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Abstract

The aim of this project work is to check the feasibility of Exhaust Gas Recircula-
tion (EGR) technique for NOx reduction in a compression ignition engine fueled by
biodiesel diesel blend.

Biodiesel is an oxygenated fuel. When biodiesel is used in an I C Engine, the forma-
tion of NOx becomes higher. Different techniques are available for reduction in NOx
formation, but Exhaust Gas Recirculation (EGR) is the most convenient because it
can be implemented to any I C Engine without much modification in the engine de-
sign and noticeable reduction in NOx formation can be achieved.

A deep literature review had been carried out from the research papers published
nationally and internationality. Experimental setup had been prepared as per the
requirement. During Initial experiments, fuel composition had been changed by sup-
plying various diesel-biodiesel blends.

After comparison of results, it was found that 10% Biodiesel (on volume basis) can
be mixed with conventional diesel without much degradation in engine parameters.
After getting optimized biodiesel-diesel blend, experiments were carried out with 5%,
10% and 15% Exhaust Gas Recirculation (EGR). At the end of work, it was found
that 10% EGR acts most effectively by 80% reduction in NOx formation at part load

conditions.

Key words: EGR, Biodiesel, Biodiesel-Diesel blend, NOx reduction, Emission Control



Contents

Certificate

[Acknowledgements|

[Abstractl
[List of Tables|

[List of Figures|

[Nomenclature

1__Introduction|
(1.1  NOx Reduction Strategies| . . . . . . . . ... ... ... ... ....
(1.2 Organization of Thesis| . . . . . . . ... ... ... ... ... ....

7T Review]

[3 Methodology of Work]|
[3.1 Plan of the experiments| . . . .. ... .. ... ... .. .......
[3.2  Variable Parameters for Experiments . . . . . .. ... ... ... ..
[3.3  Experimental setup| . . . . ... ..o
[3.4  Methodology of testing| . . . . . . ... ... ... ... .. ...
[3.5 Statistical analysis| . . . . . ..o
[3.6  Uncertainty analysis| . . . . . ... ... ... ... ... ... ...,

[4.2  Properties of Biodiesel and Dieself . . . . . . ... ... ... ... ..
[4.3  Variation in EGR percentages| . . . . . . . . ... ... ... ...
4.4 Test procedure] . . . . . . . .. ...

vil

iii

iv

vi

ix

xi

w

13
14

15
15
16
17
19
20
21



CONTENTS viii
(4.5 Experimental Results| . . . . . .. ... ... 000000 25
[4.5.1 Effect of biodiesel-diesel blend on Break Specific Fuel Consump- [

| tonl ... . e e 25
[4.5.2  Effect of biodiesel-diesel blend on Break Specific Energy Con- |

| sumption| . . . ... oL 26
[4.5.3 Effect of biodiesel-diesel blends on brake thermal efficiency| . . 27

4.5.4  Effect of biodiesel-diesel blends on exhaust gas temperature| 28

4.5.0 Iffect of biodiesel-diesel blends on carbon dioxide emissionl . 29

[4.5.6 Effect of Exhaust Gas Recirculation on Break Specific Fuel Con- |

| sumption| . . . . ... .. 30
[4.5.7  Effect of Exhaust Gas Recirculation on Break Specific Energy [

| Consumption| . . . . . . . . . ... 31
4.0.8 Iifect of Fxhaust Gas Recirculation on Break Power] . . . . . 31

[4.5.9 Effect of Exhaust Gas Recirculation on Exhaust Gas Temperature| 33

[4.5.10 Effect ot biodiesel-diesel blends on oxides of nitrogen emission| 34

5 Conclusionl 37
[b.1 Possibility of work in Futurel . . . . . . ... ... 38
[References| 39
A] 41
B_] 43



List of Tables

[3.1 Variable Parameters for Experiment{. . . . . . . . ... ... ... .. 16
[4.1  Properties of Diesel, Biodiesel and Diesel-Biodiesel Blends| . . . . . . 22
[4.2  Comparison of Biodiesel and Diesel properties| . . . . . . .. ... .. 23
[A.1 Specifications tor Diesel Enginel . . . . . . . . ... ... 42
[A.2 Specifications for A.C. Generator| . . . . . . . ... ... ... .... 42

ix



List of Figures

[4.3  Effect of Biodiesel-diesel blends on brake thermal efficiency| . . . . . .
[4.4  Eftect ot Biodiesel-diesel blends on exhaust gas temperature| . . . . .

4.5 EBEffect of Biodiesel-diesel blends on carbon dioxide emissionl . . . . . .

4.11 Effect of EGR on NOx emission (Diesel) | . . . . . .. ... ... ...
4.12 Effect of EGR on NOx emission (Diesel-biodiesel blend) | . . . . . . .

[B.5 Values of constant used in equation 3.3[ . . . . . ... .. ... ....
[B.6 Chauvenet’s criterion for rejecting a reading | . . . . . . . . . .. ...
[B.7  Value of student’s t for use in equation 4.7} . . . . . . ... ... ...




Nomenclature

V)

H&aeT B = o

Mm
Subscript "r”

Subscript ”x”

break power (kW);

power adjustment factor;

ratio of indicated power;

barometrik pressure (kPa);

saturation vapour pressure (kPa);

relative humidity;

absolute air inlet temperature, (K);
mechanical efficiency.

values under the standard reference condition
values under the ambient site condition

xi



Chapter 1

Introduction

Diesel engines have been widely used as power of engineering machinery, automobile,
and shipping equipment for its drivability and thermal efficiency. At the same time,
diesel engine are major contributors of various types of air pollutant emissions such
as carbon monoxide (CO), oxides of nitrogen (NOx), soot and other harmful com-
pounds. With the increasing concern of environmental protection and more stringent
government regulation on exhaust emissions, reductions in engine emissions become
a major research task in engine development. Simultaneous reduction in nitric ox-
ides emissions and particulate matter is quite difficult due to the soot/NOx trade off
and is often accompanied by fuel consumption penalties. Thus, improvement of fuel
properties is also essential for the suppression of diesel pollutant emissions along with
the optimization of combustion related design factors and exhaust after treatment
equipment. 1]

The interest in renewable energy sources for energy production is not new. Many
studies have been conducted to qualify various oil and their blends from plants and
vegetables as alternative renewable energy sources. Biodiesel may also help in reduc-
ing the net production of CO4 from combustion sources and our dependence on fossil
fuels. Often the vegetable oils investigated for their suitability as biodiesel are those
which occur abundantly in the country of testing. Therefore, soybean oil is of primary

interest as biodiesel source in the United States while many European countries are
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concerned with rapeseed oil, and countries with tropical climate prefer to utilize co-
conut oil, hazelnut or palm oil. Other vegetable oils, including sunflower, rubber, etc.,
have also been investigated. Furthermore, other sources of biodiesel studied include
animal fats, salmon oil and or waste cooking oils.[2]

Use of efficient diesel engines need encouragement in the future since they consume
less fuel and significantly reduce effective green house gases like carbon dioxide. Ever
increasing diesel consumption, large outflow of foreign exchange and concern for en-
vironment have prompted developing countries like India to search for a suitable
environmental friendly alternative to diesel fuel. The country has to simultaneously
address the issues of energy insecurity, increasing oil prices and large-scale unemploy-
ment.

Straight Vegetable Oils (SVO) even though projected as an engine friendly fuel by
many researchers have recently lost its attraction. Being highly viscous and less
volatile, SVO’s will result in poor spray atomization, vaporization, and pose serious
threat to the engine health in the long run. More over many SVO’s are edible oils
whose continuous supply cannot be ensured in India.

Straight Vegetable Oils (SVO) are chemically modified into bio-diesel through a trans-
esterification process. Bio-diesel thus obtained has properties close to diesel fuel and
is found to be engine friendly. In spite of several advantages, Jatropha based bio-diesel
(JBD) is found to emit higher NOx compared to diesel fuel. Higher NOx level in the
JBD exhaust as reported by several researchers, is a serious issue to be addressed
before its wide spread implementation. The researchers also found higher NO emis-
sions when the JBD was tested in the laboratory. Higher NOx emission from JBD is
probably due to their higher bulk modulus and boiling point. Inherent oxygen in its
structure can also aggravate the situation.[3]

Four major emissions produced by internal combustion engines are hydrocarbons
(HC), carbon monoxide (CO), oxides of nitrogen (NOx), and solid particulates. Hy-
drocarbons are fuel molecules which did not get burned and smaller non equilibrium

particles of partially burned fuel. Carbon monoxide occurs when not enough oxygen
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is present to fully react all carbon to CO, or when incomplete air-fuel mixing occurs
due to the very short engine cycle time. Oxides of nitrogen are created in an engine
when high combustion temperatures cause some normally stable Ny to dissociate into
monatomic nitrogen N, which then combines with reacting oxygen. Solid particulates
are formed in compression ignition engines and are seen as black smoke in the exhaust
of these engines. Other emissions found in the exhaust of engines include aldehydes,
sulfur, lead, and phosphorus.

Two methods are being used to reduce harmful engine emissions. One is to improve
the technology of engines and fuels so that better combustion Occurs and fewer emis-
sions are generated. The second method is after treatment of the exhaust gases. This
is done by using thermal converters or catalytic converters that promote chemical re-
actions in the exhaust flow. These chemical reactions convert the harmful emissions
to acceptable CO,, H0, and Ns.

Exhaust gases of an engine can have up to 2000 ppm of oxides of nitrogen. Most
of this will be nitrogen oxide (NO), with a small amount of nitrogen dioxide (NOx),
and traces of other nitrogen-oxygen combinations. These are all grouped together as
NOx, with x representing some suitable number. NOx is a very undesirable emission,
and regulations that restrict the allowable amount continue to become more stringent.
Released NOx reacts in the atmosphere to form ozone and is one of the major causes

of photochemical smog.

1.1 NOx Reduction Strategies

Even though some cetane improving additives are capable of reducing NOx, the
amount of reduction is reported to be inadequate. Moreover, most of the additives
are expensive and can promote auto-oxidation in bio-diesel. Extensive studies have

revealed that NOx reduction by altering fuel properties is highly limited.
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Retarded injection is an effective method employed in diesel engines for NOx control.
However, this method leads to increased fuel consumption, reduced power, increased
HC and excess smoke. Water injection on the other hand is prone to corrosion. In
addition, it adds to the weight of the engine system for maintaining a water storage

tank. It is also difficult to retain water at a desired value during cold climate.

Exhaust Gas Recirculation (EGR) is an effective method for NOx control. The ex-
haust gases mainly consist of inert carbon dioxide, nitrogen and possess high specific
heat. When recirculated to engine inlet, it can reduce oxygen concentration and act
as a heat sink. This process reduces oxygen concentration and peak combustion tem-

perature, which results in reduced NOx.[3]

Exhaust

*

Exhaust Control

L WValve

Engine =

® EGR Control

C Valve

-

Filter
Air from
Atmosphere

Figure 1.1: EGR System
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To study the effects of EGR on the performance and emissions of automotive engines,
the system shown in Fig. 1.1 gives an example of the EGR system. To remove the
smoke, a particulate trap filter is used. Part of the EGR pipe is made from flexible
stainless steel to avoid transfer of engine vibration to the exhaust system and then to
the measuring instruments. Glass wool is used to insulate the EGR pipe to minimize

the reduction in gas temperature.

1.2 Organization of Thesis

The thesis has been organized in five chapters. The abstract of the thesis and the
key words have been presented before the contents of the thesis.

Chapter one is introduction to the project work. This covers the overall picture of
the project including motivation for the project work.

In chapter two, literature review regarding oxygenated fuels, diesel-biodiesel blends
and techniques for NOx reduction has been given, which shall be immensely helpful
for the further research work in the direction.

Chapter three includes the discussion about different physicochemical properties of
diesel, biodiesel, diesel-biodiesel blend followed by instrumentation of the test rig
used for the experimentation and methodology of experiments (IS 10000 Part IV)
have been discussed. The procedure of statistical and uncertainty analysis done in
this work have also been included in this chapter.

In chapter four all the results obtained during the experimentation have been dis-
cussed in detail.

Chapter five is where concluding remarks are given. The scope and motivation for
the future work in the direction are also elaborated

The thesis also includes resource of the references. This is followed by the Appendix

section in which various tables and other reference documents are given.



Chapter 2

Literature Review

Based on problem definition, before carrying out a project, it is required to know the
work carried out by different researchers nationally and internationally. Number of
journals and conference papers were reviewed, out of which papers with concern topic

are briefly summarized as under.

Saleh H E [2] used Jojoba methyl ester (JME)as a renewable fuel in numerous studies
evaluating its potential use in diesel engines. These studies showed that this fuel is
good gas oil substitute but an increase in the nitrogenous oxides emissions was ob-
served at all operating conditions. The aim of this study mainly was to quantify the
efficiency of Exhaust Gas Recirculation (EGR) when using JME fuel in a fully instru-
mented, two-cylinder, naturally aspirated, four-stroke direct injection diesel engine.
The tests were carried out in three sections. Firstly, the measured performance and
exhaust emissions of the diesel engine operating with diesel fuel and JME at various
speeds under full load are determined and compared. Secondly, tests were performed
at constant speed with two loads to investigate the EGR effect on engine performance
and exhaust emissions including nitrogenous oxides (NOx), carbon monoxide (CO),
unburned hydrocarbons (HC) and exhaust gas temperatures. Thirdly, the effect of
cooled EGR with high ratio at full load on engine performance and emissions was

examined. The results showed that EGR is an effective technique for reducing NOx

6
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emissions with JME fuel especially in light-duty diesel engines. With the application
of the EGR method, the CO and HC concentration in the engine-out emissions in-
creased. For all operating conditions, a better trade-off between HC, CO and NOx
emissions can be attained within a limited EGR rate of 5-15 % with very little econ-

omy penalty.

Pradeep and Sharma [3] carried out an experimental work in this field. They have
concluded that diesel engines running on JBD are found to emit higher oxides of
nitrogen, NOx. HOT EGR, a low cost technique of Exhaust Gas Recirculation, is
effectively used in this work to overcome this environmental penalty. Practical prob-
lems faced while using a COOLED EGR system are avoided with HOT EGR. Results
indicated higher nitric oxide (NO) emissions when a single cylinder diesel engine was
fueled with JBD, without EGR. NO emissions were reduced when the engine was
operated under HOT EGR levels of 5-25 %. However, EGR level was optimized as 15
% based on adequate reduction in NO emissions, minimum possible smoke, CO, HC
emissions and reasonable brake thermal efficiency. Smoke emissions of JBD in the
higher load region were lower than diesel, irrespective of the EGR levels. However,
smoke emission was higher in the lower load region. CO and HC emissions were found
to be lower for JBD irrespective of EGR levels. Combustion parameters were found

to be comparable for both fuels.

Abd-Alla [4] G H, reviewed the potential of Exhaust Gas Recirculation (EGR) to
reduce the exhaust emissions, particularly NOx emissions, and to delimit the appli-
cation range of this technique. A detailed analysis of previous and current results
of EGR effects on the emissions and performance of Diesel engines, spark ignition
engines and duel fuel engines is introduced. From the deep analysis, it was found
that adding EGR to the air flow rate to the Diesel engine, rather than displacing
some of the inlet air, appears to be a more beneficial way of utilizing EGR in Diesel

engines. This way may allow exhaust NOx emissions to be reduced substantially.
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In spark ignition engines, substantial reductions in NO concentrations are achieved
with 10 to 25 % EGR. However, EGR also reduces the combustion rate, which makes
stable combustion more difficult to achieve. At constant burn duration and brake
mean effective pressure, the brake specific fuel consumption decreases with increasing
EGR. The improvement in fuel consumption with increasing EGR is due to three
factors: firstly, reduced pumping work; secondly, reduced heat loss to the cylinder
walls; and thirdly, a reduction in the degree of dissociation in the high temperature
burned gases. In dual fuel engines, with hot EGR, the thermal efficiency is improved
due to increased intake charge temperatures and reburning of the unburned fuel in
the recirculated gas. Simultaneously, NOx is reduced and smoke is reduced to almost
zero at high natural gas fractions. Cooled EGR gives lower thermal efficiency than

hot EGR but makes possible lower NOx emissions.

Zheng et al.[5] worked on this topic. According to their work, Exhaust Gas Recircula-
tion (EGR) is effective to reduce nitrogen oxides (NOx) from Diesel engines because it
lowers the flame temperature and the oxygen concentration of the working fluid in the
combustion chamber. However, as NOx reduces, particulate matter (PM) increases,
resulting from the lowered oxygen concentration. When EGR further increases, the
engine operation reaches zones with higher instabilities, increased carbonaceous emis-
sions and even power losses. In this research, the paths and limits to reduce NOx
emissions from Diesel engines are briefly reviewed, and the inevitable uses of EGR
are highlighted. The impact of EGR on Diesel operations is analyzed and a variety
of ways to implement EGR are outlined.

At the end of their work, they made a conclusion that Diesel exhaust contains sulfuric
salts and other abrasive and corrosive substances. It has been argued whether EGR
should be applied to Diesel engines because of the increased piston-cylinder wearing.
Heavy uses of EGR could also deteriorate the energy efficiency, operational stability
and PM generation of the engine. However, the concern over increased wearing and

deteriorated performance has soon given way to stringent emission regulations. In
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stark contrast, the current concern is on how aggressively EGR should be applied to
all speeds and all loads; although EGR increased wearing continues to be a problem
affecting engine durability and performances. To date, EGR is still the most viable
technique that can reduce NOx dramatically. Energy efficient after treatment systems
dealing with NOx and PM simultaneously are still in the early development stages.
The inability of available catalytic after treatment technologies further encourages

aggressive uses of EGR.

Lapuerta et al.[6] collected and analyzed the body of work written mainly in sci-
entific journals about diesel engine emissions when using biodiesel fuels as opposed
to conventional diesel fuels. Since the basis for comparison is to maintain engine
performance, the first section is dedicated to the effect of biodiesel fuel on engine
power, fuel consumption and thermal efficiency. The highest consensus lies in an
increase in fuel consumption in approximate proportion to the loss of heating value.
In the subsequent sections, the engine emissions from biodiesel and diesel fuels are
compared, paying special attention to the most concerning emissions: nitric oxides
and particulate matter, the latter not only in mass and composition but also in size
distributions. In this case the highest consensus was found in the sharp reduction in
particulate emissions. Most of studies report slight increases in NOx emissions when
using biodiesel fuels. The reason most frequently pointed out is that the injection
process is slightly advanced with biodiesel. The physical properties of biodiesel or the
response of the electronic unit could cause such an advance. Some authors propose
delaying injection as a mean to eliminate the increase in NOx emissions, with a minor

penalty in particulate emissions.

Mahlaa et al.[7] shown that NOx emission is higher in case of biodiesel fueled en-
gine. Exhaust Gas Recirculation is an effective technique to emission of NOx from
diesel engines because of lowering in peak cylinder temperature and oxygen content

during combustion. The only penalty for using EGR is increase in smoke. The aim
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of the present research work is to utilize the B20 blend of jatropha methyl ester and
cooled EGR simultaneously in order to reduce pollutant from the diesel engine. A
single cylinder, air cooled, four stroke, natural aspirated DI diesel engine capable
of producing 5.9 KW@1500 r.p.m. was used for experiments. Emissions of NOx,
CO, HC and smoke opacity were recorded and compared with baseline diesel. Peak
Cylinder pressure and heat release rate were recorded with crank angle at full load
condition. Various performance parameters was evaluated such as brake thermal ef-
ficiency, BSFC, BSEC were calculated. Results indicate the improved brake thermal
efficiency and reduction in NOx emission with the application of EGR and usage of
B20 blend of biodiesel. On the basis of experimental data, it was found that biodiesel
and EGR both can be used in compression ignition engine to simutanously reduce
NOx and smoke emissions. Peak cylinder pressure was lower than baseline diesel
level. Delay period was longer because of decrease in flame speed. Exhaust emissions
such as HC and CO are also found to decrease. The B20 blend of biodiesel together
with 14 percent EGR was found to be useful in improving the brake thermal effi-
ciency, reduces exhaust emissions and the BSEC. Biodiesel contains 10 12 percent
oxygen content due to which it undergoes more complete combustion which leads
to higher NOx mission. This is controlled by employing the EGR method. EGR
helps in reducing NOx emissions by reducing the availability of extra oxygen for the
formation of NOx and absorbing the heat during combustion thereby reducing the
temperature during the combustion. Thus, diesel engine can be useful operated with
B20 blend of biodiesel along with application of EGR to reduce the NOx emission

without increasing the smoke.

NOx (Oxides of Nitrogen) is considered as one of the most objectionable pollutant
from diesel engine. Exhaust Gas Recirculation (EGR), has long been of interest to
engine designers, researchers, and regulating authorities in abating NOx. Implemen-
tation of EGR for naturally aspirated stationary diesel engines are relatively simple

and a study of the application of high level EGR on such an engine is carried to study
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its impact on the other performance parameters. The results of this investigation,
carried out by Hebbar and Bhat[§] give insight into the effect of EGR level on the
development of gaseous emissions as well as mechanisms of its formation. Reductions
in NOx amount are found to be remarkable with EGR but combustion quality deteri-
orates at higher loads and higher percentages of EGR due to a significant decrease of
A/F ratio. EGR up to 60 percent is found optimum with 190 bar injection pressure

without sacrificing thermal efficiency and increase in unburned HC significantly.

Vegetable methyl ester was added in ethanol-diesel fuel to prevent separation of
ethanol from diesel in this study carried out by Chen et al.[9] The ethanol blend
proportion can be increased to 30 percent in volume by adding the vegetable methyl
ester. Engine performance and emissions characteristics of the fuel blends were in-
vestigated on a diesel engine and compared with those of diesel fuel. Experimental
results show that the torque of the engine is decreased by 6-7 percent for every 10 per-
cent (by volume) ethanol added to the diesel fuel without modification on the engine.
Brake specific fuel consumption (BSFC) increases with the addition of oxygen from
ethanol but equivalent brake specific fuel consumption (EBSFC) of oxygenated fuels
is at the same level of that of diesel. Smoke and particulate matter (PM) emissions
decrease significantly with the increase of oxygen content in the fuel. However, PM
reduction is less significant than smoke reduction. In addition, PM components are
affected by the oxygenated fuel. When blended fuels are used, nitrogen oxides (NOx)
emissions are almost the same as or slightly higher than the NOx emissions when
diesel fuel is used. Hydrocarbon (HC) is apparently decreased when the engine was
fueled with ethanol-ester-diesel blends. Fuelling the engine with oxygenated diesel
fuels showed increased carbon monoxide (CO) emissions at low and medium loads,
but reduced CO emissions at high and full loads, when compared to pure diesel fuel.
NOx emissions of the oxygenated blends showed a slight increase or at close level to
that of diesel fuels. E10B increases NOx emission slightly comparing with diesel at

all load, E20B and E30B emit the same NOx level as diesel. The trade-off relation of
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PM and NOx is broken by the oxygenated fuels.

The present investigation was to study the effect of Exhaust Gas Recirculation (EGR)
on homogeneous charge ignition engine by Miller Jothi et al.[I0] A stationary four
stroke, single cylinder, direct injection (DI) diesel engine capable of developing 3.7 kW
at 1500 rpm was modified to operate in HCCI mode. In the present work the diesel
engine was operated on 100 percent Liquified Petroleum Gas (LPG). The LPG has a
low cetane number (j3), therefore Diethyl ether (DEE) was added to the LPG for ig-
nition purpose. DEE is an excellent ignition enhancer (cetane number ;125) and has
a low auto ignition temperature (160 C). Experimental results showed that by EGR
technique, at part loads the brake thermal efficiency increases by about 2.5 percent
and at full load, NO concentration could be considerably reduced to about 68 percent
as compared to LPG operation without EGR. However, higher EGR percentage af-

fects the combustion rate and significant reduction in peak pressure at maximum load.

Ibrahim and Bari [11] used the stoichiometric air-fuel mixture with Exhaust Gas Re-
circulation (EGR) technique in a spark-ignition natural gas engine for experimental
investigation. Engine performance and NO emissions were studied for both atmo-
spheric and supercharged inlet conditions. It was found that the use of EGR has
a significant effect on NO emissions. NO emissions decreased by about 50 percent
when EGR dilution increased from zero with an inlet pressure of 101 kPa to close
to the misfire limit with an inlet pressure of 113 kPa. In addition, the use of EGR
effectively suppressed abnormal combustion which occurred at higher inlet pressure.
The use of higher inlet pressure in the presence of EGR improved engine performance
significantly. Engine brake power increased by about 20 percent and engine fuel con-
sumption decreased by about 7 percent while NO emissions decreased by about 12
percent when 5 percent of EGR dilution was employed with an inlet pressure of 113
kPa compared to using undiluted stoichiometric inlet mixture with an inlet pressure

of 101 kPa.
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2.1 Problem Definition

The diesel engine presents rather different problems from the spark-ignition engine
because it always operates with considerable excess air, so that CO emissions are not
a significant problem, and the close control of air/fuel ratio, so significant in the con-
trol of gasoline engine emissions, is not required. On the other hand, particulates are
much more of a problem and NOx production is substantial. NOx emissions are very
sensitive to maximum cylinder temperature and to the excess air factor. This has
prompted the use of increased levels of turbo charging with improved after-cooling,
as well as the use of retarded injection which results in reduced peak pressures and

temperatures but, beyond a certain point, in increased fuel consumption.

Biodiesel has a high cetane number than diesel fuel, no aromatics, no sulfur and
contains 10-12 % oxygen by weight. These characteristics of biodiesel reduce the
harmful emissions of unburned hydrocarbon (HC), CO, and particulates than the
diesel fuel. Several researchers found increased NOx emission as compare to petrol-
diesel. For reduction in NOx emission some exhaust gas after treatment such as,
Exhaust Gas Recirculation (EGR) can be used with biodiesel. EGR helps in reduc-
ing NOx emissions by reducing the availability of extra oxygen for the formation of
NOx and absorbing the heat during combustion thereby reducing the temperature
during the combustion. Since the specific heat capacity of exhaust gas is more it
absorbs more heat thereby reducing the high temperature available during the time

of combustion.
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2.2 Objective of the Project

The literature results indicate that the emission of nitric oxide (NO) is higher when
a single cylinder diesel engine is fuelled with JBD, without EGR. The emission study
of biodiesel fueled CI indicates that there is a reduction in NOx emission when en-
gine is operated with EGR. However, no work is reported on the optimization of the

biodiesel-diesel blend with different percentage of EGR.
On the basis of the above literature survey, following objective is concluded.

The project work is to check feasibility of EGR in C.I. engine fuelled with bio-diesel
blend. In India, the use of bio-diesel is still not accepted commercially. When the bio-
diesel blend will be used commercially, the formation of NOx will become higher. The
aim of my project is to reduce the NOx formation in C.I. engine fuelled with bio-diesel
blend with the use of EGR. Hence, the experimental work carried out can be useful
for the actual commercial design of the C.I. engine to accept the use of bio-diesel as
an alternative fuel. Aim of this priject is to find out the effect of biodiesel on physico-
chemical properties of the biodiesel-diesel blends and optimization of biodiesel-diesel

blend and percentage recirculation of exhaust gas for minimum emissions.

The experimental work under this project includes comparision of properties of differ-
ent blends and base fuels and analysis of the effect of EGR on performance, emission
and combustion parameters of C.I. engine fueled with bio-diesel-diesel blend will be
carried out on single-cylinder, four-stroke, air cooled engine developing 5 kW at 1500
rpm. To ensure repeatability of the experiments, testing of engine will be carried out
as per Indian standard 10000 Part IV, which lays down the guidelines for declaring
power, efficiency and fuel consumption and specifies relevant correction factors which

are required for adjusting the observed reading to the standard reference condition.
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Methodology of Work

3.1 Plan of the experiments

The main aim of the experimentation is to find out feasibility of Exhaust Gas Re-
circulation (EGR) using biodiesel as a partial substitute of diesel oil in C.I engine
to minimize NOx formation. The experimental work under this project consists of
two parts, initial experimental work to find out optimum biodiesel - diesel blend and
in second phase, experimental work for finding the optimum percentage of EGR for
reduction of NOx emission.

Initial experimental work includes preparation of experimental setup, various biodiesel-
diesel blends and measurement of various engine parameters by running the engine
with different fuel blends through entire load range.

Work in line with the actual objective of the project is planned out as follows,

e Generation of base line performance data from the C.I engine fuelled by diesel,

diesel-biodiesel blends at manufacturer injection pressure without and with

EGR

e Analysis of the effect of EGR and diesel-biodiesel blends on performance of C I

Engine at optimum result values

15
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3.2 Variable Parameters for Experiments

For entire project work, different parameters are varying among their respective range.
The variable parameters are fuel composition, Exhaust Gas Recirculation (EGR)
percentage and the load condition. Table 3.1 shows all the combination for all the
variable parameters. The main thing is fuel composition. The experiment will start
with 100 percent diesel as fuel and performed for the various combination of the
Biodiesel and Diesel. Similarly, the EGR percentages will also vary from 0 to 15
percent. All the combinations for fuel and EGR will be tested for the entire range of

the engine starts from no load condition to full load condition.

Table 3.1: Variable Parameters for Experiment

Variable Pa- | Range of variations
rameters
Biodiesel ~ — | Diesel (%) | 100 | 95 90 8 |80 |75
Diesel blend

Biodiesel 00 05 10 15 20 25
(%)

EGR (%) — 0 5 10 5 |— |—

Load (%) — 0 20 |40 |60 |80 |100
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3.3 Experimental setup
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Figure 3.1: Schematic diagram of experimental setup
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A single cylinder 4 - stroke air-cooled diesel engine(4) developing 5.5 kW at 1500
rpm was used for experimental work. Engine details along with alternator, are given
in Table A1 and A2 of Appendix A. The schematic diagram of the experimental
set up is shown in Figure 3.1. An electrical dynamometer(4) was used for loading
the engine. A manometer(2) with water as manometric fluid, connected to a large
tank(1) of 0.2 m® which is 275 times the swept volume of the engine, was attached
to the engine to make air flow measurement.Air flow was measured with the help
of pressure difference produced by a round, sharp edge orifice of 32 mm diameter.
The fuel flow was measured on a volumetric basis using a 50 ml capacity burette(7)
and stopwatch. Thermometer with dial indicator ( range 0°C to 600°C) was used for
measuring the exhaust gas temperature. an electrical load bank(5) is prepared using
bulbs of 200 watts and 100 watts capacity. Electrical connections ware made in such
way that 20% load interval can be achieved for entire load range. For recirculation
of exhaust gases, exhaust control valve(8) and EGR valve(9) are used. Recirculated
gases passes through a filter(10). Flow of recirculated gases measured with the help

of orifice(11) connected to a manometer(12) with water as manometric fluid.
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3.4 Methodology of testing

To insure the repeatability of the experiments, testing of the engine was done as per
the Indian standard (IS: 10000 Part IV), which lays down the guidelines for declaring
power, efficiency and fuel consumption and specifies relevant correction factors which
are required for adjusting the observed readings to the standard reference conditions,

as specified in IS: 10000 (Part II).[12]
The standard reference conditions are:

Reference pressure Pr = 100 kPa
Reference temperature Tr = 300 K

Reference relative humidity &r = 0.6

Power adjustment factor ‘a’ - is the ratio of power output under the site conditions

to the power output under standard reference conditions.

P.=a.P, (3.1)

0=k —0.7(1—Fk) <nim _ 1> (3.2)

Pz — a-¢x'psz)m (Tr>n
k=|——— X | = 3.3
(pr - a~¢r-psr Tm ( )

The factor ‘a’ and exponents ‘m’ and ‘n’ have numerical value as given in Figure B5

of Appendix B.

Specific fuel consumption adjustment factor ‘G’ - is ratio of the specific fuel consump-
tion under site condition to the specific fuel consumption under standard reference

condition.



CHAPTER 3. METHODOLOGY OF WORK 20

(b.s.f.c). = B.(b.s.f.c), (3.4)

B=kja; (3.5)

The power and specific fuel consumption adjustment factors o and 3 can be calculated

using Appendices Figure B1, B2, B3, B4 of IS: 10000 part IV given in Appendix B.

3.5 Statistical analysis

The experiments were conducted six times with base fuels and optimal blends to carry
out statistical analysis at 95% confidence level. The procedure of the same was as

follows.

e The mean(x,,), deviation|d;| and standard deviation(S) of the results at differ-

ent load were calculated by,

1 n
= 3.6
' ni:lx (36)

|di| = |2; — zm] (3.8)

e Chauvenet’s criterion was applied to eliminate dubious data points; the devi-
ation of the individual points was then compared with the standard deviation
in accordance with the information in Figure B6 of Appendix B, and the du-
bious points were eliminated. For the final data, presentation a new mean and
standard deviation were computed with the dubious points eliminated from the

calculation.
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e The confidence interval was estimated by Student’s t- Distribution

A= (3.9)

tS
NZD
A = Confidence interval

t= Random variable; values of the same are given in Figure B7 of Appendix B at

different degree of freedom, v = n-1

n= number of observations.

3.6 Uncertainty analysis

The uncertainty in measurement is estimated based on the procedure given by Kline

and McClintock (1953). The uncertainty in measurement is defined as

oR \* [(O0R \’ OR \’

R is the result of which uncertainty is to be estimated. wg is the uncertainty in the

result. V; (i=1 to n) are the variables of which R is a function.

Defining the uncertainty in percentage, the equation modifies to

wr 1 [(OR \* [(OR OR 1\’

The uncertainties in the measurement were estimated from the resolution of the in-

strument or provided by the manufacturer.

The uncertainty in temperature measurement by thermocouple, w; = +4 °C.
The uncertainty in voltage measurement by voltmeter, w, = £1 volt

The uncertainty in ampere measurement, w4 = +0.1A

The uncertainty in time measurement, w; = 0.1 sec

The uncertainty in volume flow measurement, w,, = 1 ml
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Results and Discussion

4.1 Test fuel

Jetropha Biodiesel was used as the test fuel in different proportion with diesel. The
biodiesel was blended with commercial diesel in 5% (B5D), 10% (B10D), 15% (B15D),
20% (B20D) and 25% (B25D). The properties of diesel were available readily and for
Biodiesel, property values were provided by CSMCRI, Bhavnagar from where the

biodiesel is procured. The properties of the test fuels are given in Table.

Table 4.1: Properties of Diesel, Biodiesel and Diesel-Biodiesel Blends

Type of fuel CV (kJ/kg) Density (kg/m?)
Diesel 42500 840
Biodiesel 40160 880
B5D 42383 842
B10D 42266 844
B15D 42149 846
B20D 42032 848
B25D 41915 850

22
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4.2 Properties of Biodiesel and Diesel

This entire project is based on the effect of biodiesel on the NOx formation. Biodiesel
required for the experiments will be procured from CSMCRI, Bhavnagar. They have
already provided the properties of the biodiesel which they will supply for the project
work. Table 3.8 shows the comparison of the important properties for the Biodiesel
and Diesel. From comparison we can identify that all the major properties of Biodiesel
is very much equivalent to that of diesel. The only point of importance is the Viscos-
ity and the density. The viscosity and density of Biodiesel is higher than Diesel. This
is the reason why the conventional diesel engines cannot run directly on 100 percent

Biodiesel without any modification.

Table 4.2: Comparison of Biodiesel and Diesel properties

Properties Biodiesel Diesel
Density @ 15°C(kg / m?) 880.0 840.0
Viscosity at 40°C ( mm? / s) 4.34 3.00
Flash point (°C) 160 49
Cetane number 04.5 52.9
Gross calorific value ( Kcal/kg ) 9562 10700

4.3 Variation in EGR percentages

Exhaust gas coming out from the engine is mixed with the air supplied to the engine.
The air supplied to the C I Engine is considered as 100%. The amount of recirculation
of the exhaust gas varied from 0 to 15% with the interval of 5% i.e. 0%, 5%, 10%
and 15%.
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4.4 Test procedure

Constant speed engine test were carried out at different loads on the engine and the

following performance and emission were analyzed.

Brake specific fuel consumption. Kg/kwh

Break specific energy consumption, kJ/kWh

Brake thermal efficiency, %

Exhaust gas temperature, °C

Oxide of nitrogen emission, ppm
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4.5 Experimental Results

4.5.1 Effect of biodiesel-diesel blend on Break Specific Fuel

Consumption
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Figure 4.1: Effect of Biodiesel blends on BSFC

Figure 4.1 shows the brake specific fuel consumption (BSFC) variation for the diesel
and diesel-biodiesel blends with respect to engine loads. In general, the BSFC values
of the blend were slightly higher than those of the base fuel i.e at all loads, more fuel
is needed, with the blending of biodiesel with diesel, to produce the same amount of
energy due to its lower heating value in comparison to the base fuel. However, for B10
the specific fuel consumption was nearly equal to the values for diesel. For B5, at part
load condition, the BSFC decreased as compare to diesel by 1.51%. For B25, BSFC
increased noticeably by 5% due to decrease in calorific value of the fuel. The common

observation was that the brake specific fuel consumption of the engine, operating on
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any test fuels decreased with increasing load. Higher mechanical efficiency at high

load explained such trends in the BSFC.[13]

4.5.2 Effect of biodiesel-diesel blend on Break Specific En-

ergy Consumption

BSEC
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Figure 4.2: Effect of Biodiesel-diesel blends on BSEC

Figure 4.2 shows the brake specific energy consumption (BSEC) variation for the
diesel and diesel-biodiesel blends with respect to engine loads. In general, the BSEC
values of the blend were slightly lower than those of the base fuel. For B10, the
specific energy consumption was nearly equal to the values for pure diesel. For B5,
at part load condition, the BSEC decreased as compare to diesel. For B25, BSEC

increased.
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4.5.3 Effect of biodiesel-diesel blends on brake thermal effi-

ciency
Thermal Efficiency
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Figure 4.3: Effect of Biodiesel-diesel blends on brake thermal efficiency

The thermal efficiency distribution is shown in Figures 4.3 for diesel and diesel-
biodiesel blends. With diesel-biodiesel blends brake thermal efficiency shows an
increase with biodiesel addition at higher loads is due to improvement of diffusive
combustion phase on account of oxygen enrichment. Based on these reasons the en-
ergy consumption rate of blends decreases. With 10% biodiesel addition to diesel,
around 2.4% rise in thermal efficiency can be achieved as compared to diesel for al-
most entire range of load. Although the BSFC values of the blends at partial loads
were slightly higher than those with the diesel, the thermal efficiencies were slightly

higher than diesel due to higher oxygen content in the chemical composition of the

fuel.[13]
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4.5.4 Effect of biodiesel-diesel blends on exhaust gas temper-

ature
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Figure 4.4: Effect of Biodiesel-diesel blends on exhaust gas temperature

The variation of exhaust temperature with respect to applied load for different fuels
tested is shown in Figures 4.4. The biodiesel contains some amount (11% by weight)
of oxygen molecules; it also takes part in the combustion. When biodiesel concen-
tration was increased, the exhaust gas temperature slightly decreased. The nitrogen
oxide emission is directly related to the engine combustion temperature, which in
turn is indicated by the prevailing exhaust gas temperature. Here With decrease in
temperature, NOx emission should decrease but higher availability of oxygen at the
time of combustion leads to higher formation of NOx. For diesel, the exhaust gas
temperature is very high for entire range of load. As the biodiesel contain increased

in the fuel, the temperature decreased.
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4.5.5 Effect of biodiesel-diesel blends on carbon dioxide emis-

sion
CO2 Emissions
14
—4#—Diesel NOEGR .,—"——__.
e —B—B10 No EGR . : /
10 B1010% EGR
[-H]
L 3
5
o
(-9
4
2

Load%

Figure 4.5: Effect of Biodiesel-diesel blends on carbon dioxide emission

Figure 4.5 shows the variation of CO2 emission with engine load for different fuels
and with and without EGR. It is known that amount of carbon dioxide emitted
is proportional to the amount of fuel burned. At low load as BSFC is more, the
amount of CO2 emission is less (in percentage) at low load compare to higher load.
In addition, at higher load, the CO2 emissions with the 10% biodiesel blend was
12.16% higher than those with base fuels due to the increase in the mass of fuel
injected using the blends. Higher CO2 in the exhaust emission is an indication of the
complete combustion of fuel. The carbon monoxide emissions were found negligible
at lower load and than increase with increase in load. This is typical with all internal
combustion engines since at low load the air fuel ratio is too lean and air fuel ratio

decreases with increase in load. It is interesting to note that, the engine emitted
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5.35% more CO with blends compared to base fuels at higher load. It is because the
presence of oxygen molecules in biodiesel makes the air fuel mixture too lean resulting

in more CO emission.

4.5.6 Effect of Exhaust Gas Recirculation on Break Specific

Fuel Consumption
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Figure 4.6: Effect of Exhaust Gas Recirculation on BSFC

Figure 4.6 indicates the change in break specific fuel consumption for various EGR
percentage. For Diesel the fuel consumption is minimum. When biodiesel diesel
blend is used, the fuel consumption is slightly increased. For entire range of EGR
percentage, the BSFC is comparatively higher from Diesel and Biodiesel-diesel blend
without EGR. In general the 12.38% of rise is noticed for 10% EGR as compare to
0% EGR for biodiesel-diesel blend.
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4.5.7 Effect of Exhaust Gas Recirculation on Break Specific

Energy Consumption
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Figure 4.7: Effect of Exhaust Gas Recirculation on BSEC

Break Specific Energy Consumption for the various EGR percentages is shown in
Figure 4.7. As BSEC is directly depends to the BSFC, the nature of the plot for
BSEC is similar to the plot of BSFC. Higher BSEC is noticed for the various EGR

percentages as compare to the engine tests carried out without EGR.

4.5.8 Effect of Exhaust Gas Recirculation on Break Power

Figure 4.8 shows the effect of EGR on the break power of the engine fueled with

10% biodiesel diesel blend. It clearly indicates that the power produced is higher for

diesel for which engine is designed. Break power is reduced by 2.88% while using
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25 Break power
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Figure 4.8: Effect of Exhaust Gas Recirculation on Break Power

10% biodiesel diesel blend due to decrease in calorific value of the fuel. When 10%
EGR is applied, the power is reduced by 8.08% in comparision with no EGR for 10%
biodiesel blend.
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4.5.9 Effect of Exhaust Gas Recirculation on Exhaust Gas
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Figure 4.9: Effect of Exhaust Gas Recirculation on Exhaust Gas Temperature

The variation of exhaust gas temperature with respect to applied load for different
percentage of EGR is shown in Figure 4.9 for diesel and diesel-biodiesel blend. When
exhaust gases coming out from the engine cylinder are recirculated by mixing with
the inlet air, the overall cycle temperature comes down. For diesel and Biodiesel both,

the exhaust gas temperature is higher at no EGR as compare to 10% and 15% EGR.
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4.5.10 Effect of biodiesel-diesel blends on oxides of nitrogen

emission

Figures 4.10, 4.11, 4.12 and 4.13 indicates the oxide of nitrogen emission trends for
diesel and biodiesel blends at different engine loads with and without EGR. There are
mainly three factors which effect the NOx emissions oxygen concentration, combus-
tion temperature, and reaction time. From Fig. 4.10, The NOx emission with diesel-
biodiesel blends were observed more compared to diesel.From Figure 4.10, 4.11, 4.12,
4.13 it is clearly evident that NOx emission increase by around 62% with addition
with biodiesel in diesel. As increases concentration biodiesel increases availability of
oxygen. At a same time addition of biodiesel makes the combustion homogeneous
hence there is chance to increase in NOx emission in comparison with diesel fuel.

It is also observed that NOx emission decreases with increase in % of EGR in com-
parison with base line fuel without EGR. The reason for the same may be reduction
in concentration of external oxygen with increasing the % of EGR. The external oxy-
gen supplied with air is mainly responsible for NOx emission, As with EGR, this

concentration is decreasing, NOx emission reduces.
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Figure 4.11: Effect of EGR on NOx emission (Diesel)
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Figure 4.12: Effect of EGR on NOx emission (Diesel-biodiesel blend)
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Conclusion

This entire work is concentrated around the minimum formation of NOx from a C I
Engine fueled with Biodiesel Diesel blend with the help of Exhaust Gas Recirculation.
Biodiesel is more viscous (4.34 mm?/sec) as compare to diesel (3.0 mm?/sec). For
10% Biodiesel-Diesel blend(volume basis) the density become 3.134 mm?/sec. For
higher blends of biodiesel, the modification in injection system of engine is required
due to increase in viscosity of fuel.

Calorific value of Biodiesel is less ( 40160 kJ/kgk) as compare to diesel (42500 kJ/kgk).
Decrese in calorific value results in higher consumption of fuel for biodiesel-diesel blend
as compare to diesel.

From performance test analysis, it is evident that when 10% biodiesel-diesel blend is
used, the BSFC is decreased by around 1%, BSEC is increased by 1.15%, Thermal
efficiency of engine is increased by 1.53% and exhaust gas temperature is reduced by
7.24% at part load condition. By considering all these performance parameters, it
was concluded that the 10% biodiesel ( on volume basis) can be mixed with diesel as
an optimum blend.

The formation of NOx emission becomes higher when biodiesel-diesel blend is used.
This emission can be reduced by using EGR. For engine operating with 10% biodiesel-
diesel blend and EGR, the BSFC is increased by 30% and BSEC is increased by 32%
at part load condition.It was difficult to find the optimum % of EGR. To find the

37
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effect of EGR on NOx emission, analysis of the exhaust gas was carried out. The
results of gas analysis shows that, when 10% biodiesel-Diesel blend is used, the Nox
emission increased by 63% and When 10% EGR is implemented to the cycle, the
NOx emission is decreased by 92% and 70% for diesel and biodiesel-diesel blend re-
spectively at part load condition.86% reduction in NOx emission has been achieved

by 10% EGR for optimized fuel blend at part load condition.

5.1 Possibility of work in Future

Work carried out under this project can include some more parameters for further
discussion and experimentation.

Combustion analysis can be carried out for different fuel blends and EGR percentage
to find out the variation in different parameters like maximum cycle pressur, maxi-
mum cycle temperature, combustion delay period etc.

Modification in fuel injection system is required when biodiesel-diesel blends with
higher percentage of biodiesel will be supplied. After modification, the experiment
can be performed for 100% biodiesel also. Change in injection timing is also required
with modification in fuel injection system.

Effect of cooling of exhaust gases can be analyzed by using an appropriate heat ex-
changer which works as EGR cooler.

A rigorous analysis of exhaust gases is required at all the combination of variable

parameters using 5 gas analyzer.
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APPENDIX A.

Table A.1: Specifications for Diesel Engine

Make Markon

No. of cylinder One

No. of cycle strokes Four

Bore x stroke 92 mm x 110 mm
Power 5 kW

Speed 1500 rpm
Electric start

Air cooled

Table A.2: Specifications for A.C. Generator

Make Markon

Single phase 240 volts, 50 Hz

Rated output 5 kW/5 kVA

Speed 1500 rpm

Direct coupled with Diesel engine

Engine and generator both mounted on a single frame
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IS : 10000 (Part IV) - 1880
APPENDIX A
{ Clauses 2.3.1 and H-1.7)
mmnm OF THE POWER ADJUSTMENT FACTOR (1)

A-1, The table balow glves nlunni'mn power adjustment factor ( &) for known values of the ratlo
of IMMH?MMHMIM (5= )

A-2. The valus of (k) can be determined from Appendix B.
A-3. The value of == |8 stated by the manviacturer ( see 2.3, Note 3),
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IS : 10000 { Part IV ) - 1880

APPENDIX B
(Clauses 23.1, 3.2.2, A-2, F-2 and H-1.4)
CETERMINATION OF THE RATIO OF INDICATED POWER (&)

B-1. Formula {(3) In 2.3 can be writien as:
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B-1. The valuss of m, n, g are obtained from Tabls 1.
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be obtalned from the alr temperaturs and

“:;Pll'l ussd In formula (3 ) In 23 ls given In the lables balow

APPENDIX C
[ Clauses 2 3.1, 3.2.2, A-Z and H-1.3)

Py—a,

DETERMINATION OF DRY AIR PRESSURE RATIO

for phe valus of 2 = 1 of formula referonces A, E snd G, and for diftsrent valuss ¢f tolal bBaromatric

prassure [ os ) and waler vapour prossurs [ #- Pa -

C-1.1 If the waber vapour prassure |8 not known it can
ralotive humidity by the uves ol Appendix D.

C-1. Tha dry alr pressure ratio
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IS £ 10000 (Pt IV) - 1980

APPENDIX D

( Clauses 2.3.1, 3.22, C-1.1 and H-1.2)

& DETERMINATION OF WATER VAFOUR PRESSURE
D-1. The waber t prassure { gD ) 18 given in the table balow for different values of the alr
tamperature Iy in Calsius and relative humidity ds.
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_ N Factor | Exponents
Engine Type Condition
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Figure B.5: Values of constant used in equation 3.3
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Number of Readings,  Ratlo of Maximum Acceptable Devistion

+ toStandard Deviathon, duus/o
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Figure B.6: Chauvenet’s criterion for rejecting a reading
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Figure B.7: Value of student’s t for use in equation 4.7
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