and smoke opacity for diesel ignited and Bio20 ignited
methanol DF-HCCI engine. NOx emissions for M100+Bio20 is increased compared to M100+D
DF-HCCI engine for all load conditions. Since extra oxygen in Bio20 combines with NO, it
assists in easy conversion into NOx emissions. Due to Bio20, SOC got promoted and increased
NOx emissions. Also as biodiesel cetane number is more, it reduces ID (shown in Figure 5.30)
due to that premixed combustion reduced, thereby increasing the fraction of diffusion
combustion. Hence more fuel is burnt in the diffusion combustion which leads to increasing

combustion temperature and forms more NOx emissions [22].

With respect to smoke opacity of methanol DF-HCCI engine, results show that the smoke
opacity of M100+Bi020 was reduced compared to M100+D DF-HCCI engine. In the M100+D
DF-HCCI engine, LHV of methanol is more hence it helps to reduce combustion temperature
and more unburned smoke produced. In the Bio20 inherent oxygen promote combustion and
achieve the required combustion temperature. Also, homogeneous methanol charge helps to

reduce more smoke opacity compared to M100+D engine.
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Figure 5.32 Impact of Bio20 instead of diesel on Smoke opacity and NOx emissions of methanol
DF-HCCI engine

Figure 5.33 displays the brake thermal efficiency (BTE) for all load conditions. The results show
that high BTE for M100+Bi020 compared to M100+D because HRR for M100+Bi020 is more
(shown in Figure 5.29(c)). In the case of M100+Bio20, the engine utilized total fuel effectively,

and the heat losses were very low hence with low NOyx emission, and more BTE.

Figure 5.33(d) presents the bsfc for M100+D, M100+Bio20 and neat diesel engine under
various load conditions. Results show that instead of diesel Bio20 methanol DF-HCCI engine
has lower bsfc for all load conditions. The presence of oxygen in the biodiesel helps to increase
engine temperature which leads to reduce incomplete combustion. More efficient fuel
consumption results in reduction of bsfc for M100+Bio20 compared to M100+D DF-HCCI

engine.

120 | Page



40 7 p 1.4~
m I\D/Ilfg(e)-ll-Diesel 1 R 7| Diesel
357 i M100+Bi020 12 B B85 M100+D
S | B HHE M100+Bio20
< | 12020, —
> 30 o] B
8 251 T | B
S b
5 207 > 1 B
2 151 2 %%
- .
) 0.4 /4%%
s 101 / CKHE 7
: 1 s ]
® 02| il | B |
] : : < ]
o L& , : S oo Lk S UK i 7
20 40 60 80 20 40 60 80 100
Load (%) Load (%)
(a) (b)

Figure 5.33 Impact of Bio20 instead of diesel on (a) BTE Vs. Engine load,
(b) bsfc Vs. Engine load in methanol DF-HCCI engine
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Figure 5.34 Performance improvement of M100+Bio20 over M100+D DF-HCCI engine
Figure 5.34 presents the performance improvement by injection of Bio20 instead of diesel in

methanol DF-HCCI engine in the term of percentage (%) for CO, HC, NOx, smoke opacity, and

BTE. A positive value on Y-axis indicates the reduction in percentage and a negative value on

Y-axis indicates an increment in percentage. It was observed that M100+Bi020 engine emits low

CO, HC, and smoke opacity for all load conditions compared to M100+D DF-HCCI engine.

However, NOx emissions increased compared to M100+D. Substitute of Bio20 in place of diesel
in methanol DF-HCCI engine improved BTE. In the M100+Bio20 DF-HCCI engine at 20% load
condition CO, HC, and smoke opacity were reduced by 31.12%, 67.2%, and 59.21%
respectively, however, NOx was increased by 111.11% compared to M100+D DF-HCCI engine,
while BTE was increased by 15.94%. At 100% load conditions CO was reduced by 9.83%, HC
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reduced by 44.79%, smoke opacity reduced by 41.66%, and NOx increased by 1.6% but BTE
was reduced by 0.74% compared to M100+D DF-HCCI engine.

Similarly, Bio20 was injected instead of diesel in ethanol, propanol, and butanol DF-HCCI
engine. In-cylinder pressure, PRR, HRR, ID, and CD show a similar kind of trends but values
were different, due to individual characteristics of alcohol-based fuel. Biodiesel blend (Bio20)
injection instead of diesel reduced the HC and CO emission with good BTE, however, NOx and
smoke opacity were increased. Performance improvement of all alcohol-based fuel which is
ignited by Bio20 instead of diesel discussed below.

5.5.2 Impact of Bio20 instead of diesel on reduction of CO emission in alcohol-based DF-
HCCI engine

In this section on Y-axis positive value indicates the reduction of parameter value and the
negative value on Y-axis indicates the increment of the parameter value. Figure 5.35(a) presents
the reduction of CO emission in percentage for M100+Bio20, E100+Bio20, P100+Bio20 and
B100+Bio20 over M100+D, E100+D, P100+D and B100+D respectively. All Bio20 ignited
instead of diesel alcohol-based DF-HCCI engine performance was compared at different load
conditions. The result shows that Bio20 injection assists to reduce the highest CO emission in the
methanol DF-HCCI engine at all load conditions except at 100% load conditions compared to the
rest of the alcohol-based DF-HCCI engine. At 20% load condition Bio20 injection instead of
diesel in alcohol-based DF-HCCI engine reduced the CO emission by 31.12%, 0.27%, 4.7%, and
3.99% in methanol, ethanol, propanol, and butanol respectively. While at 100% load condition
P100+Bi020 reduced the highest 19.4% CO emission compared to the rest of the Bio20 ignited
alcohol-based DF-HCCI engine.

Figure 5.35(b) presents the reduction of HC emission in percentage for M100+Bio20,
E100+Bio20, P100+Bio20 and B100+Bio20 over M100+D, E100+D, P100+D and B100+D
respectively. Bio20 ignited alcohol-based DF-HCCI engine instead diesel fuel, the performance
was compared at different load conditions. The result shows that Bio20 injection helps to reduce
the highest HC emission in the methanol DF-HCCI engine at all load conditions compared to the
rest of the alcohol-based DF-HCCI engine. At 20% load condition Bio20 injection instead of
diesel reduced 67.2% HC emission for methanol DF-HCCI engine, while 2.14%, 4.76%, and

10.19% HC emission were reduced in ethanol, propanol, and butanol DF-HCCI engine.
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Figure 5.35 Increment and decrement of (a) CO emission, (b) HC emission, (C) NOx emission,
(d) smoke opacity, (e) BTE, of Bio20 ignited alcohol-based DF-HCCI engine over diesel ignited
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However, at 100% load condition very low reduction was observed in E100+Bio20 DF-HCCI

engine.

Figure 5.35(c) demonstrated the reduction and increment of NOx emission in percentage for
M100+Bi020, E100+Bio20, P100+Bio20 and B100+Bio20 over M100+D, E100+D, P100+D
and B100+D respectively. Injection of Bio20 instead of diesel increased NOyx emission at low
load condition in methanol DF-HCCI engine compared to rest of the alcohol-based DF-HCCI
engine. NOx emission is not considerably increased more in ethanol, propanol, and butanol DF-
HCCI engine under all load conditions. At 100% load condition very negligible NOx emission
increment was observed for all alcohol-based DF-HCCI engines compared to the respective
diesel ignited alcohol-based DF-HCCI engine (i.e. M100+D, E100+D, P100+D, and B100+D).

Figure 5.35(d) revealed the reduction and increment of smoke opacity in percentage for
M100+Bio20, E100+Bio20, P100+Bio20, and B100+Bio20 over M100+D, E100+D, P100+D,
and B100+D respectively. Injection of Bio20 instead of diesel increased smoke opacity for
E100+Bio20, P100+Bio20, and B100+Bio20, however, M100+Bio20 DF-HCCI engine reduced

smoke opacity for all load conditions.

Figure 5.35(e) presented the reduction and increment of BTE in percentage for M100+Bio20,
E100+Bio20, P100+Bio20, and B100+Bio20 over M100+D, E100+D, P100+D, and B100+D
respectively. Injection of Bio20 instead of diesel increased BTE for M100+Bio20 at all load
conditions except 100% load condition while, and P100+Bi020 at mid load conditions (i.e. 40%
and 60%). However, E100+Bio20 and B100+Bio20 reduced the BTE at all load conditions, in a

considerable amount.

The overall average performance of Bio20 substitution instead of diesel in all alcohol-based DF-
HCCI engine is shown in Table 5.10. In this the performance improvement was observed for
Bi020 injection instead of diesel in M100+Bio20, E100+Bio20, P100+Bio20, and B100+Bi020
DF-HCCI engine over M100+D, E100+D, P100+D, and B100+D DF-HCCI engine respectively.
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Table 5.10 Overall average performance improvement for Bio20 injection over diesel ignited
alcohol-based DF-HCCI engine (+ve value means reduction, -ve value means increment)

Types M100+Bio20 | E100+Bio20 | P100+Bio20 | B100+Bio20
CO (%) 24.47 3.39 10.54 9.69

HC (%) 40.72 8.69 6.75 19.82

NOx (%) -80.41 -2.94 -9.72 -2.08

Smoke (%) | 47.17 -27.38 -26.40 -13.93

BTE (%) -14.84 3.33 -1.52 5.92

e M100+Bio20 reduced the maximum percentage of CO emissions compared to M100+D,
however E100+Bio20 shows very little reduction in CO emissions compared to E100+D.

e M100+Bio20 reduced the maximum percentage of HC emission compared to M100+D,
however, P100+Bio20 shows very little reduction in HC emissions compared to P100+D.

e Similarly, M100+Bio20 increased the maximum percentage of NOx emission compared
to M100+D, however, B100+Bio20 shows very little reduction in NOyx emissions
compared to B100+D.

e M100+Bio20 reduced the maximum percentage of smoke opacity compared to M100+D,
however the rest of the alcohol-based fuel increased smoke opacity.

e It was observed that M100+Bi020 and P100+Bi020 increased BTE compared to M100+D
and P100+D respectively.

5.5.3 Summery

From this study, it was concluded that for methanol DF-HCCI engine Bio20 replacement instead
of diesel is better for the reduction of HC, CO, and smoke opacity with increasing BTE.
However, for remaining alcohol-based DF-HCCI engine HC and CO emission got reduced by
the use of Bio20 instead of diesel with a penalty of high NOx emission and smoke opacity with
low BTE except P100+Bi020.
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5.6 Objective 5

To investigate the technical feasibility of various butanol blends (B10/B20/B30) in the
propanol dual fuel HCCI engine.

In this experiment, propanol was supplied through the carburetor, and to ignite the premixed
charge various butanol blend (B10/B20/B30) was injected at the end of compression stroke.
Since propanol was observed as a good alcohol-based fuel for DF-HCCI engine compared to rest
of the alcohol based fuel. The explanation is given in section 5.4. In this study, MFR of propanol
was constant (0.401 kg/hr) and the load was controlled by butanol blend (B10/B20/B30). An
experiment was performed for 20% to 100% load condition and improvement by butanol blend
injection (B10/B20/B30) over diesel ignited propanol DF-HCCI engine was investigated. Three
different butanol blends were used B10 (10% butanol plus 90% diesel), B20 (20% butanol plus
80% diesel) and, B30 (30% butanol plus 70% diesel) on a volume basis.

5.6.1 Influence of Butanol blend (B10/B20/B30) on diesel ignited propanol DF-HCCI engine

combustion and emissions

Figure 5.36(a) presents the influence of butanol blend in place of diesel as a high reactivity fuel
on P100+B10/B20/B30 DF-HCCI engine. The results revealed that butanol blend as a direct
injection fuel prolongs SOC, and increases ID compared to P100+D DF-HCCI engine. Further,
an increase in the blending ratio of butanol, increases ID, which leads to delay in SOC. Since
butanol has low cetane number, and high auto-ignition temperature it helps to extend ID, and
impact on fuel combustion phase. Most of the fuel burns after the TDC, which leads to a
decrease in-cylinder pressure. Peak in-cylinder pressure and its CA for P100+D was 62.6 bar at
369° CA, for P100+B10 it was 57.42 bar at 371° CA, for P100+B20 it was 56.78 bar at 371° CA
and for P100+B30 it was 58.04 at 372° CA.

Figure 5.36(b) represents the impact of butanol blend (B10/B20/B30) injection on PRR for
100% load. It was noticed that increase in blend ratio of butanol reduces PRR while peak PRR
crank angle was shifted forward compared to P100+D DF-HCCI engine. Further, PRR for all
butanol blend ignited propanol DF-HCCI engine is below 6 bar/deg.CA, which indicated anti-

knocking combustion.
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Figure 5.36(c) shows HRR for different butanol blends in place of diesel in propanol DF-HCCI
engine. Results show that HRR rate curves for P100+B10/B20/B30 DF-HCCI engine shifted
drastically forward compared to P100+D DF-HCCI engine. Since butanol is alcohol-based fuel
and has more octane number and low cetane number, it helps to increase total diesel and butanol
mixture octane number to extend SOC temperature. However, P100+B20 and P100+B30
increases HRR compared to P100+D because extra oxygen in butanol helps to increase in HRR

with increasing butanol blend [146].
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Figure 5.36 Influence of butanol blend (B10/B20/B30) injection on (a) in-cylinder pressure, (b)
PRR, (c) HRR, over diesel ignited propanol DF-HCCI engine under 100% load conditions

Figure 5.37 indicates the ID and CD for different butanol blends (B10/B20/B30) in propanol
DF-HCCI engine. Results show that with increase in fraction of butanol in blends as a high

reactivity fuel increased ID and reduced CD compared to P100+D DF-HCCI engine. Because
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addition of butanol in blends reduces the cetane number, it increases ignition resistance, and
auto-ignition temperature which helps to prolong SOC, and assists in increasing ID. Due to more
ID the carburetor supplied fuel and direct-injected fuel mixed properly with air and most of the
fuel burns in the premixed phase of combustion leading to a reduction in CD.
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Figure 5.37 ID and CD for different butanol blends in propanol DF-HCCI engine

Figure 5.38(a) shows CO emission for different butanol blend and diesel ignited propanol DF-
HCCI engine. It was observed that butanol blends gave better results under higher load
conditions for a selected MFR of propanol (0.401 kg/hr). Results revealed that with increase in
butanol fraction in blends, CO emissions reduced under higher load conditions. Butanol is
oxygenic fuel that helps to reduce CO emission by chemical compositions. Butanol inherent
oxygen combines with CO converted into CO,; thus CO emissions reduced compared to P100+D
DF-HCCI engine. However, at low load conditions, CO emissions increased because butanol
blend DF-HCCI engine consumes more fuel at low load conditions to achieve the required
power. Propanol, as well as butanol blends, has high LHV compared to diesel which led to lower
engine combustion temperature, resulting in incomplete combustion. Further, due to lower

calorific value of butanol blend, more air-fuel rich zones produced more CO emissions.

Figure 5.38(b) shows HC emissions for different butanol blends and diesel ignited propanol DF-
HCCI engine. It was observed P100+B10 and P100+B20 showed a slight difference in HC
emissions compared to P100+D DF-HCCI engine under high load conditions. However,
P100+B30 considerably reduced HC emissions compared to P100+D DF-HCCI engine. Propanol
and butanol blends have high LHV which led to low-temperature combustion due to this increase

of HC emissions under low load conditions.
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Figure 5.38 Comparison of different propanol DF-HCCI engine (a) CO emissions (b) HC
emissions (¢) NOx emissions (d) Smoke opacity, (e) BTE, (f) bsfc, under various load conditions
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Figure 5.38(c) displays NOx emissions for different propanol DF-HCCI engine. It was revealed
that NOx emissions reduced with increasing butanol fraction in blends compared to P100+D DF-
HCCI engine. Propanol has low cetane number, high octane number, and high LHV which
enabled lowering of temperature in combustion chamber and increasing ID. Similarly, addition
of butanol in blends increases its LHV which leads to lowering combustion temperature
compared to diesel. Thus both fuels help to reduce the temperature of combustion chamber
leading to a reduction in NOx emissions compared to P100+D DF-HCCI engine. However,
P100+B30 DF-HCCI engine shows adverse effect because excess butanol contribution increases
oxygen content, assist to burn fuel-rich regions which liberating more heat energy (shown in

Figure 5.36(c)) and therefore producing more NOx emission.

Figure 5.38(d) indicates smoke opacity for different butanol blend and diesel ignited propanol
DF-HCCI engine. It was observed that smoke opacity changed only a little for different butanol
blends (B10/B20/B30) under higher load conditions, however, at low load conditions, it
increased compared to P100+D DF-HCCI engine.

Figure 5.38(e) shows BTE for different butanol blend and diesel ignited propanol DF-HCCI
engine. It was observed that, P100+D DF-HCCI engine gave better BTE compared to butanol
blend ignited propanol DF-HCCI engine (P100+B10, P100+B20, P100+B30). Butanol blend
consumes more fuel to get required effective power compared to diesel due to its lower heating
value and lower energy content. Further, propanol dual-fuel combustion was done at low
temperature and also because of butanol blend ID increased more which helped to extend SOC
timing in late expansion stroke. Thus to achieve the required effective power in low temperature,

more butanol blend fuels were consumed, which led to reduction in BTE [124].

Figure 5.38(f) shows bsfc for different butanol blend and diesel ignited propanol DF-HCCI
engine. Butanol ignited DF-HCCI engine shows more bsfc compared to diesel ignited propanol
DF-HCCI engine, due to the lower CV of butanol blends compared to neat diesel fuel. To get the

requisite power output more butanol blend fuel need to supply.
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5.6.2 Optimization to find out best high reactivity fuel (D/B10/B20/B30) for propanol DF-
HCCI engine.

SAW optimization was applied to diesel engine, P100+D, P100+B10, P100+B20, and P100+B30
as a five alternative for the same five attributes (BTE, smoke opacity, NOx, HC, and CO). The

same four different weightage sets were considered for examination.

Table 5.11 Ranking of Cl engine and different butanol blend ignited propanol DF-HCCI engine

Load Type of

(%) engine Y1 Rank Y2 Rank Y3 Rank Y4 Rank
20 CI 0.485 4 0.614 2 0614 2 0614 3
P100+D 0.609 2 0.61 3 0.559 3 0.662 2
P100+B10 0.532 3 0534 4 0.49 4 0.578 4
P100+B20 0.456 5 0.468 5 0.43 5 0.506 5
P100+B30 0.719 1 0.658 1 0.627 1 0.688 1

40 CI 0.475 5 0.606 5 0.606 4  0.606 5
P100+D 0.658 4  0.665 3 0.605 5 0725 3
P100+B10 0.855 1 0.804 1 0742 1 0.866 1
P100+B20 0.806 2 0741 2 0.698 2 0785 2
P100+B30 0.685 3 0.656 4 0611 3 0.701 4

60 CI 0.422 5 0.548 5 0.55 5 0545 5
P100+D 0.674 4 0.689 4 0.623 4  0.756 4
P100+B10 0.929 1 0.894 1 0.847 2 0941 1
P100+B20 0.92 2 0.886 2 0.85 1 0921 2
P100+B30 0.784 3 0.793 3 0774 3 0811 3

80 CI 0.421 5 0.523 5 0511 5 0534 5
P100+D 0.662 4 0.683 4 0619 4  0.747 4
P100+B10 0.81 3 0791 3 0.758 3 0.825 3
P100+B20 0.835 2 0.805 2 0.775 2 0.836 2
P100+B30 0.924 1 0923 1 0.91 1 0.936 1
100 CI 0.438 5 0.537 4 0525 5 0549 5
P100+D 0.742 4 0.746 3 0.685 4  0.807 4
P100+B10 0.846 2 0.805 2 0.785 3 0.825 3
P100+B20 0.874 1 0.839 1 0.81 2 0.868 2
P100+B30 0.797 3 0.805 2 0.819 1 0.791 1

From the optimization results, it was concluded that butanol blends (B10/B20/B30) ignited
propanol DF-HCCI engine showed better cumulative performance under all load conditions
compared to diesel ignited propanol DF-HCCI engine. At 20% and 80% load conditions
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P100+B30, for 40% and 60% load conditions P100+B10, for 100% load conditions P100+B20

DF-HCCI engine gave an optimized performance.

5.6.3 Summery

From this study, it was observed that butanol blend ignited propanol DF-HCCI engine is always
preferable compared to P100+D DF-HCCI engine for the reduction of NOx emission HC and CO
emissions, however, BTE was reduced. For cumulative performance, butanol blend ignited
propanol DF-HCCI engine showed best performance compared to P100+D DF-HCCI engine
under all load conditions. P100+B10 and P100+B20 was observed best DF-HCCI engine.
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Chapter - 6

Conclusions and Future Scope
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6.1 Conclusion

In this research study, a single-cylinder conventional diesel engine is converted into dual fuel
HCCI (DF-HCCI) engine by attaching the carburetor outside the engine manifold. Carburetor
selection was done based on MFR capacity of the engine. Two different reactivity fuels were
supplied to the DF-HCCI engine. Through the carburetor, alcohol-based fuel was supplied at the
time of suction stroke, and to ignite the premixed homogeneous charge diesel or biodiesel blend
or butanol blend was injected. The experiments were performed on DF-HCCI engine for various
alcohol-based fuels under different load conditions. The DF-HCCI engine combustion

performance and emissions over diesel engine were investigated for different load conditions.
From this study following conclusions were drawn:

It was concluded that an alcohol-based DF-HCCI engine can operate throughout the load
conditions with varying MFR of alcohol-based fuel and direct injection fuel at particular load

conditions.
Objective 1

= |t was observed that alcohol-based fuel (Methanol, Ethanol, Propanol, and Butanol ) are
preferable in DF-HCCI engine because of high volatility and high anti-knocking ability,

also it can easily mix with the inlet air in the carburetor.

= Hence to investigate the performance of DF-HCCI engine Methanol, Ethanol, Propanol,
and Butanol alcohol-based fuel was selected.

= Carburetor location outside the engine was fixed 6-inch, 9-inch, and 12-inch away from

the engine cylinder.

= |t was observed that little more diesel consumption for 9-inch and 12-inch inlet manifold
pipe compared to 6-inch inlet manifold pipe. Which results in a little improvement was
observed for 6-inch inlet manifold pipe compared to the rest of the locations (9-inch, 12-
inch).

= It was revealed that varying the carburetor location was not showing considerable
changes in the engine emission and in-cylinder pressure but to avoid the evaporation

losses, friction losses, fuel atomization, fuel molecule sticking to the manifold, a nearer
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location of the carburetor was better. Nearer carburetor location will impact the fuel
economy of the DF-HCCI engine. Hence to fix the carburetor location in DF-HCCI
engine 6-inch length inlet manifold pipe was selected for further studies.

Objective 2

Methanol has high LHV so it helps to reduce the inlet air temperature and resist to start of

combustion. Hence ID was very high compared to a conventional diesel engine.

With increasing MFR of methanol NOx emission was reduced a lot however, HC, and
CO emissions increased more due to low-temperature combustion. It was observed that at
load 60%, 80%, and 100% smoke opacity were reduced compared to diesel engine while
at 20% and 40% smoke opacity was increased. Maximum 47.13% smoke opacity was
reduced at 100% load condition by fuel jet number 60. Further, maximum 97.19% NOx
emission was reduced at low load conditions by jet 60.

Methanol+D DF-HCCI engine gave a poor performance in the case of BTE compared to
diesel engine. The result shows that at 20% and 40% load condition BTE was reduced lot

and at 60% to 100% the BTE is almost equal to diesel engine.

From the SAW optimization method, it was observed that at 20% and 40% load condition
diesel engine showed better performance compared to M100+D DF-HCCI engine,
however at 60% to 100% load conditions M100+D DF-HCCI engine was observed better
than the diesel engine. Fuel Jet 60 was observed optimum for all load conditions.

To run the engine on M100+D DF-HCCI engine the optimum premixed ratio of methanol
range is found as 31.4% to 43.96%. An average 37.45% diesel fuel can be replaced by

methanol with lower emissions and higher BTE compared to diesel engine.

In the case of E100+D DF-HCCI engine smooth operation was observed for all load
conditions. With increase in the MFR of ethanol NOx and smoke opacity was reduced,

however, HC and CO emission was increased.

Maximum 96.46% NOx reduction was occurred at 40% engine load by jet 70, while jet
40 reduced 19.96% NOx emission at 100% load. While maximum 87.84% smoke opacity
was reduced by jet 90 under 100% load, and the minimum smoke opacity reduction was
14.1% by jet 40 at 40% load. Further, BTE also improved in E100+D DF-HCCI engine
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compared to diesel engine. Jet 40 given the highest 16.5% improvement in BTE for 80%

engine load.

= From the SAW optimization method, it is concluded that all optimum fuel jets are
suitable at a particular load by maintaining the highest fuel economy (BTE) and lowest
emission compared to diesel engine. Jet 40 is suitable for 20% load conditions, jet 70 is
suitable for 40% load conditions, jet 80 is suitable for 60% load conditions and jet 90 is
suitable for 80% and 100% load conditions.

= From the optimization the optimized premixed ratio of ethanol was calculated, at 20%
load conditions it is 47.55%, at 40% load condition it is 69.9%, at 60% load condition it
is 69.83%, at 80% load condition it is 75.94% and at 100% load condition it is 68%. The
optimum premixed ratio of the ethanol range is between 47.55% to 75.94%. On average
premixed ratio of ethanol is 66.24% means 66.24% of diesel fuel can be replaced by
ethanol in the E100+D DF-HCCI engine.

= P100+ D gave a similar trend as E100+D DF-HCCI engine. In P100+D DF-HCCI engine
maximum NOx reduction was 78.75% at 20% load conditions when jet 60 was used,
while at 100% load 47.46% NOx was reduced by jet 90. Also, smoke opacity was
reduced for all load conditions compared to diesel engine, at 80% load maximum 87.5%
smoke opacity was reduced by jet 90, while at 20% load minimum 35.63% smoke
opacity was reduced by jet 40. In the term of BTE it showed better performance for
higher load conditions. At 60% load 20.15% BTE was increased by jet 40, while at 100%
load 3.37% BTE increased by jet 90.

= From the SAW optimization method for P100+D DF-HCCI engine, it is concluded that
jet 60 is suitable for 20% load conditions, jet 70 is suitable for 40% load conditions, and
jet 90 is suitable for 60%, 80% and 100% load conditions. Also, optimum premixed
ratio of propanol was calculated, at 20% load conditions it is 58.98%, at 40% load
conditions it is 66.01%, at 60%, and 80% load conditions it is 73.92%, and at 100% load
condition it is 65.4%. The optimum premixed ratio of the propanol range is between
58.98% to 73.92%. An average premixed ratio of propanol is 67.64% means 67.64% of
diesel fuel can be replaced by propanol in the P100+D DF-HCCI engine.

= B100+ D gave a similar trend as E100+D and P100+D DF-HCCI engine. B100+D DF-
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HCCI engine showed better performance in terms of NOx emission reduction, smoke
opacity reduction, and BTE improvement compared to diesel engine. Maximum 84.69%
NOx emission was reduced at 20% load conditions by jet 70, while at 100% load 47.21%
NOx was reduced by jet 70. At 100% load minimum 18.53% NOx was reduced by fuel
jet 40. Also, smoke opacity was reduced maximum 88.58% at 80% load by jet 90, while
at 20% load minimum 48.58% smoke opacity was reduced by jet 40. But the BTE result
showed a reduction for 20%, 40%, and 100% load conditions while showed increment at
60% and 80% load conditions. At 80% load maximum 10.33% BTE was increased by jet
70.

From the SAW optimization method for B100+D DF-HCCI engine, it is concluded that
jet 70 is suitable for all load conditions. Also, optimum premixed ratio of butanol was
calculated, at 20% load conditions it is 63.02%, at 40% load conditions it is 62.92%, at
60% load condition it is 58.52%, at 80% load condition it is 54.37%, and at 100% load
conditions it is 45.84%. The optimum premixed ratio of the butanol range is between
45.84% to 63.02%. An average premixed ratio of butanol is 56.93% means 56.93% of
diesel fuel can be replaced by butanol in the B100+D DF-HCCI engine.

Objective 3

In the comparison of different alcohol-based fuel in diesel ignited DF-HCCI engine, it
was observed that:

With increasing the carbon number in the alcohol-based fuel, due to weaken hydroxyl
group LHV of fuel decreases, these properties impact the cooling potential of the fuel.
Methanol showed the highest cooling potential and lowest NOx emission compared to the
rest of the alcohol-based fuel.

It was observed that M100+D reduced the highest NOx emission i.e. 97.19% under 20%
load conditions. While E100+D reduced 86.88%, P100+D reduced 78.75% and B100+D
reduced 76.88% under 20% load conditions.

Also, it was revealed that all alcohol-based DF-HCCI engines reduced smoke opacity for
all load conditions except methanol DF-HCCI engine at low load conditions (i.e. 20%
and 40%). B100+D DF-HCCI engine reduced the highest smoke opacity for all load
conditions compared to the rest of the alcohol-based fuel. B100+D, P100+D, E100+D,
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and M100+D DF-HCCI engine reduced smoke opacity by 76.88%, 74.38%, 61.38%, and
47.13% respectively under 100% load conditions compared to diesel engine.

v" Further, all alcohol-based DF-HCCI engines improved BTE for high load conditions (i.e.
at 60%, 80%, and 100% engine load) except butanol at 100% load condition and
methanol at 60% load conditions. However, BTE was reduced for all alcohol-based DF-
HCCI engine at 20% and 40% load conditions. P100+D DF-HCCI engine showed
14.76% highest increment in BTE at 80% load condition while E100+D improved
10.83%, B100+D improved 4.13% and M100+D improved 2.66% at 80% load condition

over diesel engine.

v It was concluded that P100+D DF-HCCI engine gave the best cumulative performance
for low load and high load conditions. However, B100+D DF-HCCI engine gave the best
performance for mid-load conditions. E100+D gave the moderate performance for all
load conditions and M100+D gave the poorest cumulative performance for all load

conditions compared to the rest of the alcohol-based DF-HCCI engine.
Objective 4

= |t was observed that the substitution of Neem-biodiesel blend 20 (Bio20) instead of diesel
in DF-HCCI engine helps to reduce HC and CO emissions due to inherent oxygen in the
Bio20.

= |t was observed that in the case of M100+Bi020 the emissions like HC, CO, and smoke
opacity were reduced however NOx emission was increased compared to M100+D.

Moreover, a great improvement was observed in BTE.

= |t was observed that M100+Bi020 reduced the maximum percentage of CO emissions
compared to M100+D, however, E100+Bio20 shows very little reduction in CO
emissions compared to E100+D. Also, M100+Bi020 reduced the maximum percentage of
HC emission compared to M100+D, however, P100+Bio20 shows very little reduction in

HC emissions compared to P100+D.

e Further M100+Bi020 increased the maximum percentage of NOx emission compared to
M100+D, however, B100+Bi020 shows very little reduction in NOx emissions compared

to B100+D. While M100+Bio20 reduced the maximum percentage of smoke opacity
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compared to M100+D, however, the rest of the alcohol-based fuel increased smoke
opacity.

It was observed that M100+Bi020 and P100+Bio20 increased BTE compared to M100+D
and P100+D respectively.

From this study, it was noticed that for methanol DF-HCCI engine Bio20 replacement
instead of diesel is better for the reduction of HC, CO, and smoke opacity with increasing
BTE. However, for remaining alcohol-based DF-HCCI engine HC and CO emission got
reduced by the use of Bio20 instead of diesel with a penalty of high NOx emission and

smoke opacity with low BTE except P100+Bi020.

Objective 5

Substitution of butanol blend (B10/B20/B30) instead of diesel in propanol DF-HCCI

engine improves the cumulative performance of the engine.

NOx emission reduced (avg. 90%) much in the butanol blend ignited propanol DF-HCCI
engine, compared to diesel ignited propanol DF-HCCI engine. Also, smoke opacity
increased more for low load conditions while at high load conditions less increased.

It was observed that substitution of butanol blend instead of diesel reduced CO and HC
emissions at higher load conditions however, BTE was reduced compared to diesel

ignited propanol DF-HCCI engine.

From the optimization results, it was concluded that butanol blends (B10/B20/B30)
ignited propanol DF-HCCI engine showed better cumulative performance under all load
conditions compared to diesel ignited propanol DF-HCCI engine. At 20% and 80% load
conditions P100+B30, for 40% and 60% load conditions P100+B10, and for 100% load
conditions P100+B20 DF-HCCI engine gave an optimized performance.

It was revealed that butanol blend ignited propanol DF-HCCI engine is always preferable
compared to P100+D DF-HCCI engine for the reduction of NOx emission HC and CO

emissions, however, BTE was reduced.

From this research work, it was observed that propanol with diesel (P100+D) and Ethanol with
diesel (E100+D) DF-HCCI engine will be the best alcohol-based DF-HCCI engine to reduce the

NOx and smoke opacity with considerable improvement in BTE. Around up 66-68% of diesel
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fuel would be replaced by alternative fuel i.e. ethanol /propanol with low emission, and without
sacrifice in the fuel economy by use of DF-HCCI engine technology. Also it was observed that
Methanol with diesel (M100+D) would not be a good DF-HCCI engine, but M100+Bio20 would
be a good alternate fuel for DF-HCCI engine with jet number 60 in the carburetor at 100% load

condition.
6.2 Future scope

= In the further study, by considering the optimum range of premixed ratio for any alcohol-
based fuel, inlet conditions may vary easily like inlet temperature, inlet pressure with
direct injection pressure, and injection timing.

= In this work constant CR i.e. 17.5 was used, in further research different CR can be
attempted.

= Further, a biodiesel blend would be the best option to reduce HC and CO emissions so in
further study different biodiesel can be investigated for ethanol or propanol DF-HCCI
engine.

= Butanol blend instead of diesel exposed good performance in the propanol DF-HCCI
engine, in further study rest of the alcohol-based DF-HCCI engine can replace butanol
blend instead of diesel.

= Attempt can be made to use port injection instead of carburetor for alcohol-based fuels.
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