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Abstract

On-board hydrogen and syngas production is considered as a transition solution from
fossil fuel to hydrogen powered vehicles until problems associated with hydrogen
infrastructure, distribution and storage are resolved. A hydrogen- or syngas-rich stream,
which substitutes part of the main hydrocarbon fuel, can be produced by supplying diesel

fuel in a fuel-reforming reactor, integrated within the exhaust pipe of a diesel engine.

The primary aim of this project was to investigate the effects of intake air enrichment
with product gas on the performance, combustion and emissions of a diesel engine. The
novelty of this study was the utilisation of the dilution effect of the reformate, combined
with replacement of part of the hydrocarbon fuel in the engine cylinder by either hydrogen

or syngas.

The experiments were performed using a fully instrumented, prototype 2.0 litre Ford
HSDI diesel engine. The engine was tested in four different operating conditions,
representative for light- and medium-duty diesel engines. The product gas was simulated
by bottled gases, the composition of which resembled that of typical diesel reformer
product gas. In each operating condition, the percentage of the bottled gases and the start

of diesel injection were varied in order to find the optimum operating points.

The results showed that when the intake air was enriched with hydrogen, smoke and CO
emissions decreased at the expense of NOx. Supply of nitrogen-rich combustion air into
the engine resulted in a reduction in NOy emissions; nevertheless, this technique had a
detrimental effect on smoke and CO emissions. Under low-speed low-load operation,
enrichment of the intake air with a mixture of hydrogen and nitrogen led to simultaneous
reductions in NOy, smoke and CO emissions. Introduction of a mixture of syngas and
nitrogen into the engine resulted in simultaneous reductions in NOy and smoke emissions
over a wide range of the engine operating window. Admission of bottled gases into the

engine had a negative impact on brake thermal efficiency.

Although there are many papers in the literature dealing with the effects of intake air
enrichment with separate hydrogen, syngas and nitrogen, no studies were found examining
how a mixture composed of hydrogen and nitrogen or syngas and nitrogen would affect a

diesel engine. Apart from making a significant contribution to existing knowledge, it is



believed that this research work will benefit the development of an engine-reformer system
since the product gas is mainly composed of either a mixture of hydrogen and nitrogen or a

mixture of syngas and nitrogen.
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CHAPTER 1
INTRODUCTION

1.1 Introduction

The diesel engine was developed in the late nineteenth century by Rudolf Diesel, who
patented the first diesel engine in 1892, while the first successful engine was operated in
1897. Thermal efficiency, although remarkably high at that time, was only 26% compared
to the near 40% attained by modern diesel engines. Due to their large size and weight, the
early diesel engines were produced mainly for industrial and marine applications.
Subsequent improvements allowed diesel engines to be used for powering road vehicles,
and they became very popular especially on trucks and heavy duty vehicles. Nowadays,
cars equipped with diesel engines are gaining popularity and currently approximately 50%

of all new car sales in EU are diesel [1].

In developed countries, the transport sector accounts for 35% of all energy consumption
[2]. Energy conservation and emissions control have long been under the spotlight as fossil
fuel depletion, environmental and human health issues have come to the forefront.
According to Ehsani et al. [3], if current trends of oil discovery and consumption continue,
it is expected that the fossil fuels will last until approximately 2038. It is also expected that
the increase in the world’s population from 6 to 10 billion will induce a parallel growth in
vehicles from 700 million to 2.5 billion [4]. Incremental improvement in fuel consumption
and pollutant emissions has been set as a short-term goal, while the long-term goal

involves innovative methods that will promote the transition to alternative-renewable fuels.

The combination of engine technologies such as exhaust gas recirculation (EGR),
improved fuel systems, optimised design of the combustion chamber and alternative
combustion modes, with exhaust aftertreatment methods, including the diesel oxidation
catalyst (DOC), selective catalytic reduction system (SCR) and diesel particulate filter
(DPF), is considered a potential solution to the emissions issue. The fuel consumption of
diesel engines has been considerably improved by the introduction of the common rail
system, which enables a finer fuel atomization and as a result increased combustion

efficiency.
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Petroleum-based transportation is well-established offering a wide range of benefits;
however, a transition towards renewable fuels is essential in order to eliminate the
disadvantages of using fossil fuels. Hydrogen (H;) can be used to fuel internal combustion
engines and is considered renewable when it is produced via a renewable process. Progress
towards hydrogen fuelled transportation has been picking up pace since the late 1990s.
Nevertheless, transition solutions such as dual fuelling, fuel blending and on-board
gaseous fuel production are required, prior to the adoption of hydrogen as a transportation

fuel.

Hydrogen has long been seen as a future energy carrier as its chemical compounds
constitute a large part of the Earth’s surface. A variety of primary resources including
fossil fuel, solar, wind, hydro and nuclear power can be used for its production [5]. The
combustion of hydrogen in internal combustion engines (ICEs) produces water (H,0),
nitrogen oxides (NOy) and marginal levels of carbon oxides (COy) and hydrocarbons (HC).
The final two chemical compounds originate from the burning of the lubricating oil [6].
Besides, NOy production can be significantly reduced by operating the engine with a very
lean air-hydrogen mixture. This way the combustion temperature is likely to remain in the

zone of slow NO, formation rate.

In automotive applications, hydrogen can be used as fuel for both Otto and Diesel
engines. In an engine using the former cycle, the air-hydrogen mixture can easily be
ignited by the spark plug since the minimum ignition energy of hydrogen is an order of
magnitude lower than gasoline. When hydrogen is introduced in a diesel engine, the onset
of combustion is achieved by a pilot diesel injection as the autoignition temperature of
hydrogen is not reached in convention diesel engines. After many years of intensive
research, it is now possible to develop engines fuelled by hydrogen; nevertheless,

challenges associated with on-board hydrogen storage still exist.

On-board hydrogen production is deemed as a transition solution until the issues
associated with hydrogen distribution and on-board storage are resolved. Realisation of on-
board hydrogen production is achieved via the integration of a catalytic fuel reforming
reactor into the EGR loop. A hydrogen-rich gas is generated by direct catalytic interaction

of a hydrocarbon fuel with the high temperature exhaust gases expelled from the engine.
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The reforming products can be used as a supplement to the engine main fuel by sending

them back to the cylinder.

The main flammable gas produced from the fuel reforming process is either hydrogen
or a mixture of hydrogen and carbon monoxide (syngas). The fuel reformer can be tuned
accordingly in order to promote the desirable chemical reactions, which include diesel fuel
steam reforming, water gas-shift, diesel fuel partial oxidation, diesel fuel complete
oxidation, dry reforming reaction, autothermal reforming and hydrocarbon thermal
decomposition. Recirculation of the product gas back into the intake air results in an
increase in nitrogen (N3) to oxygen (O;) ratio, since an amount of oxygen is replaced by

the nitrogen-rich reformed exhaust gases.

1.2 Aims and objectives

The aims of this dissertation were to investigate the effects of intake air enrichment with
hydrogen, nitrogen, simultaneous hydrogen and nitrogen (H, + N») and simultaneous
syngas and nitrogen (syngas + Nj) on the performance, emissions and combustion of an
HSDI diesel engine. In real world applications, the aforementioned gases can either be
stored or produced on board. In this research effort the gases were stored in bottles, which

were placed close to the engine.

The first series of experiments was performed using separate hydrogen and nitrogen in
order to understand the impact of the two distinct gases on the performance, emissions and
combustion of the engine. In the second series of experiments, a mixture of H, + N, was
used, while in the third series of experiments, the hydrogen was replaced by syngas. A
more detailed explanation on the selection of the gases is given in Section 1.3. At this

point, the main objectives of this study are presented:

e Demonstrate how the engine operating conditions affect the combustion,
performance and emissions when bottled gases are introduced into the engine. It
should be mentioned that the conditions selected (speed and load) were
representative for light- and medium-duty diesel engines. Variations in injection
timing and gas concentration were included in each operating condition.

e Study whether diesel combustion enriched with H, + N, can offer simultaneous

reductions in NOy, smoke and CO emissions.
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e (alculate the combustion efficiency of the bottled carbon monoxide and hydrogen
delivered into the engine in the different engine operating conditions and gas
concentrations.

e Isolate the distinct gases (i.e. hydrogen, carbon monoxide and nitrogen) contained
in the product gas to identify the effects on the combustion and emissions of the
engine.

e Investigate whether the product gas-diesel mixture affects the combustion noise by
comparing the pressure rise rate values.

e Investigate whether an increase in nitrogen to oxygen ratio in the intake charge
affects the performance, emissions and combustion of a diesel engine. This was
done by replacing an amount of the intake air with bottled nitrogen.

e Demonstrate the capability of the product gas to offer simultaneous reductions in

NOy and smoke emissions over a wide range of the engine operating conditions.

1.3 Outline of thesis

Following this introductory chapter the rest of the thesis is organised as follows:

Chapter 2 - Literature review

This chapter provides a review of emission formation in diesel engines. It also presents the
European Union emission standards and the aftertreatment systems currently being used
for the reduction of exhaust emissions. In addition, it provides an overview of the
alternative diesel combustion modes and the injection parameters. The findings from using
alternative fuels, dual fuel techniques and intake charge dilution methods in diesel engines

are also discussed. Finally, the exhaust gas assisted fuel reforming technique is reviewed.

Chapter 3 - Experimental facilities, test procedure and data analysis

Chapter 3 provides a description of the experimental facilities, the measuring equipment
employed throughout the experiments, the test procedure and the data analysis process.
Moreover, the selection of the operating conditions, along with the parameters varied, is

justified.
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Chapter 4 - Enrichment of the intake air with hydrogen

The effects of the intake air enrichment with hydrogen on the performance, combustion
and emissions of a diesel engine are presented in Chapter 4. The results obtained include
NOy, Bosch smoke number (BSN), carbon monoxide (CO) and total hydrocarbons (THC)
as well as the brake thermal efficiency, the hydrogen combustion efficiency and a heat
release rate analysis. As shown in Figure 1.1, this chapter can benefit the development of
diesel engines in which diesel fuel is partly substituted by hydrogen that is either stored or
produced on board. The hydrogen fuel is delivered into the engine through the intake pipe;
hence, the conversion of a conventional diesel engine into a diesel-hydrogen dual fuel

engine is relatively easy.

(a) (b)

Diesel

H2-rich intake charge - Exhaust gas R Exhaust gas

A v A v
] R==J | |
A 4
Refor@—b
On-boa}rd H2
storage

H2-rich EGR
Figure 1.1: Enrichment of the intake air with hydrogen. (a) The hydrogen is stored on-

board, (b) the hydrogen is generated on-board using a fuel reforming reactor.

Chapter 5 - Enrichment of the intake air with nitrogen

This chapter is devoted to presenting and discussing the findings of the enrichment of the
intake air with nitrogen. An amount of intake air was gradually replaced by bottled
nitrogen in order to study the effects on the performance, combustion and emissions of the
engine. Figure 1.2 shows the techniques that lead to an increase in the nitrogen to oxygen
ratio in the intake air. One technique is to direct the intake air through an air separation
membrane, which is capable of producing nitrogen-rich air. Another technique is the
supply of fuel reformed products into the engine. The concentration of nitrogen is
inevitably increased as the amount of the intake air is replaced by the reformed EGR

(REGR), which is rich in nitrogen.
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Figure 1.2: Increase in nitrogen concentration in the intake air by, (a) employing an air

separation membrane, (b) integrating a fuel reformer within the EGR loop.

Chapter 6 - Enrichment of the intake air with simultaneous hydrogen and nitrogen

The objective of this chapter is to present the effects of the intake air enrichment with a
mixture of H, + N, on the performance, emissions and combustion of the engine. Figure
1.3 illustrates the methods that can be employed to produce H + N, rich intake air. Figure
1.3(a) shows a combination of the techniques already presented in Figures 1.1(a) and
1.2(a). The product gas of diesel fuel reforming may consist of H, + Ny, as shown in
Figure 1.3(b). Carbon monoxide, at a relatively high concentration, is typically present in
diesel reforming product gas; nevertheless, it can be reduced to ppm levels through the

water-gas shift reaction, using a good low-temperature catalyst.

O2-rich
air Diesel Diesel
Feed H2+N2-rich Increased
air intake air_, N2/02 ratio Exhaust gas
v i 7'y i 7 Y ”
Air separation | Exhaust gas (T
membrane [ ] ) y
A 4
Refor@—b
On-board H2
storage
(a) H2-rich EGR (b)

Figure 1.3: Simultaneous enrichment of the intake air with H, + N, through, (a)
combination of an air separation membrane and on-board hydrogen reservoir,

and (b) integration of a fuel reformer into the EGR loop.
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Chapter 7 - Enrichment of the intake air with a mixture of syngas and nitrogen

The effects of the intake air enrichment with simultaneous syngas + N, on the
performance, emissions and combustion of the engine are presented in Chapter 7. Apart
from hydrogen, and depending on the reactions promoted, the reformate typically contains
a significant amount of carbon monoxide, which is produced as a by-product. A bottled
gas mixture with hydrogen and carbon monoxide contents resembling those of typical
diesel reformer product gas was delivered into the engine. Nitrogen, drawn from a separate
bottle, at the same volumetric fraction to syngas, was simultaneously admitted into the
engine. Figure 1.4 shows the schematic representation of the engine with a diesel reformer

integrated into the EGR loop.

Diesel
Increased

N2/02 ratio Exhaust gas

A v

A 4

Reformer )—b

H2+CO-rich EGR

Figure 1.4: Simultaneous enrichment of the intake air with syngas + N, using a diesel

reformer integrated within the EGR loop.

Chapter 8 - Conclusions and recommendations for future work

In addition to discussing the conclusions and the significance of this study, Chapter 8

presents the proposed future work that can be performed to take this research effort further.
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CHAPTER 2
LITERATURE REVIEW

2.1 Regulated exhaust emissions from diesel combustion

Combustion is a chemical process in which the hydrogen and carbon atoms contained in a
hydrocarbon fuel are oxidized releasing energy in the form of heat and light. The products
of complete or ideal combustion of a hydrocarbon with air are water (H,O) and carbon
dioxide (CO,). This type of combustion occurs under stoichiometric air-fuel ratio
conditions. However, the intrinsic complexity of the combustion process, the great
variability in the local equivalence ratio in diesel engines, together with the structure and
function of the different components, lead to the production of additional chemical
compounds such as NOy, unburned hydrocarbons (UHCs), CO and particulate matters
(PM). The adverse effects of these chemical compounds have been well documented in a
number of investigations [7-9]; hence, in an effort to protect human health and the
environment, air pollution limits have been established worldwide. In Sections 2.1.1 -
2.1.4, a discussion on the formation of NO,, PM, CO and THC emissions in internal

combustion engines is provided.

2.1.1 Nitrogen oxides

Nitrogen oxides are principally composed of two pollutants: nitric oxides (NO) and
nitrogen dioxides (NO;). Typically, NO comprises over 90% of the engine-out NOy
emissions. The molecular nitrogen contained in the air is oxidized to form NO when
ambient air is exposed to elevated temperatures. In case nitrogen atoms are present in the
fuel, the oxidation of the nitrogen-containing compounds during the combustion process is
an additional source of NO. In total, there are three NO formation mechanisms in diesel

engines, which are described below [10-13]:

When the combustion temperature is higher than 1527-1727 °C and the air-fuel ratio is
close to stoichiometric the thermal or extended Zeldovich mechanism is the major
contributor to NOy emissions from diesel engines. The chemical reactions governing the

formation of NO from nitrogen (and its destruction) are:
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O+N, ©#NO+N 2.1
N+0,<NO+0O (2.2)
N+OHe NO+H (2.3)

The rate of NO formation is given by the following equation:

d[NO]
dt

= k{[0][N,] + k7 [N][O,] + k3[N][OH] — ki [NO][N] — k3 [NO][0]  (24)

— k3[NO][H]

where ki, k3, k¥, k7, k3, k3 are the rate constants for the extended Zeldovich mechanism

(rn3 mol™! s'l).

Due to the high temperature required, thermal NO only appears in significant quantities
after the onset of heat release. It has been reported that the production rate doubles for

every 90 °C temperature increase beyond 1827 °C [14].

The Prompt NO or Fenimore mechanism is relatively insignificant for most diesel
combustion conditions. Formation of NO occurs in the flame reaction zone and is very
rapid. That zone is extremely thin and residence time within the zone is short. Equation

(2.5) is important for the initiation of NO under this mechanism:
CH+ N, o HCN+N (2.5)

In a series of reactions that take place, the presence of O and OH strongly affect the rapid

conversion to NO.

Generally, distillate fuels do not contain significant amounts of organic nitrogen;
therefore, the amount of fuel NO in the exhaust gas of a diesel engine is negligible.
Nevertheless, heavy fuel oils with residual fuel may contain significant quantities of
organic nitrogen, which can contribute to NOy emissions. In such cases, the conversion of
fuel nitrogen to NO strongly depends on the stoichiometry, local temperature and level of

nitrogen in the fuel-air mixture.

A complete understanding of NOy formation mechanisms is essential in order to reduce
the levels being produced and released into the atmosphere, and as a result minimize the

adverse effects on human health and the environment. From the environmental point of

27



Chapter 2: Literature Review

view, NOy emissions react to form smog and acid rain and contribute to global warming.
Concerning their impact on human health, breathing NOy can cause respiratory problems,

may damage the lung tissue and may cause premature death.

2.1.2 Particulate matter

It should be clarified that in the current research work the smoke concentration in the
exhaust gas was determined by the filter paper method. In particular, a photoelectric head
measured the blackening of a clean filter paper, caused by the soot (that is, combustion
generated carbonaceous material) contained in the combustion products. However, for the
sake of completeness a discussion on the production of PM is also provided. In fact, PM

values are obtained using a different measurement method.

It is very difficult to classify PM due to the chemical and physical complexity involved.
In essence, PM consists of solid carbon particles and other chemical species that
agglomerate to form complicated particles. The agglomerated particles undergo the
following formation sequence: the carbon formed from reactive intermediates in the fuel-
rich zone is not always fully burned when moved to a region with excess oxygen. As a
result, residues of fine carbon cores remain in the combustion products. The reaction rate
of these fine carbon cores is reduced as they cool down. While moving through the exhaust
pipe, the carbon particles agglomerate and mix with condensed heavy hydrocarbons,
sulphur oxides, nitrogen oxides and metallic ash formed during the high temperature

combustion [15]. The resulting particle is schematically shown in Figure 2.1.

Solid Carbon
° ° Particle

Q
[

Adsorbed

‘ . . hydrocarbons
°

. PY Liquid condensed
° .
e © . ® hydrocarbon particles
(6) ™ . . Hydrated sulphate
° o ]
o o ® particles

o

Figure 2.1: Schematic representation of diesel particulate matter.
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A more detailed discussion is provided over the next paragraphs in order to further
understand the formation process, their composition, the effect they have on the

environment and human health as well as the treatment methods.

The particulate matter is divided into three main fractions [16]:

e Solid fraction (SOL)

The unburned carbon particles agglomerate while travelling from the cylinder to the
ambient air. The oxidation rate of particles is decreased as they move away from the
cylinder due to the reduction of the temperature they are exposed to. Metal ash compounds
derived from lubricating oil additives, along with engine wear, is another source of solid

material.
e Soluble organic fraction (SOF)

The proportion of SOF in the PM may vary considerably depending on engine load,
technology and test cycle and may constitute over 50% of the total PM. As already shown
in Figure 2.1, the unburned hydrocarbons adsorb or condense onto the surface of the solid

fraction of a particulate matter, forming the SOF.
e Sulphate particulates

Sulphate particulates are formed through the interaction between molecules of H,SO4 and
H,0. Their formation strongly depends on the fuel sulphur level; thus, reduction of fuel
sulphur content is the major suppression mechanism. Referring to Figure 2.1, sulphate

particulates are mixed with SOL and SOF to form the final PM.

Exposure to diesel PM may result in developing asthma and/or lung cancer [17]. The size
of particles has received much attention in the research carried out as it determines how
deeply it penetrates into the human respiratory system. Large size particles (>10 pm) are
deposited within the nose and throat, whereas small particles (<2.5 pm) can penetrate

deeply into the lungs.

Measurements in the cylinder of a running engine provide useful information on the
history (formation-oxidation) of the particulates at various points within the cylinder,

including the diesel spray. To date, several in-cylinder particulate measurement techniques
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have been used, including rapid acting valves [18], optical absorption techniques [19] and
cylinder dumping [20]. Techniques that are used to measure PM in the exhaust pipe

include gravimetric analysis and electrical mobility techniques.

The complexity of PM (both chemical and physical) makes the in-cylinder treatment a
very challenging task since there are many mechanisms (often competing) influencing the
formation-oxidation of that pollutant. Soot formation-oxidation is affected by the
temperature, fuel composition, pressure within the combustion chamber, local oxygen

concentration, duration of diffusion combustion and residence time, to name a few factors.

Despite the research findings on PM formation-oxidation, the current emission limits can
only be met by fitting advanced emission aftertreatment technologies, such as diesel
particulate filter, within the exhaust pipe. Further technological advances are required in

order to achieve sufficient in-cylinder reduction of PM.

Figure 2.2 shows the soot and NOy formation regions in the ¢-T (local fuel-air
equivalence ratio and flame temperature) graph obtained by performing zero-D

calculations for n-hexane with 0% EGR [21].
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Figure 2.2: Calculated ¢-T map for soot and NO formation for n-hexane, [21].

The figure clearly illustrates the strong dependence of soot and NOy emissions on
equivalence ratio and temperature. Smokeless combustion can be achieved by avoiding the
soot formation peninsula, especially the area around the peak soot formation. On the left of
the soot peninsula (low temperature combustion), the formation of soot is suppressed by
the freezing of reactions from polycyclic aromatic hydrocarbons (PAH) to soot particles.

On the right of the soot formation peninsula, the oxidation rate of soot precursors and PAH
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is very high due to the increased temperature; therefore, the particles are consumed before
they advance to the next particulate formation stages (that is, particle inception, surface
growth, particle coagulation and agglomeration). The reduction of NO emissions can be
realised by avoiding the NO formation zone, which is located at the bottom right corner of

the figure.

When hydrogen is admitted into the engine, the peak combustion temperature is
increased, causing an increase in NOy and a reduction in soot formation. The former
occurs mainly because the combustion temperature tends to move towards the centre of the
NOy region, whereas the latter, among other factors, is attributed to the enhanced soot
oxidation as the combustion moves towards the right of the soot peninsula. In a similar
way, introduction of nitrogen-rich intake air into the engine leads to NOy reduction, since
the NOy-producing reactions freeze due to the drop of peak combustion temperature. The
increase in soot is attributed to the increase in the global equivalence ratio. Enrichment of
the intake air with either a mixture of H, + N, or a mixture of syngas + N, can lead to
simultaneous reduction of NOy and soot emissions (under certain operating conditions),

provided that the NOy and soot producing regions are avoided.

2.1.3 Carbon monoxide

In internal combustion engines, CO is produced from the incomplete combustion of the
carbon-containing fuel. Oxygen depletion is the dominant factor leading to incomplete fuel
oxidation. Other factors promoting the formation of CO include flame quenching on
cylinder walls, non-homogenous air-fuel mixing and reduced combustion temperature and
residence time. The adverse health and environmental effects of CO emissions are

summarised over the next paragraphs.

When CO is inhaled it enters the bloodstream through the lungs and binds with
haemoglobin to form carboxyhaemoglobin (COHb), which in turn decreases the oxygen
carrying capacity and leads to tissue hypoxia [22]. The acceptable exposure to CO
emissions is determined by both CO concentration and time. Permitted exposure time
reduces by increasing CO emissions and vice versa. The short-term exposure limit
tolerates 200 ppm for 15 minutes. Reduction of CO concentration to 30 ppm increases the
exposure time to 8 hours [23]. Table 2.1 summarizes the symptoms observed after the

exposure to CO emissions at a certain amount of time.
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CO has not been proven to be a direct contributor to environmental pollution. However,
its indirect effects on global warming are important. The presence of CO in the atmosphere
affects the lifetime of strong greenhouse gases, such as methane. CO reacts with hydroxyl
(OH) radicals to form a strong greenhouse gas, CO,. Consumption of OH leads to
increased methane concentration as OH radicals are very useful in removing methane from
the atmosphere by reacting with it. CO street level concentration has been decreased from
tens of ppm in the 1970s to a few ppm in the 1990s and even less today due to the
reduction of CO emissions from vehicles [24].

Table 2.1: Symptomatology and CO exposure [23].

Symptom COH.b CO concentrati.on
concentration [%] | [ppm/exposure time]
Asymptomatic 0-20 100/8h
Mild frontal headache 10-20 100/8h to 200/4h
Headache + tachycardia 20-30 500/2h
Steady symptom progression 200-1200
Collapse 30-40 300
Coma 50-60
Chemical asphyxiant actions > 1000
Death in 2h 60-70 650-1000
Death < 1h 80-90 2000
Death in few min 90-100 4000
Death in 10 min 8000
No symptoms before collapse 10,000
Fatal arrhythmia before high
COle] concentration ¢ 50,000

2.1.4 Total unburned hydrocarbons

Hydrocarbon pollution is caused when unburned or partially burned fuel is emitted from
the tailpipe of a vehicle. Fuel evaporation also contributes to hydrocarbon emissions in the
atmosphere, but to a lesser extent. The origins of unburned hydrocarbons (UHCs) in a

diesel engine can be summed up as follows [11, 25, 26]:

e Combustion chamber crevices

e Flame quenching on the combustion chamber surfaces
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e Formation of liquid films on combustion chamber surfaces

e Under-mixing of fuel and air, resulting in over-rich zones that cannot burn due to
local lack of oxygen (including fuel dribbling out of the injector sac volume)

e Over-mixing of fuel and air beyond lean flammability limits during ignition delay

period

The composition of hydrocarbon emissions, and therefore the effects on humans and the
environment, can be significantly influenced by the fuel used. Some hydrocarbons are
toxic and suspected carcinogens, others are highly reactive in the smoke-producing

chemistry, while others are odorants and irritants.

2.2 Legislation

In the early 1950s a California researcher realised the adverse impact of fossil fuel
powered motor vehicles on air quality. Since then, much effort has been put into setting

standards and developing emission control technologies.

The first emissions standard (set by the California Motor Vehicle Pollution Control
Board) was first developed in 1966 and aimed at reducing the UHCs and CO exhaust
pollutants emitted from the vehicles sold in California [27]. The EGR valve was developed
in 1972, while the first generation catalytic converters were built 3 years later, in 1975. In
1981 sophisticated three-way catalysts, on board computers and oxygen sensors were fitted

in most new cars [28].

A milestone in emission standards was the introduction of ‘Tier’ (United States) and
‘Euro’ (European Union) in 1994 and 1993, respectively. Concerning the Euro standards,
the stages for light-duty diesel engines (passenger cars) are typically referred to as Euro 1
implemented in 1993, followed by Euro 2 in 1996, Euro 3 in 2000, Euro 4 in 2005, Euro 5
in 2009 and Euro 6 in 2014. It should be mentioned that the corresponding standards for
heavy-duty vehicles use Roman, instead of Arabic numerals (that is, Euro I ... VI). Figures
2.3 and 2.4 illustrate the permitted particulate matter and NOy emissions as well as the year
they come into force as defined by the European Union directives [29]. Failure to meet the

European or U.S emission standards results in tax penalties.

The emission levels are tested using the New European Driving Cycle (NEDC), which

simulates the typical speed-time pattern of a car driven in Europe. It is composed of four
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consecutive ECE-15 cycles with maximum speed 50 km/h and average speed 19 km/h and
one extra-urban cycle with maximum and average speed 121km/h and 63 km/h,

respectively.

Achievement of the legislated emission limits requires the combination of in-cylinder and
aftertreatment emission reduction systems. The former includes application of various
injection strategies (injection rate shaping, fuel injection pressure), alternative combustion
concepts (HCCI, PCCI, LTC), EGR, alternative fuels and exhaust gas reforming, whereas

the latter involves the installation of catalytic reduction systems within the exhaust pipe.
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Figure 2.3: European Union Particulate matter emission standards.
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Figure 2.4: European Union NOy emission standards.

34



Chapter 2: Literature Review

2.3 Exhaust gas aftertreatment

Although the harmful by-products produced during the combustion process can be reduced
(to a certain extent) by employing in-cylinder emission control techniques, application of
aftertreatment catalysts is deemed necessary in order to reduce pollutants to legislated
levels. When catalysts were first introduced, and based on the legislative emission levels at
that time, an oxidation catalyst was adequate in diesel engines. A modern diesel-powered
vehicle may require the combination of up to three different aftertreatment devices, which

are presented below [30].

2.3.1 Diesel oxidation catalyst

The diesel oxidation catalyst is designated to convert CO, HC and SOF of particulate

matters to CO, and H,O. The chemical reactions involved are given below:

1
CO +0, > €O, (2.6)
HC + 0, - CO, + H,0 2.7)
SOF + 0, - CO, + H,0 (2.8)

The exhaust gas that flows through the small channels of the catalyst comes in contact
with the platinum group metals (PGMs) that are coated on the monolith. As diesel engines
spend all the operating time running on lean air-fuel ratios, there is a sufficient amount of
oxygen, which is consumed by the combustion products, as shown in the equations above.
Another important parameter that greatly influences the chemical reactions (2.6-2.8) is
temperature. Conversion efficiency, which is a strong function of exhaust temperature, can

exceed 90% at elevated temperatures.

2.3.2 Selective catalytic reduction

The selective catalytic reduction is a well proven technology for the reduction of NOy
emissions in stationary and marine diesel engines. In mobile diesel applications, EGR is
typically employed to offer the required reductions. However, due to stringent NOy limits,
EGR alone is no longer capable of bringing NOy to such low levels. Hence, incorporation
of SCR systems in the exhaust pipe of diesel-powered vehicles is required in order to
comply with the current NOy limits. Traditionally, ammonia (NH3) that is injected into the

exhaust pipe evaporates and mixes with the exhaust gas and then enters the catalyst where
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NOy emissions are broken down. Nevertheless, due to toxicity and handling issues of NHj
it is not feasible to use it in mobile diesel engines. Extensive research found urea to be an
acceptable alternative to NH3, meeting technical and commercial requirements. Figure 2.5
shows a simplified (in terms of both structure and chemical reactions) SCR system in
which diesel exhaust fluid (DEF) is injected upstream of the catalyst into the exhaust pipe.
DEF, also referred to as Ad-Blue, is an aqueous solution composed of 32.5% urea and
67.5% deionised water. When the exhaust gas temperature is over 160 °C, it forms NHj

through a series of reactions in the decomposition reactor.

DEF

DEF is converted into

DEFis injected into NHs through hydrolysis

the exhaust pipe )

NH3 and NOxreact into the
catalyst to form N2and H20

/
///
/
Exhaust gasin —> : NH;—‘ @ | Exhaust gas out —>

Figure 2.5: Selective catalytic reduction system.

The following urea decomposition and NOx conversion reactions can take place:

CO(NH,), = 2-NH, + CO (2.9)
CO(NH,), + H,0 = 2NH, + CO, (2.10)
-NH, + NO = N, + H,0 2.11)
6NO + 4NH; = 5N, + 6H,0 (2.12)
4NO + 4NH; + 0, = 4N, + 6H,0 (2.13)
6NO, + 8NH; = 7N, + 12H,0 (2.14)
2NO, + 4NH; + 0, = 3N, + 6H,0 (2.15)

2.3.3 NOx adsorber

The NOy adsorber is an alternative to SCR that uses a storage component such as barium
(Ba), calcium (Ca), potassium (K) and sodium (Na) to trap the NOy emitted from a lean
burn internal combustion engine. When excess oxygen exists in the combustion products,

NOy is stored via the oxidation of NO to NO;:
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1
NO + 50, = NO, (2.16)

and subsequently stored in the trap as nitrate species:
NO, + MO = MNO; (2.17)

Decomposition of the stored nitrate species takes place when the engine operates either in

fuel-rich conditions or at elevated temperatures:

1
MNO; = NO + EOZ + MO (2.18)
The reduction of NO over the trap is described by the following chemical equation:
1

Equation (2.19) requires high temperatures otherwise a NOy spike can occur during the
regeneration [31]. Conversion efficiency of as high as 80-90% has been reported with the

maximum performance typically occurring in the 350-380 °C range [32].

2.3.4 Diesel particulate filter

The DPF captures the emitted particulate matters and can demonstrate filtration efficiency
in excess of 90% [33]. The operating principle is based on the separation of gas-borne
particles from the exhaust gas stream by deposition on the filter walls. Figure 2.6

schematically illustrates how the DPF operates.

1. Pre-treated exhaust emissions 2. Filtered exhaust emissions

Figure 2.6: Function of the diesel particulate filter.

The structure of the filter consists of a series of dead end channels running parallel in the

axial direction. The exhaust gas is forced to travel through the porous tube walls to an exit,
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which results in particles being deposited on the filter walls. Frequent regeneration of the
filter is required to burn off the accumulated particulates, which increase the exhaust back

pressure causing adverse effects on available engine torque and fuel consumption [34].

2.4 Diesel combustion

The description of diesel combustion is essential in order to improve engine efficiency and
gain insight into the emission formation and destruction mechanisms. Based on the
combustion concept, various conceptual models that describe the spray formation,
vaporisation, mixing, ignition and pollutant formation and destruction mechanisms have
been proposed [35, 36, 37]. The conceptual model for conventional diesel combustion
during the quasi-steady phase, as proposed by Dec [36], is depicted in Figure 2.7. The
liquid fuel vaporises as it travels from the nozzle down the jet since it rapidly entrains in
the hot in-cylinder air. This results in the formation of a sheath-like fuel-vapour/air
mixture layer along the sides of the jet. The initial fuel oxidation occurs as the fuel-
vapour/air flows into the jet, which is being exposed to high temperatures, while the final
oxidation takes place at the border of the jet. The rate of combustion increases as more
fuel-vapour/air and hot combustion products re-entrain into the penetrating jet. This
actually constitutes the main idea of the two-stage fuel oxidation as shown in Figure 2.7

[37].

Scale (mm)
I Licuid Fuel [ Fuel-Rich Premixed Flame
[ Rich Vapor- [ Initial Soot Formation

F'j’e“‘f\i' Mixture  mmm Thermal NO Production Zone
Diffusion Flame [ Soot Oxidation Zone

Lowo | High
Soot Concentration

Figure 2.7: Schematic of Dec’s conceptual diesel combustion model during the quasi-

steady period of diesel combustion [36].

In addition to the discussion provided in the previous paragraph, a more complete picture

of diesel combustion can be obtained by presenting the different stages of the combustion
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process (from the start of injection (SOI) to the end of combustion (EOC)). The apparent
heat release rate (AHRR), which can be evaluated by the in-cylinder pressure data, is very
useful in characterising the combustion process. Figure 2.8 shows the in-cylinder gas
pressure, temperature and the calculated AHRR obtained from a 5.79 litre heavy-duty
diesel engine operating at 1000 revolutions per minute (rpm) and two different equivalent

ratios (¢) 0.41 and 0.53 [38].
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Figure 2.8: Defined phases of diesel combustion [38].

Marked on the graphs are the different combustion phases, which are detailed below:
a: Start of fuel injection (SOI) is taken either as the time when the injector needle lifts off
its seat (when there is a needle lift indicator) or as the time the engine control unit (ECU)

sends a signal to the injector (when there is no needle lift indicator).

a-b: Ignition delay (ID) is the time interval between SOI and start of combustion (SOC).
Due to the heat absorbed by the evaporating liquid fuel, the AHRR during ID is typically

negative. Some of the parameters affecting the duration of ignition delay are the engine
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operating conditions, the quantity of the fuel being injected, the injection timing and the

level of intake air dilution.

b-c: Premixed combustion refers to the phase of combustion that takes place after the ID
period. A ready to ignite fuel-air mixture is formed during the ID phase and combustion
starts once the autoignition temperature of diesel has been reached. As shown in Figure
2.8, the rate of pressure, temperature and apparent heat release rise is very rapid causing
undesirable effects. In fact, the characteristic diesel engine noise is associated with this
combustion phase. In addition, the high temperature and oxygen availability favours the
production of NOy emissions. Depending on the shape of the AHRR curve, the end of
premixed combustion is defined either as the local minimum after the first spike [39, 40]
or as the point at which there is a significant reduction in the gradient of the AHRR curve

after the first spike [38].

c-d: Diffusion combustion, also referred to as mixing-controlled combustion, starts
immediately after the premixed combustion and finishes at the end of fuel injection. The
rate of fuel consumption is governed by the injection rate and subsequent mixing with air.
Local fuel-rich mixtures during this combustion phase, along with the high in-cylinder

temperature, promote the formation of soot.

d-end of combustion (EOC): Late combustion provides the opportunity to any remaining
fuel or partially-burned products to burn at a much lower rate, provided that adequate

motion still exists within the cylinder.

2.5 Alternative diesel combustion modes

Alternative diesel combustion strategies [41-44] show promising potential for the
reduction of emission formation. Extensive research is being carried out in order to
overcome the various issues that hinder a large-scale introduction of such combustion
modes in diesel engines. Some of the challenges being faced are combustion
controllability, emissions trade-off effects, fuel consumption penalties and the requirement
of sophisticated fuel control units. The following section covers the workings as well as
some of the findings from recent research efforts on low temperature combustion (LTC),
homogenous charge compression ignition (HCCI), premixed charge compression ignition

(PCCI) and reactivity controlled compression ignition (RCCI).
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2.5.1 Low temperature combustion

The main objective of LTC is to alter the combustion chemistry of conventional diesel
engines in order to minimise the formation of pollutants. The reduction of engine-out
emissions, among other advantages, can benefit the aftertreatment devices as less

complexity and cost are involved in achieving the same emission limits.

A major challenge with all LTC concepts is the difficulty in controlling the combustion
process; hence, the operating range of the engine is significantly limited when adopting
such combustion concepts. In addition, application of LTC typically results in trade-off
effects between emission formation and fuel consumption. The above issues clearly

indicate that certain challenges need to be overcome before large-scale adoption of LTC.

Feng et al. [45] studied the effects of EGR on engine combustion and emissions, using
five different diesel blends. The experiments were performed on a modified compression
ignition engine operated in LTC mode. It was found that an addition of EGR leads to
thermal efficiency reduction, extends the ignition delay and increases the HC and CO
emissions. It was also shown that the thermal efficiency decreases, start of combustion
delays and maximum heat release rate increases when the initial boiling point of the fuel is

reduced.

The fuel suitability in a high compression ratio engine operating at high-load conditions
has been investigated by Han et al. [46]. The authors tested the suitability of four fuels
(diesel, gasoline, n-butanol and ethanol) and fuelling strategies for LTC operation by
examining the emission performance and the combustion controllability. When neat diesel
operation was applied, LTC was enabled at 0.8 and 1.0 MPa IMEP with extremely high
EGR rates required in order to combust the fuel in the LTC region. According to the
authors, gasoline/diesel combustion exhibited low NOy and soot emissions at 0.8-1.0 MPa
IMEP load operation, but a further increase in load imposed problems. Operation with n-
butanol revealed that high pressure direct injection of the fuel was more advantageous
compared to port injection. In the latter case, premature auto-ignition of the fuel has a
detrimental effect on the emission performance. Finally, it was found that ethanol/diesel
combustion is suitable for high-load LTC operation as it is beneficial to both combustion

control and emission.
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2.5.2 Homogenous charge compression ignition

The HCCI combustion mode is a method of achieving LTC, which can simultaneously
reduce NOy and smoke emissions. Figure 2.9 shows the region, in terms of temperature
and equivalence ratio, of such a combustion mode. It is clear that the NOy and soot
producing zones are largely avoided, altering this way their formation chemistry. The
reduction of soot is accomplished by creating a homogenous air-fuel mixture in the
combustion chamber, thus preventing the formation of local fuel-rich zones in which much
of the soot is produced. The combustion temperature is located to the left of the NO
formation zone; thus, the formation of NOy is largely suppressed. The drawbacks
associated with this combustion mode are increased CO and HC emissions as well as
limited operating range. Stanglmaier and Roberts [47] found that fuel admission is critical

in reducing fuel-wall wetting in HCCI engines.
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Figure 2.9: Equivalence ratio-temperature diagram of different combustion concepts [48].

Various methods have been proposed for the formation of a homogenous mixture,
including port diesel injection and early direct injection. The former technique ensures the
longest interval between SOI and start of ignition. Clearly, this gives the longest possible
time for the mixing of diesel with air. However, this method is practically unfeasible as it
suffers from poor ignition control, high HC and CO emissions and fuel consumption
penalties, to name a few issues. Direct injection strategy, for early or late diesel injection,
offers a good flexibility in switching combustion modes, depending on the operating

conditions.
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Guo et al. [49] experimentally investigated the effect of hydrogen enrichment on the
combustion and emission performance of an HCCI diesel engine. Both fuels (hydrogen
and diesel) were introduced into the engine through the intake port, while the intake air
was diluted using EGR. It was reported that introduction of hydrogen resulted in retarded
combustion phasing and reduced combustion duration. Also, it was demonstrated that the
indicated specific CO and HC emissions were decreased when hydrogen was admitted into
the engine. In addition, it was shown that supply of hydrogen at extra lean conditions
without EGR 1s more effective compared to high EGR and near stoichiometric mixture.
However, it was observed that hydrogen may increase the knocking tendency of the HCCI

engine.

2.5.3 Premixed charge compression ignition

The PCCI is another LTC concept that can offer emissions reduction. In contrast to HCCI,
in this combustion strategy, the air-fuel mixture is not entirely homogenous. In fact, it is
quite difficult to obtain a fully homogenous diesel-air mixture due to the low volatility and
low auto-ignition temperature of diesel. In a PCCI engine, the air-fuel mixture ignites
spontaneously; thus, no flame propagation occurs as happens in a conventional diesel

engine. This results in high pressure rise rates, which can reduce the engine life.

The premixed charge within the cylinder is typically achieved by early fuel injection.
Certain drawbacks associated with this injection strategy, such as wall-wetting, can be
detrimental to HC and CO emissions. Boot et al. [50] investigated whether uncooled EGR
can reduce wall-wetting when early diesel injection is employed. The elevated by 40-60 °C
intake temperature promoted better evaporation of diesel fuel. The authors reported
significant smoke number reduction with simultaneous IMEP improvement. Additionally,

they proposed that more research is required in order to obtain acceptable efficiency.

Based on their study, Beatrice et al. [51] reported that compression ratio (CR) is the most
effective parameter in controlling the ignition delay in a PCCI engine. The CR should be
carefully optimised as neither too low nor high is desirable. The former may increase the
fuel consumption and cause cold engine stability issues, whereas the latter can reduce the
benefits of PCCI as the combustion approaches that of conventional diesel engines. It was
shown that adoption of low CR resulted in significant smoke reduction and negligible

change on fuel consumption at the expense of HC and CO emissions. NOy emissions,
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which remained relatively unaffected, were controlled using EGR. The authors concluded

that a CR around 15.5 is the best compromise for the engine under investigation.

Leermakers et al. [52] investigated the effects of fuel composition on PCCI combustion
in a heavy-duty diesel engine. It was found that the mixing time was increased when a
lower cetane number diesel was used. This resulted in less NO, and smoke emissions at the
expense of CO, HC and fuel consumption. It was also reported that in the conditions under
investigation, the use of n-heptane as the diesel surrogate in modelling studies gives

underestimated CO and HC emissions and overestimated NO, emissions.

2.5.4 Reactivity controlled compression ignition

RCCI is typically realised by delivering two distinct fuels with different reactivities into
the combustion chamber. The low reactivity fuel is supplied first, well before the injection
of the high reactivity fuel. This technique ensures that the low reactivity fuel is thoroughly
mixed with air and ignites spontaneously once the combustion of the high reactivity fuel
initiates. By employing that combustion mode, increased fuel efficiency, ultra-low NOx

and PM as well as reduced heat transfer losses can be achieved.

Part of Splitter’s et al. [53] study dealt with an RCCI single-cylinder heavy-duty engine
operated at a fixed load and speed of 6.5 bar IMEP and 1300 rpm, respectively. Port
injected E85 represented the low reactivity fuel, whereas cetane improved gasoline (direct
injected into the cylinder) represented the high reactivity fuel. Under this operating mode,
the authors reported a gross indicated thermal efficiency near 60% as well as near-zero

NOy and PM emissions.

Hanson et al. [54] performed experiments on a heavy-duty 2.44 litre Caterpillar 3401
single-cylinder engine operated in RCCI mode. The engine speed was varied between 800
and 1700 rpm, while the load was set at 2 and 4.5 bar gross IMEP. Throughout their
experiments they employed a dual fuel and a single-fuel strategy. In the former strategy,
port gasoline and direct diesel injection was used. In the latter strategy, gasoline was
employed in both streams, but the cetane number of the direct injection stream was
increased by adding 2-Ethylhexyl Nitrate. The authors concluded that both fuelling
strategies resulted in NOx and PM emissions below the US EPA 2010 HD on-road limits,
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without fitting the engine with aftertreatment systems. They also demonstrated that both

fuel strategies increased thermal efficiency.

The efficiency and emissions mapping of an RCCI light-duty diesel engine was carried
out by Curran et al. [55]. The engine, operated over a wide range of speed and load
conditions, was fuelled by gasoline and ultra-low sulphur diesel. Based on the operating
conditions, diesel was delivered into the cylinder either through a single or a split injection
and the results obtained were compared to the conventional diesel operation. According to
the authors, the RCCI engine showed diesel-like thermal efficiency at lower speeds and
loads, while up to 5% efficiency improvement was achieved at higher speeds and loads. In
addition, the RCCI mode was reported to produce lower NOy but higher CO and HC

emissions, compared to the conventional diesel combustion (CDC).

2.6 Injection parameters

The fuel injection system plays a major role in diesel atomisation, mixture formation and
flame evolution, which are very important in obtaining good combustion quality. Accurate
control of the time, pressure and amount of fuel delivered into the cylinder can
significantly improve the performance as well as pollutant and noise emissions of a diesel
engine. Moreover, the success of alternative combustion modes and alternative fuels

greatly depends on the adoption of advanced injection systems.

2.6.1 Injection timing and pressure

Diesel injection timing can easily be adjusted by triggering the injector at the desired time.
The in-cylinder conditions at the time the fuel is delivered into the combustion chamber

significantly affect the combustion process.

When injection timing is advanced, the fuel entering the combustion chamber is exposed
to a lower temperature and pressure. This gives more time for the fuel to mix with the in-
cylinder air since the onset of combustion occurs only when the in-cylinder temperature
reaches the autoignition temperature of diesel. As a result, the premixed burn fraction is
increased leading to high NOy production. Soot formation, which in general is increased
with diffusion burn fraction, tends to decrease as injection timing is advanced. The high
combustion temperature, caused by the rapid premixed combustion, promotes the

oxidation of the soot produced in the rich fuel regions. The early injection timing is
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detrimental to THC emissions as the spray tip penetrates deeper (because of the lower
charge density) leading to spray wall impingement. A long ignition delay may result in
over-mixed regions, which are not desirable as the flame cannot propagate to fully burn the

fuel.

Retardation of injection timing leads to a decrease in NOyx and THC at the expense of
soot emissions. The fuel is delivered to higher in-cylinder temperature (compared to
advance injection); hence, the premixed burn fraction is reduced due to the shorter ignition
delay. This is actually a dominant main factor leading to the reduction in NOy emissions.
The reduction in THC emissions is attributed to the increased in-cylinder density, which
leads to a decrease in spray wall impingement. The rise in soot emissions is mainly
attributed to the increase in diffusion burn fraction, along with the reduction of the in-
cylinder temperature. Concerning thermal efficiency, the optimum injection timing can
vary depending on the operating point of the engine. In general, when diesel injection is
commenced too early, the increased in-cylinder pressure forces the piston down before it
reaches the TDC and thus negative work is being performed. Delayed injection can also be
problematic as fuel burn during the expansion stroke limits the maximum in-cylinder

pressure.

Development of the high pressure common rail fuel system brought about a revolution in
diesel engines as it allows injection of high pressure fuel, currently up to 2500 bar [56]. A
number of studies have shown that an increase in fuel injection pressure promotes the fuel-
air mixing, which favours the reduction of pollutant emissions and fuel consumption [35,
57]. Understanding of diesel spray characteristics such as spray tip penetration, droplet
size distribution and spray structure is very important in optimising the combustion
process. Generally, a reduction in injector nozzle-hole is a technique that allows generation
of small size fuel droplets. However, this measure can be detrimental to spray tip
penetration as the spray momentum is reduced. The negative impact on spray penetration
can be tackled by employing a common rail system. Combination of high injection
pressures with small nozzle-holes can considerably contribute to the improvement in

combustion efficiency.

In their work, Chen et al. [58] employed a common-rail high-pressure fuel injection

system to study the fuel spray and atomisation characteristics of different fuels. They
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concluded that droplet size is decreased as the injection pressure is increased. In particular,
they showed a 50% decrease in droplet size when injection pressure was increased from
300 to 1000 bar. They also proved that at the spray periphery droplets are bigger compared
to those in the centre due to pressure drop. In addition, they showed that under higher
injection pressures the spray penetrates deeper, small droplets distribute in a narrower
region and have less variation in their sizes. An increase in injection pressure enhances

atomisation and shortens the ignition delay as a result of the better fuel-air mixing [59].

2.6.2 Multiple injection and rate shaping

The fuel can be delivered into the cylinder by adopting either a single injection event or
multiple injection events. The latter can be used to reduce the combustion noise as it
allows reduction of the peak heat release. For instance, a double injection strategy can give
two separate heat release peaks with lower maximum values compared to the heat release
value of a single injection event [60]. Moreover, the use of pilot injection has a positive
impact on the formation of NOy emissions as it reduces the ignition delay period. The
corresponding increase in soot emissions can be mitigated using post injection [61]. From
the above it is clear that a pilot-main-after injection strategy may contribute to

simultaneous improvement of NOy, soot and noise emissions.

Injection rate shaping is a technique that allows further optimisation of the combustion
process in direct injection diesel engines. The introduction of fast response solenoid valves
and piezo-electric technology in injectors enables a better control of the fuel delivery into
the cylinder [62]. Simultaneous control of needle lift, injection pressure and injection
timing, as shown in Figure 2.10, can influence the formation of NOy, soot and noise

emissions.
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Figure 2.10: Multiple injections and injection rate shaping for future diesel engine [63].
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Adoption of a steep injection rate causes a deeper spray penetration and a wider spray
plume, which results in a more thoroughly mixed air with fuel [64]. After the onset of
combustion, a gradual rise in injection rate results in a smaller high temperature zone,
because the combustion process becomes slower. This injection technique may contribute
to the reduction of NOy emissions. The formation of soot can also be reduced [65]. It has
been reported that when injection rate shaping is considered, a sharp end of injection
pattern should be adopted in order to minimise the formation of soot from fuel entering

into the cylinder late in the combustion process [66].

Both injection rate rise and injection pressure affect ignition delay. However, under high
injection pressures the effect of injection rate shaping on ignition delay becomes small.
This is due to the fact that under high injection pressure the injection rate shaping has a
minor effect on the formation of the mixture as the momentum of the fuel is mainly

influenced by the fuel pressure [67].

2.7 Alternative fuels and dual fuel

The objectives of using alternative fuels in the automobile sector include reduction of
harmful emissions and greenhouse gases (GHG), enhancement of engine thermal
efficiency, sustainability and increased independence from fossil fuels (when they come
from renewable energy sources). Nevertheless, there are several factors that hinder the
transition from the traditional automotive fuels (i.e. diesel and gasoline) to the proposed
alternative ones, including refuelling infrastructure, transportation, storage and safety
issues as well as combustion and engine related issues. Much research on alternative fuels,
which aims to address the issues preventing them from a large-scale adoption by the
automobile sector, is underway. The findings show that dual fuel (for instance, diesel-
hydrogen and diesel-syngas) could serve as a transition solution to alternative fuels. This
section provides information on the alternative fuels that are considered as potential future

energy carriers.

2.7.1 Hydrogen

Chemical compounds of hydrogen such as water and hydrocarbons constitute a large part
of the Earth’s surface; thus, a trend towards hydrogen economy is not unexpected, taking

into account its desirable properties. The use of hydrogen gas as a fuel for compression
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ignition engines has been investigated by many researchers and some of the findings are

presented below.

Introduction of hydrogen into the combustion chamber of a diesel engine can be realised
either by port injection or direct injection. In the former method, hydrogen is typically
injected into the intake pipe at a pressure slightly above atmospheric, whereas in the latter
method, hydrogen is directly injected into the cylinder during the compression stroke [68].
In both methods, the combustion is typically initiated by diesel since the autoignition

temperature of hydrogen (585 °C) is usually not reached.

Saravanan et al. [69] performed experiments on a single-cylinder direct injection (DI)
diesel engine, modified to allow injection of hydrogen into the intake port during the
suction stroke. Diesel injection was fixed at 23 degrees crank angle (deg. CA) before
injection top dead centre (BITDC), while hydrogen injection timing and duration varied
from 5 crank angle degrees before top dead centre (CAD BTDC) to 5 crank angle degrees
after dead centre (CAD ATDC) and from 30 to 90 CAD, respectively. The authors claimed
a 5.8% brake thermal efficiency increase when fuelled by diesel-hydrogen due to the
enhanced combustion. They also reported simultaneous NOy-smoke emissions reductions
during the dual fuel mode. The reduction of NOy has been attributed to the leaner

equivalence ratios.

According to Shirk et al. [70], the hydrogen-assisted combustion does not affect the
drivability of the vehicle. It was also demonstrated that hydrogen addition slightly reduced
thermal efficiency and NOy emissions. The results were obtained from a car equipped with
a CI engine, running on a chassis dynamometer with 0%, 5% and 10% of the fuel energy

derived from fumigated hydrogen.

A number of studies [71-74] have found that part substitution of diesel with hydrogen has
a detrimental effect on NOx emissions due to the high adiabatic flame temperature of
hydrogen. The use of combined hydrogen and EGR has been proposed in order to mitigate
the adverse effect on NOy emissions. The latter can be employed to bring down the

combustion temperature.

It has been mentioned in Section 2.1.1 that the formation of NOy emissions is primarily

associated with the combustion temperature. Introduction of hydrogen into the engine
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typically causes an increase in combustion temperature with a detrimental effect on NOy
emissions. Some studies present a reduction in NOy emissions when the main fuel is partly
substituted by hydrogen [69, 75]. In essence, there are several factors that can influence the
combustion temperature, which under certain conditions may have a significant effect on
the high temperature zone. To name a few, the structure of the engine, the operating point,
the equivalence ratio as well as the small quenching distance and the high heat capacity of
hydrogen can affect the combustion temperature. Concerning the effect of hydrogen
enriched combustion on carbonaceous emissions, a general agreement exists among all
researchers; namely, an increase in the proportion of hydrogen in the fuel results in less
carbonaceous emissions [69, 71, 76]. The reason is that under the same operating
conditions the amount of carbon contained in a diesel-hydrogen mixture is always lower

compared to that contained in diesel.

Hydrogen enriched combustion is capable of enhancing the function of the aftertreatment
devices. Wichterlova et al. [77] demonstrated that hydrogen addition over a SCR catalyst
significantly improved NOy conversion. In their study, Bromberg et al. [78] showed that
introduction of hydrogen into the exhaust stream can assist the regeneration process of the
DPF. The exhaust gas temperature of a diesel engine might not be high enough to burn off
the accumulated particles; hence, the oxidation of hydrogen can raise the temperature to

the required levels.

2.7.2 Syngas

Syngas, or synthesis gas, is a mixture primarily made up of hydrogen and carbon
monoxide at various compositions. In principle, it can be produced from any hydrocarbon
feedstock. In diesel engines, on-board syngas production is achieved by injecting diesel
fuel in a catalytic fuel reformer integrated within the exhaust pipe. The producer gas,
which is mainly a mixture of syngas and EGR, is then sent back to the engine through the

intake pipe [79].

The composition of the producer gas, which has been reported to affect engine
performance and emissions, depends on the reactions promoted during the reforming
process as well as the feedstock being used. Sahoo et al. [80] performed experiments with
three different volumetric compositions of syngas (H,:CO composition, 100:0, 75:25 and

50:50) in a diesel engine under dual fuel operation. It was concluded that the gaseous fuel
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with 100% hydrogen content exhibited an improved engine performance at the expense of
NOy emissions, compared to the syngas that contained CO. In addition, it was found that

CO and HC emissions increased as the percentage of CO in the gas mixture was increased.

In their paper, Bika et al. [81] demonstrated that part substitution of diesel fuel with
syngas, in any H,/CO proportion, resulted in a reduction in engine efficiency. It was also
reported that the unburned syngas escaping in the exhaust was the main factor that led to
efficiency reduction. Furthermore, it was shown that NO,/NO ratio roughly doubled when

syngas was admitted into the engine because of the increased HO, radicals.

Variations in flame speed are expected at different H,/CO ratios. Dong et al. [82] used a
Bunsen burner to measure the laminar flame speed of syngas over a wide range of fuel
compositions and equivalence ratios. They concluded that laminar flame speed increased
with the concentration of hydrogen. They also demonstrated that the laminar flame speed
of an Hy/air mixture and a CO/air mixture reached its maximum value at the equivalence

ratio of 1.7 and 1.6, respectively.

Supply of syngas in a compression ignition engine, produced by on-board diesel fuel
reforming, can lead to a reduction in engine-out emissions. In addition, it can be used as a
means of thermal efficiency improvement and combustion stability [83]. Similarly to
hydrogen, syngas is beneficial to the function of exhaust aftertreatment systems when it is

present in the exhaust gas.

2.7.3 Liquefied petroleum gas

Liquefied petroleum gas (LPG) is a mixture of propane and butane derived from fossil fuel
sources and is the third most popular fuel being used in automobiles worldwide [84]. It has
a higher specific energy density (kJ/kg) than liquid fuels (diesel and gasoline); however,
the latter prevail when comparing the energy density by volume (kJ/L). The density of
LPG is greater than air, posing both explosion and suffocation risks in case of leakage, as
it tends to settle in low spots. Its high octane number and auto ignition temperature makes
it more suitable for engines using the Otto cycle [85]. When LPG is used in compression
ignition engines, an amount of diesel is required in order to initiate the combustion. A
number of studies have revealed emission and performance benefits from supplying a

mixture of diesel and LPG in compression ignition engines.
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Fuel cost savings up to 2.3 euro/100 km have been estimated by fuelling a Volvo city bus
with an LPG-diesel blend [86]. The gaseous fuel was supplied into the intake manifold of a
7.1 litre diesel engine through a retrofit system. It was also reported that dual fuelling did
not significantly affect NOx and CO, emissions, but it offered PM reductions, which can

benefit vehicles without DPF.

A study investigating the effects on the combustion parameters from the admission of
hydrogen or LPG into the intake manifold of a dual fuel diesel engine has been published
recently [87]. It was shown that the peak cylinder pressure under diesel-LPG (supply of
50% LPG) operation was higher than that at the baseline operation. At the same LPG

fraction, heat release rate was always lower compared to the neat diesel operation.

Saleh [88] experimentally proved that admission of propane (up to 40% gaseous fuel
mass fraction) into the inlet manifold of a diesel engine increased the fuel conversion
efficiency. This study also compared the fuel conversion efficiency obtained by fuelling
the engine by neat propane and propane-butane blends. It was demonstrated that fuel
conversion efficiency dropped with the increase in butane concentration in the gas mixture.

Nevertheless, the increase in butane proportion has a beneficial effect on NOy emissions.

274 Compressed natural gas

Compressed natural gas (CNG) can either be found above oil deposits or can be produced
by the breakdown of organic matter in an anaerobic environment. It is considered a
renewable energy source when it is originated from the latter process. Its density is lower
than air and this makes it safe in case of leakage because it disperses and mixes readily
with the ambient air. When used in compression ignition engines, the onset of combustion

is achieved through the injection of diesel or a fuel having diesel-like properties.

A study aimed at evaluating the performance and pollutant emissions of a diesel and a
CNG waste collection truck in the city of Milan has been presented by Fontaras et al. [89].
The authors concluded that CNG fuelled vehicles (running on the Otto cycle) are less NOy
and PM emitting, but the diesel counterparts prevail when it comes to CO, HC and GHG
emissions. According to the authors, taking into account that the engine-out NOx and PM

emissions are expected to be effectively treated in Euro VI compliant engines, the diesel
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ones likely to be better for the environment than CNGs. However, CNG is still an

attractive fuel due to the energy security it provides.

Abdelaal and Hegab [90] performed experiments on a natural gas fuelled diesel engine
and demonstrated that NOy emissions were considerably reduced, whereas CO and HC
significantly increased compared to diesel only operation. From the findings of Fontaras
and Abdelaal and Hegab we may conclude that when CNG is supplied in either engine

type (gasoline or diesel) the effect on NOy, CO and HC emissions is the same.

In their study, Namasivayam et al. [91] tested three alternative pilot fuels, dimethyl ether
(DME) and two water-in-biodiesel emulsions with 5% and 10% water by volume in order
to assess the effects on the performance and emissions of a compression ignition engine
fuelled by natural gas. It was reported that both pilot emulsions produced higher CO and
HC emissions than the DME pilot. DME exhibited lower NOy emissions apart from the
high-load operation. It was also shown that the worst thermal efficiency was obtained from

the DME pilot fuel.

2.7.5 Biodiesel

Biodiesel is derived from vegetable oils or animal fats that undergo a chemical process
called transesterification producing methyl esters (biodiesel) and glycerin as byproduct
[92]. Owing to similar properties to petrodiesel, biodiesel can be used to fuel compression
ignition engines with minor modifications. It is typically blended with petroleum diesel
and the properties of the mixture can significantly vary, depending upon biodiesel
feedstock and the concentration of biodiesel in the petroleum diesel. The B factor is
commonly used to classify such a blend and states the volume percentage of biodiesel in
diesel. For instance, a B100 fuel would contain only biodiesel, whereas a B50 would be

composed of 50% biodiesel and 50% petrodiesel.

Biodiesel reduces the dependence on fossil fuels as it is made from renewable sources. In
addition, it reduces the net carbon dioxide emissions due to the closed loop of carbon
cycle. When biodiesel is burned, the CO; released into the atmosphere is absorbed by the

plants, which are later used for the production of biodiesel [93].

In their paper, Lapuerta et al. [94] reviewed the effect of biodiesel fuel in diesel engines.

In general, they found that a wide disparity of results exists in the literature, and this is
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attributed to several reasons such as: different engine technologies, operating conditions
and driving cycles used as well as varying biodiesel types and measurement techniques.
Despite this, they concluded that overall the following general trends hold true: Supplying
biodiesel into the engine does not significantly affect thermal efficiency as the increased
bsfc is in proportion to the reduction in heating value. Biodiesel contributes to a minor
increase in NOy emissions as reported in the majority of the papers. Concerning particulate
emissions, many scientists agree that the engine is less PM emitting when fuelled by
biodiesel mixtures; however, that finding might not hold true under cold operation. In
addition, there is a general agreement among the researchers that the higher oxygen
content of biodiesel contributes to a reduction in both CO and THC emissions, compared

to diesel operation.

Atadashi et al. [95] provide a discussion on biodiesel biodegradability, lubricity, stability
and physiochemical properties. Biodiesel can be used in sensitive environments such as
marine engines as it is non-toxic and degrades in soil and water. It also features better
lubricity than petroleum diesel benefiting both fuel injectors and pump, provided that a
good quality biodiesel is supplied, otherwise there is a risk of clogging the injectors. In
order to increase its stability, antioxidant additives might be required in case the fuel will

not be used soon.

2.8 Exhaust gas assisted fuel reforming

On-board production of hydrogen using hydrocarbon fuels is deemed as a transition
solution until issues with hydrogen infrastructure, distribution and on-board storage are
resolved. This technique requires injection of fuel into a catalytic reformer, integrated into
the EGR loop. The hydrogen-rich exhaust gas, capable of improving the combustion and
emissions of the engine, is delivered back to the cylinders. In addition to hydrogen, and
depending on the reactions promoted, a significant amount of CO can be produced during
the reformation process. Unlike fuel cells, combustion of gaseous CO in a diesel engine

does not contaminate any component of the engine.

The reactions involved in producing a hydrogen-rich or a syngas-rich gas stream are
steam reforming, water-gas shift reaction, partial oxidation, endothermic dry reforming
reaction, autothermal reforming and thermal decomposition of the fuel. A combination of

the aforementioned reactions may take place during the fuel reforming process.
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Tsolakis et al. [96] incorporated a laboratory reforming mini reactor in the exhaust
system of a single-cylinder diesel engine to produce a hydrogen-rich gas. According to the
authors, the reformer products contained up to 16% hydrogen. It was also indicated that
the main reactions in the reformer were the complete oxidation and the steam reforming.
Moreover, it was found that simulated REGR with 14% hydrogen content can benefit the

trade-off between NOy and smoke emissions in diesel engines.

In a different research paper, Tsolakis and Megaritis [97] studied the effects of supplying
simulated reformer product gas in a diesel engine. It was concluded that a low level of
REGR can offer simultaneous reductions in NOx and smoke emissions. Additionally, it
was found that further smoke reductions can be achieved by increasing the REGR level,
but at the expense of NOy emissions. Adjustment of fuel injection timing was proven

advantageous to NOy emissions without any detrimental effect on smoke.

Abu-Jrai et al. [98] studied the effects of simulated REGR on engine performance and
SCR system. Figure 2.11 illustrates the engine-REGR-SCR system proposed by the
authors. The SCR catalyst used throughout their study was a 1% Pt/Al,Os;. Among other
findings, it was shown that REGR can benefit both the engine and the SCR performance.
The unburned hydrogen present in the exhaust gas enhanced the NOy reduction

performance of the catalyst.

EGR /REGR H,, CO, CO,, CH,4 Catalytic Exhaust
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Figure 2.11: Schematic representation of the proposed engine-REGR-SCR system [98].

It has been demonstrated that the utilisation of simulated syngas is poor when the engine
operates under low-load conditions [79]. This is due to the inefficient propagation of flame
in the gaseous fuel when the concentration is below its lower flammability limit (LFL). In

addition, under low-load operation, the amount of diesel delivered into the cylinder is
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relatively small; hence, the resulting flame cannot fully burn the gaseous fuel, which burns
by entraining into the liquid fuel. The poor utilisation of the gaseous fuel has a detrimental

effect on thermal efficiency.

2.9 Dilution of the intake air

Dilution of the intake air is a technique that allows a reduction in engine-out NOy
emissions. To date, the most widely used method is the EGR in which an amount of
exhaust gas is recirculated back to the intake pipe, resulting in a reduction in oxygen
concentration in the intake air. EGR can be employed relatively easily to conventional
diesel engines and is a common practice to meet the emission standards. However, there
are certain drawbacks associated with EGR that can be eliminated by introducing

alternative intake air dilution methods.

Enrichment of the intake air with nitrogen is a dilution method that has been proposed
and implemented by various researchers [99, 100, 101]. In both EGR and nitrogen
enrichment techniques, the main factor behind the decrease in NOy emissions is the
reduction in oxygen concentration in the intake air, leading to a drop in peak combustion
temperature. It should be mentioned that the knowledge gained from the nitrogen
enrichment studies can benefit the development of on-board reforming technology since
the producer gas leads to an increase in N»/O; ratio in the inlet air. The implementation of
dilution techniques has an adverse effect on CO, THC and smoke emissions [102];
however, part substitution of diesel fuel with either hydrogen or syngas can reduce the

levels of these emissions.

2.9.1 Nitrogen-rich intake air

Nitrogen-rich intake air can be employed to reduce the production of NOy emissions,
without causing adverse effects on engine lifespan [103]. Poola et al. [104] developed an
air separation membrane that was installed on a light-duty diesel engine, achieving dilution

levels similar to those of EGR. Figure 2.12 shows a typical prototype membrane module.

Li et al. [105] investigated the effects of dilution gases with various specific heats on the
characteristics of combustion and exhaust emissions. Among others outcomes, it was
found that oxygen reduction is the dominant factor lowering NOy emissions, rather than

gas specific heat.
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Figure 2.12: Poola’s prototype membrane module [104].

The dilution gases may affect combustion and emissions in the following ways: reduce
the oxygen available for the combustion, alter the specific heat capacity of the intake
charge, participate in the combustion process, affect volumetric efficiency in case of
temperature variations. Separate examination of the above yields that the dominant factor
affecting the combustion and emissions is the reduction in oxygen concentration. When the
intake air is enriched with nitrogen, the increase in heat capacity is insignificant. However,
in the next few lines the effect on combustion and emissions by changing the heat capacity
of the intake charge is explained. An increase in the heat capacity of the intake charge
leads to a reduction in the peak combustion temperature, causing a rise in ignition delay
period. Thus, the portion of the fuel burned during the premixed phase of combustion is
increased, resulting in an increase in NOy and a reduction in smoke emissions [106].
Finally, both participation of the added nitrogen in the combustion process and volumetric

efficiency effects are rather insignificant.

2.9.2 Exhaust gas recirculation

EGR is a NOy control measure applied to many types of diesel engines, including
automotive light-duty, medium-duty and heavy-duty engines as well as marine low-speed
two stroke engines. EGR can also be utilised in advanced combustion concepts, such as
LTC, which require high EGR rates [107]. Nevertheless, combination of EGR and NO
reduction catalysts, such as the SCR system, might be necessary in order to meet the
stringent NOy emission standards. A simple schematic representation of the EGR system is
illustrated in Figure 2.13. Exhaust gas from the previous cycle is supplied back to the

intake pipe, through a line equipped with a valve allowing control of the amount of EGR.
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When the intake air is diluted with EGR, the reduction in peak combustion temperature is
attributed to the dilution effect, added-mass effect, thermal effect and chemical effect. The
dilution effect is the major contributor to NOy reduction, because the increased non-
oxygen molecules present in the combustion chamber absorb heat lowering the flame
temperature. The added-mass effect occurs when by adding an inert gas the mass flow rate
is increased, leading to an additional heat capacity. The thermal effect is introduced when
the specific heat capacity of the diluent is higher than air. Finally, the chemical effect

occurs when the diluent dissociates or participates in the combustion process.

EGR Valve
D<=\
Intake Exhaust
%,
= 1 =

Sensor

Figure 2.13: Schematic representation of EGR system [107].

Ladommatos el al. [108] conducted a set of tests on a 2.5 litre, high-speed, direct
injection diesel engine in order to assess the effect of EGR on soot formation. It was found
that introduction of hot EGR into the engine caused an increase in soot emissions and fuel
consumption. Furthermore, it was demonstrated that the fuel consumption penalty, soot
emissions and NOy suppression are enhanced by cooling the EGR. Concerning the effect
of EGR on CO and THC emissions, Feng et al. [109] reported that the levels of these

emissions increase rapidly with the amount of EGR.

Singh et al. [110] experimentally investigated the effect of EGR on lubricating oil
degradation and wear of a compression ignition engine. The authors compared the
concentration of the metallic wear debris in the lubricating oil under normal operating
conditions with that under a fixed EGR rate of 25%. It was shown that the operation with
EGR resulted in a relatively higher concentration of wear metals, which indicates that

EGR contributes to the wear of various engine parts. This result is supported by George et
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al. [111] who revealed that the increased soot emissions of an EGR-operated engine have a

detrimental effect on lubricating oil, leading to wear of engine parts.

From the above, it may be concluded that by equipping an engine with an EGR system
NOy emissions are considerably reduced at the expense of soot, CO, THC, fuel
consumption and engine wear issues. It should be mentioned that an SCR system is

required in order to meet the legislated stringent NOx emission limits.

2.10 Summary

Apart from establishing a theoretical framework and gaining background knowledge on
emission formation, diesel emission legislation, diesel combustion, alternative diesel
combustion modes, injection parameters, alternative fuels and dual fuel, exhaust gas
assisted fuel reforming and dilution techniques of the intake air, the literature review was

very important in identifying gaps in knowledge that need to be filled.

As already mentioned, although there are many papers in the literature dealing with the
effects of the intake air enrichment of a diesel engine with separate hydrogen, syngas and
nitrogen, no papers were found examining the effects of the intake air enrichment with

simultaneous hydrogen and nitrogen or simultaneous syngas and nitrogen.

Due to some discrepancies in the results reported in the literature, the experiments
presented in Chapters 4 and 5 were performed to investigate the effects of introducing
separate hydrogen and nitrogen in the existing engine. Moreover, together with the
baseline operation, the results obtained in these two chapters were used in many instances

as a basis of comparison.
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CHAPTER 3

EXPERIMENTAL FACILITIES, TEST PROCEDURE AND
DATA ANALYSIS

3.1 Introduction

The engine used for the experiments, the analysers, the measuring and calibration
equipment, the data acquisition as well as the data processing techniques are extensively
described in this chapter. In addition, the operating conditions selected and the parameters
varied in each operating condition are given and explained. Finally, the measures taken in
order to improve the safety of the researchers using the existing setup have been

incorporated in the discussion.

3.2 Research engine

The experiments were performed using a Ford pre-production prototype diesel engine. The
engine block was based on the Ford Duratorq engine, whereas the cylinder head was the
same to the production Ford Zetec, equipped with two camshafts and four valves per
cylinder. The specifications of the engine are summarised in Table 3.1. It should be
mentioned that throughout the experiments the engine was run in naturally aspirated mode,
while the EGR was not employed since the dilution of the intake air was achieved by the

introduction of bottled nitrogen.

Table 3.1: Engine specifications.

Ford Puma, 2.0 1, 4 cylinder, 16 valve,
Engine model and type | HSDI, turbocharged (but runs in NA mode),
EGR, water cooled, fuelled by ULSD

Bore/Stroke [mm] 86/86
Compression Ratio [-] 18.2:1

Swept Volume [cc] 1998.23
Con-Rod Length [mm] 155

The engine used throughout this research effort had different air intake manifold and

pistons compared to the production engines. In contrast to the design of the intake
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manifold on the production engines, that aims to promote swirl, the intake manifold on the
test engine had straight cylinder feeds. Concerning the pistons fitted on the test engine,
they featured larger bowl volume, which resulted in a reduction in the compression ratio.
For the production engines, the compression ratio is equal to 19:1, which is slightly higher
than the 18.2:1 with the test engine. The piston design used on the prototype engine is

illustrated in Figure 3.1.
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Figure 3.1: Piston bowl design [93].

At this point it would be helpful to introduce the schematic representation of the test rig

as the individual parts illustrated in Figure 3.2 will be discussed in detail in this chapter.
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Figure 3.2: Schematic representation of the experimental setup.
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The fuel injection featured a Delphi common rail system, while each injector had six
holes with nominal diameter equal to 0.154 mm and 154 degree spray hole angle. The
engine was cooled using two distinct circuits. One circuit was used to remove the heat
from the engine by sending water through the passages in the engine block and head,
whereas the other circuit picked up the heat from the lubricating oil. The coolant inlet and
outlet temperatures were monitored and a signal was sent to a thermostat that controlled
the coolant flow, ensuring a temperature range of 77 + 3 °C. In order to prevent the engine
from overheating, a safety cut off facility that automatically stops the engine in case the

coolant temperature reaches 100 °C was in place.

3.3 Dynamometer

The output shaft of the engine was coupled to a W130 Schenck eddy current dynamometer
that enabled control of the engine load and speed. The cutaway of the dynamometer is

shown in Figure 3.3 and its function is explained below.

Water outlet

Figure 3.3: Cutaway of the eddy current dynamometer (adopted from Schenck user guide).

A magnetic field is generated by the electrical current that passes through the excitation
coil. When the engine is operating, its output shaft spins the rotor of the dynamometer,
causing a constant change in flux density on all stator points. As a result, the eddy currents
induced cause a braking action on the rotor [112]. The torque and shaft power can be
calculated from the current force and the length of the arm. The dynamometer permits the

operator to keep constant either the speed or the torque of the engine. When the torque is
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fixed, the engine speed can be adjusted by controlling the fuel supply to the engine, and
vice versa. The heat generated during the operation is carried away by the water cooling

system. The dynamometer features an emergency shutdown system.

3.4 Intake setup and instrumentation

Originally the engine was equipped with a turbocharger; nevertheless, in the current
research effort that component was disengaged, resulting in a naturally aspirated operating
mode. Furthermore, the EGR valve fitted on the engine was kept hermetically closed
throughout the experiments. Table 3.2 presents the measuring equipment used along the

engine intake, while further discussion is provided over the next paragraphs.

Table 3.2: Measuring equipment used along the engine intake.

Measuring equipment Manufacturer | Type Range Error
lass tube rotameter (H +2. th
Glass tube rotameter (H; RM&C NG 10-180° 0% (on the
measurement) actual flow rate)
1 . 10-100" | +2. h
Glass tube rotameter RM&C GU a. 10-100 ) 0% (on the
(N, measurement) b. 30-150° | actual flow rate)
Glass tube rotameter RM&C NG 20-140° +2.0% (on the
(Syngas measurement) actual flow rate)
Intake air flow meter Romet RM | 260-5191° +0.25%
Pressure regulator BOC HP 0-17 bar -
Thermocouple NG K 0-1100 °C <+0.3%

*1in litres per minute

The inlet air was initially passed through a positive displacement flow meter and then
through a paper filter. The former was used to measure the volumetric flow rate of air,
which was actually determined by the rate of rotor revolution, while the latter filtered the
relatively big airborne particles. The bottled gases were admitted into the intake pipe
through probes that were fitted perpendicular to the main air flow, downstream the paper
filter. Introduction of bottled gases into the engine meant that an equivalent volume of
intake air was replaced by the gas mixture. Two distinct lines were used to carry the gases
from the bottles to the inlet pipe, upstream the intercooler. One of them carried the
nitrogen gas, while the other carried the flammable gas; namely, hydrogen or syngas. The

line used to transfer the flammable gas was equipped with a backfire arrestor and a relief
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valve. Both were placed in between the pressure regulator and the glass tube rotameter.
Additional safety measures included a control valve in the flammable gas line as well as
hydrogen and carbon monoxide leak detectors, in both engine and control cells. Once the

control valve was activated it automatically closed after 5 minutes.

The gases used throughout the experiments were supplied by the British Oxygen
Company (BOC) and stored in three different 15 litre cylinders. The first two cylinders
contained the hydrogen and nitrogen, while the syngas, consisted of 60% hydrogen -
carbon monoxide balance, was stored in the third cylinder. Each cylinder was equipped
with a pressure regulator, allowing control of the line pressure and monitor of the
remaining gas. The flow rate of the admitted gases was measured by the glass tube
rotameters. The gas temperature downstream the rotameters was measured and a
temperature correction was applied to reduce the gas flow rate uncertainty. In addition, the
inlet manifold was specially designed to allow uniform distribution of the gas-air mixture
in the cylinders. The pressure in the gas lines was fixed at 3 bar as this was the pressure
required to achieve the maximum flow rate of the admitted gases. Finally, the mixing
quality and the concentration of hydrogen and nitrogen in the intake air were verified by

the gas chromatograph, as described in Section 3.6.4.

As mentioned above, an equivalent volume of air was replaced when a bottled gas was
introduced into the engine, resulting in a reduction in intake oxygen concentration. Table
3.3 illustrates the composition of the intake charge as a function of the amount of the

bottled gases admitted into the engine.

Table 3.3: Intake charge composition as a function of the amount of the bottled gases.

Bottled gas [ % vol. of intake air] Intake charge concentration [ % vol.]
H2 N2 Syngas 0)) N, H, CO
0 0 0 21 79 0 0
g 2 0 0 20.58 | 77.42 2 0
= 4 0 0 20.16 | 75.84 4 0
£ 6 0 0 19.74 | 74.26 6 0
= 8 0 0 1932 | 72.68 8 0
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Bottled gas [ % vol. of intake air] Intake charge concentration [ % vol.]

H2 N2 Syngas 0)) N, H, CO
0 0 0 21 79 0 0
5 0 2 0 20.58 | 79.42 0 0
= 0 4 0 20.16 | 79.84 0 0
E 0 6 0 1974 | 80.26 0 0
z 0 8 0 1932 | 80.68 0 0
2 2 0 20.16 | 77.84 2 0
z § 4 4 0 19.32 | 76.68 4 0
-} % 6 6 0 18.48 | 75.52 6 0
8 8 0 17.64 | 74.36 8 0

" 0 2 2 20.16 | 77.84 1.2 0.8

2‘3 z 0 4 4 19.32 | 76.68 2.4 1.6

A 0 6 6 18.48 | 75.52 3.6 2.4

3.5 Diesel fuel supply and measurement

The diesel fuel was stored in a central reservoir. An electric fuel pump was used to send
diesel to the high pressure pump of the engine, which was capable of increasing the
pressure up to 1600 bar. The rate of fuel flow was measured either by a glass burette or a
Coriolis flow meter (interchangeable operation was possible), both fitted upstream the high
pressure pump. The data recorded was then processed to calculate the consumption of
diesel by the engine. The engine was equipped with a common rail system, allowing
multiple injections per cycle. Table 3.4 shows the basic equipment used along the diesel

line.

Table 3.4: Measuring equipment used along the diesel line.

Measuring equipment Manufacturer Type
Glass burette Plint & Partners Ltd 50-100-200
Coriolis flow meter E+H Promass 83

When the glass burette was employed, the time required by the engine to consume a
given volume of fuel was measured by a stopwatch. The mass flow of diesel was
calculated by multiplying the volume flow by the fuel density. This method usually leads

to higher errors, compared to Coriolis, as the measurement is operator dependent.
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A Coriolis flow meter is capable of providing more accurate results than the glass
burette. Apart from the flow rate, Cariolis measures the density, the temperature and the
viscosity of the fluid. The operating principle of a Coriolis flow meter is described below.
Coriolis forces occur in an oscillating tube when a liquid or gas flows through it. The
design of the tube is symmetrical and is either straight or curved. The measuring tube is
subject to uniform oscillation mode by a driver. When a fluid moves inside the tube,
additional twisting is imposed on the oscillation. Sensors located at the inlet and outlet
ends pick up the distortion of the tube. This information is analysed by the processor,

which gives the mass flow rate.

3.6 Exhaust gas analysis

Detailed exhaust gas analysis was carried out using a Horiba Mexa 7170DEGR, an MKS
multigas 2030 FTIR gas analyser, an AVL 415S smoke meter and a Chrompack gas
chromatograph (GC) CP 9001 equipped with a thermal conductivity detector (TCD). Table

3.5 shows the exhaust gas measuring equipment employed throughout the experiments.

Table 3.5: Exhaust gas measuring equipment employed throughout the experiments.

Measuring equipment | Manufacturer Type
Exhaust gas analyser Horiba Mexa 7170
Exhaust gas analyser MKS 2030

Smoke meter AVL 4158
Gas chromatography Chrompack CP 9001

Horiba is capable of measuring CO and CO; through a non-dispersive infrared method
(NDIR). The amount of NO emissions in the exhaust gas was determined by the
chemiluminescence of their reaction with ozone, while THC emissions were measured
through a flame ionisation detector (FID). Regulated emissions can also be measured by
the FTIR analyser, the operation of which is based on partial absorption of an infrared
beam by the species present in the exhaust gas. In addition to regulated emissions, FTIR
can provide readings for unregulated emissions. In this study the FTIR was employed to
measure nitrogen exhaust compounds. Besides, simultaneous operation of the two
instruments enabled correlation of the regulated emissions. The Horiba, smoke meter and

FTIR were supplied with exhaust gas directly from the exhaust pipe through the sample
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lines. The GC required a small exhaust gas sample that was collected from the exhaust

pipe using a gastight syringe.

3.6.1 Non-dispersive infrared

The principle behind NDIR, which is a type of infrared spectroscopy, is that distinct gas
molecules contained in a sample will absorb infrared light at a specific wavelength. The
concentration of each gas is proportional to the amount of light absorbed, and it is actually
calculated by measuring the amount of light remained at a specific wavelength. A typical
NDIR for CO, and CO measurements involves a sampling and a reference cell, the latter is
filled with an inert gas such as nitrogen. An infrared beam shines through the sampling and
comparison cells, band pass filters and it finally reaches the detector, as shown in Figure

3.4. Comparison of the two values acquired enables determination of CO; or CO levels.

In the event of exhaust gas leakage, a CO detector placed in the engine control room

warns the researcher in order to prevent poisoning.

gas sample inlet
-;l.-_H vent

. sample

IR B N
o
reference

sSource
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Figure 3.4: Schematic representation of the NDIR principle [113].

3.6.2 Chemiluminescence

The chemiluminescence detection method is based on the chemical reaction between NO

and ozone (O3) as detailed below:
NO 4+ 03 = NO; + O, = NO, + O, + photon (3.1)

The NO is contained in the exhaust gas, whereas the O3 is produced by the instrument.
When the excited NO, molecules return to the ground state they emit red light, which is
measured by a photo multiplier after it passes through a filter to eliminate interference
from other gases. Based on this technique, the amount of NOy as well as NO, emissions
can be determined as follows: firstly, the NO, is converted to NO, and then the converted

molecules together with the original NO molecules in the exhaust sample react with ozone.
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The signal obtained equals to the NOy emissions (sum of NO and NO,). The concentration

of NO; is calculated by subtracting of the original NO from the NOx.

It should be mentioned that for health and safety reasons, an O3 detector was placed close
to the O3 source in order to alert the researchers in case of leakage. Repeated exposure to

man-made O3 may damage the lungs and aggravate existing respiratory conditions.
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Figure 3.5: Schematic representation of a chemiluminescence detector [114].

3.6.3 Flame ionisation detector

The total hydrocarbon emissions in the exhaust gas were measured by an FID, the

schematic representation of which is shown in Figure 3.6.
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Figure 3.6: Schematic representation of flame ionisation [114].

Its operation is based on the detection of ions during the combustion of hydrocarbons in a
hydrogen flame. Instead of hydrogen, a 40% H, - Helium (He) balance gas mixture was
used during the measurements. A current that is proportional to the number of carbon

atoms burned in the flame is generated between the burner and the electrode. The signal is
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then processed to give the concentration of THC emissions. It should be clarified that the
value given does not represent the actual volumetric concentration of hydrocarbons in the

exhaust gas, but rather the amount of carbon atoms in the analysed gas.

3.6.4 Gas chromatography

A Chrompack GC equipped with a TCD was used for the measurement of the unburned
hydrogen in the exhaust gas. The TCD compares the thermal conductivity of a carrier gas
and a sample gas. In the current application, the sample gas (that is, the exhaust gas) was
collected from the exhaust pipe using a Hamilton gastight syringe, while high purity
bottled argon was used as the carrier gas. The TCD features a reference and a sample cell.
The carrier gas, which passes through the reference cell, has different thermal conductivity
compared to the sample and the carrier gas that passes through the sample cell. This causes
a variance in the resistance of the electrically heated wires situated within the cells.
Depending on the difference in the resistance, a voltage signal proportional to the
concentration of the sample gas is produced. The structure of the cell is illustrated in

Figure 3.7.

Figure 3.7: Structure of thermal conductivity detector [115].

The analyser was regularly calibrated using certified high purity BOC gases. The
hydrogen concentration in the exhaust gas was always between 0 and 2%; therefore, the
span gases were selected accordingly; namely, 100% N», 1% H; - N, balance and 2% H, -
N, balance gas mixtures. The calibration was performed by injecting bottled gas into the
GC in order to get the response of the detector in terms of chromatograph area given by the

integrator.
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Figure 3.8(a) shows the chromatograph area as a function of hydrogen concentration. A
linear relationship was considered since the linear regression fit gave R* as very close to
unity. Figure 3.8(b) illustrates the response of the detector from the calibration using 1%
H; - N, balance. The little peaks between the hydrogen and nitrogen spikes correspond to
oxygen, which probably entered the syringe (although sealed with a rubber bung) while

transferred from the bottle to the GC injector.

Apart from measuring the exhaust gas hydrogen concentration, the GC was utilised to
assess whether the bottled hydrogen and nitrogen admitted into the intake pipe was
thoroughly mixed with the intake air. For this purpose two rubber-sealed access points on
the inlet manifold, one at the point the intake charge enters the manifold and one in the
middle of the manifold, allowed collection of hydrogen- and nitrogen-rich intake air,
which was supplied into the GC. The good repeatability of the results verified that the
bottled gases were thoroughly mixed with the intake air. In addition, this method enabled

verification of the concentration of the bottled gases in the intake air.
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Figure 3.8: Gas chromatograph calibration: (a) Chromatograph area at different H,

fractions, (b) Sample of chromatographic results delivered by the detector.

3.6.5 Fourier transform infrared spectroscopy

Infrared spectroscopy is an important technique traditionally used in organic chemistry.
The accuracy, the fast measuring and the capability of a detailed analysis of the exhaust

gases allowed this technique to gain entrance into the field of engine research.
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In FTIR spectroscopy an infrared beam that passes through the gas under investigation is
partially absorbed by the gas species that contained in the gas. The level of absorption at a
specific wavelength depends upon the concentration of the specie. Each infrared active gas
has a unique absorption spectrum, which is measured by the FTIR gas analyser and an

analysis algorithm calculates the concentration of each gas using pre-loaded calibrations
[116].

3.6.6 Bosch smoke number

Smoke concentration in the exhaust gas is determined by the filter paper method, Figure
3.9. A probe mounted in the exhaust line draws exhaust gas that passes through a clean
filter paper. The BSN is determined according to the degree to which the filter paper is
blackened. A reflectometer head is used to measure the paper blackening, with zero value

corresponding to white paper and ten to completely black paper [117].
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Figure 3.9: Exhaust sampling schematic (adopted from AVL user guide).

3.7 In-cylinder pressure data

The pressure data from the first cylinder was measured by a Kistler 6125A piezoelectric
pressure transducer fitted into the modified glow plug hole. Figure 3.10 shows the cutaway
of the cylinder head with the pressure transducer, fitted into the adapter, and the sensor that

was used to dynamically determine the TDC (mounted into the injector seat).

Changes in the cylinder pressure were converted to an electrical charge (the sensitivity of
the above transducer was 16 pC/bar), which was amplified using a Kistler 5001 charge

amplifier and recorded by a Labview software together with the shaft encoder signal. A
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heavy-duty shaft encoder (model ET758) was employed, setting the resolution to 1440
pressure data per crank shaft revolution (that is, 4 samples per crank angle degree). Table

3.6 shows the measuring equipment required to record the in-cylinder pressure data.

Figure 3.10: Cylinder head cross section with the pressure transducer and the TDC sensor.

Table 3.6: Measuring equipment that was used to record the in-cylinder pressure data.

Measuring equipment Manufacturer Type Range Sensitivity
Pressure transducer Kistler 6125A 0-250 bar | -16.8pC/bar
Shaft encoder Encoder Technology ET758 | 0-8000 rpm 0.017°

Figure 3.11 illustrates the TDC sensor adopted for the dynamic determination of the TDC
position. During the calibration process the following steps were performed: The injector
of the first cylinder was removed and the sensor was mounted in the seat. The engine was
run for a few minutes on the motored mode by deactivating the diesel injectors. The output
signal of the sensor, along with the shaft encoder signal, was recorded by the Labview
software and depending on the position of the maximum in-cylinder pressure a correction

factor was applied accordingly.

TDC sensor

Figure 3.11: Kistler 2629C1 top dead centre sensor.
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The working principle behind the TDC sensor is the generation of a signal when the top
of the piston approaches the sensor tip. The magnitude of the signal is inversely
proportional to the distance between the piston and the sensor. The maximum value
corresponds to the TDC position. The advantage of using such a sensor is that no

correction involving the degree of the thermodynamic loss angle is required.

3.8 Fuel properties

Throughout the experiments the engine was fuelled by ULSD. Admission of hydrogen and
syngas into the engine resulted in dual fuel combustion. Under this operating mode, the
flow rate of ULSD was reduced to keep the speed and load constant. The composition of
the bottled syngas (60% hydrogen - CO balance) resembled that of typical diesel reformer
product gas. The temperature at the end of the compression stroke of the engine was
always lower to the autoignition temperature of hydrogen and syngas; hence, in the dual
fuel mode, the onset of combustion was initiated by diesel injection. Some useful
properties of hydrogen [118] and syngas are illustrated in Table 3.7, while their effects on

the performance and emissions of CI engines are discussed over the next few paragraphs.

Table 3.7: Hydrogen and syngas properties.

Property Unit Value for H; | Value for syngas
Adiabatic flame temperature (¢=1) K] 2480 ~ 2445
Autoignition temperature in air K] 858 ~ 867
Density [kg/m’] 0.0824 0.5154
Flame velocity (p=1) [ms™] 1.85 1.2
Flammability limits [% vol. in air] 4-175 5.45-75
Lower heating value [MJ/kg] 119.7 20.7
Minimum ignition energy (¢p=1) [mJ] 0.02 <03

The heating value of gas mixtures is determined by using the following formula [119]:

va = Z HVm,i X Xi (32)

where HV,,, is the heating value of the mixture (mass basis), HVy, ; is the heating value of

the component i (mass basis) and X; is the composition of the gas i (mass fraction).

The flammability limits of syngas were predicted by Le Chatelier’s mixing rule [120],

which has been proven accurate at estimating the lower flammability limit (LFL) of gas
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mixtures [121]. However, a modification of this empirical rule might be necessary when it
comes to the upper flammability limit (UFL). It should be clarified that the values
presented in Table 3.7 were obtained by applying Equation (3.3) without any
modifications. The upper flammability limit of the mixture was calculated by substituting

LFLix and LFL; with UFL,ix and UFL, respectively.
LFLmix = Sy (3.3)

where LFL,,;; denotes the lower flammability limit of the mixture, y; denotes the mole
fraction of the component i taking into account only the combustible species and LFL;

denotes the lower flammability limit of the component i in volume percent.

An important advantage of the wide flammability limit of hydrogen and syngas is that
they allow stable operation of the engine under lean-burn conditions. Lean operation
typically results in decreased NOy production due to the low peak combustion temperature.
Also, the reaction rate, which is relatively slow in typical hydrocarbon fuels, is accelerated

when hydrogen or syngas is mixed with hydrocarbons [122].

The formation of NOy emissions strongly depends on flame temperature, an increase in
which favours the reaction of atmospheric oxygen and nitrogen for the production of NOx.

Combustion of hydrogen or syngas is characterised by increased flame temperature.

In conventional compression ignition engines the maximum temperature at the end of the
compression stroke does not reach the autoignition temperature of hydrogen or syngas.
Therefore, the onset of combustion is typically achieved by diesel injection. This implies
that in diesel and hydrogen or diesel and syngas dual fuel operation, the onset of

combustion is controlled by the diesel injection timing.

When hydrogen or syngas is delivered into the cylinder through the intake pipe, the
volumetric efficiency of the engine is inevitably decreased, resulting in a reduction in

power density.

The high flame velocity of hydrogen may benefit the thermal efficiency of the engine.

However, a drawback associated with its explosive burn is the great forces exerted on the
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moving parts of the engine, owing to the high rates of pressure rise. As already presented

in Table 3.7, the flame velocity of syngas is lower compared to hydrogen.

The energy required to ignite hydrogen is only 0.02 mJ, which is one order of magnitude
less than the energy required by gasoline. Although this property can ensure prompt
ignition, it may cause premature ignition issues, with hot spots and hot deposits serving as

potential ignition surfaces [123].

The heating value of hydrogen (per unit mass) is approximately three times that of diesel;
nevertheless, diesel prevails when the comparison is made on volumetric basis. When
hydrogen is not produced on-board, this may pose a challenge since volume occupation is

an important parameter in vehicular applications [124].

The baseline data presented throughout this study was obtained by fuelling the engine
with diesel supplied by Shell. Table 3.8 summarises the properties of diesel fuel.

Table 3.8: Diesel fuel properties.

Parameter Unit Value
Ash content [%] <0.005
Autoignition temp. in air [K] 483
Calorific value [kJ/kg] 44800
Carbon [%] 86.2
Carbon residue [%] 0.2
Cetane number [-] 52.1
Cloud point [K] 263
Density at 288 Kelvin [kg/m’] 853.8
Flash point K] 341
Hydrogen [%] 13.4
Oxidation stability [g/m’] 14
Oxygen [%] 0
Sulphur content [mg/kg] 10
Total aromatics [%] 10.5
Viscosity at 313 Kelvin [cSt] 2.5
Water content [mg/kg] 61
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3.9 Data analysis

The data recorded during the experiments was processed off-line using the methods
presented in this section. The calculations were performed using dedicated software
platforms developed at the Centre for Advanced Powertrain and Fuels Research (CAPF) at
Brunel University. The values shown in the graphs that are presented over the next
chapters correspond to test points with good combustion stability and emission

repeatability.

3.9.1 In-cylinder volume

The in-cylinder pressure data provides valuable information of the combustion process,
which can be used to further improve the performance and emissions of internal
combustion engines. Apart from the pressure data, the geometrical parameters of the

engine need to be imported into the software platform, Figure 3.12.

Figure 3.12: Schematic representation of piston — connecting rod — crankshaft.

The calculation process starts with the determination of the in-cylinder volume at any

crank position, as shown in Equation (3.4):

B2
V=Ve+——(+a—s) (3.4)

where V. denotes the clearance volume, B is the cylinder bore, 1 is the connecting rod
length, a is the crank radius and s is the distance between the crank axis and the piston pin

axis.

The distance s can be calculated as follows:
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s = acos® + (1 — a?sin?0)1/2 (3.5)

Equation (3.4) can be rearranged in order to get an equation of in-cylinder volume at any

crank angle 0:

—=1+2(rc— D[R+ 1 — cosd — (R? — sin?0)"/2] (3.6)
where 7., denotes the compression ratio (defined as the maximum cylinder volume over the

minimum cylinder volume) and R is the ratio of connecting rod length to crank radius [/a.

3.9.2 Apparent and cumulative rate of heat release

The gross rate of heat release and the net apparent rate of heat release can be calculated
from experimental measurements by performing heat release rate analysis. The former can
be determined from exhaust gas measurements, whereas the latter from the in-cylinder
pressure data. Homsy and Atreya [125] developed a method for calculating heat transfer to
the walls by taking the difference of the two values; namely, the gross and net apparent
rate of heat release. In this work, the calculation was based on the net apparent heat release
approach, which is derived from the first law of thermodynamics neglecting any blowby,
crevice and enthalpy of the injected fuel effects [93, 126]. The energy balance in the

combustion chamber is given in Equation (3.7):
8Qen = dUs + 8Que + W + ) hydm, 3.7)

where Ug is the internal energy, Qy, is the convective heat transfer to the cylinder walls, W

is the work output, h;dm; are the losses by the crevices.

Rearrangement of Equation (3.7) is represented in the following form:

dQecp, v dV 1 _dp dp =~ dQp
o y—1Pae y=1'aet Vrae T ae

(3.8)
The final form of the formula that was used to calculate the net apparent heat release rate
is given in Equation (3.9):

dQn v dV+ 1 dp
#® y—1Pae " y—1"de

(3.9)
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where Q,, denotes the net heat release, vy is the ratio of specific heats, P is the pressure and

V is the volume.

Provided that the pressure and volume data was given, the only variable in the equation
above was the ratio of specific heats y. Many different ways have been proposed to
calculate y [126]; however, in this study a value of y = 1.3 [11] was adopted and kept

constant throughout the cycle.

The cumulative heat release rate, the equation of which is detailed below, equals to the

sum of heat release rates at each crank angle:

EOC

Qch()
CHRR = z Bog < KO (3.10)

where IXA denotes the point the heat release curve intersects the x axis, EOC denotes the

end of combustion and k is the resolution of the heat release rate.

3.9.3 Mass fraction burned

The mass fraction burned is another common method that is used to define cumulative
combustion, and it is expressed as the ratio of cumulative heat release to the total heat

release. Equation (3.11) details its calculation:

0 dQch
8s0c 0 10 3.11)

ms X Neomp X LHV

MFB(0) =

where my¢ is the mass of fuel, neomp 1 the combustion efficiency and LHV is the lower

heating value of the fuel.

It should be clarified that the start of combustion was taken as the point the heat release

curve intersected the x axis.

3.9.4 Coefficient of variation in indicated mean effective pressure

The effect of blending gaseous with liquid fuels on the cyclic variability of the engine can
be determined by the COVyygp. For this reason, data from 100 consecutive cycles was
used for the calculation of the COV, which is a measure of combustion stability. The

formula shown below was used to calculate this combustion parameter:
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len [X' - (12:“()('))]2
COVippp = 2imep _ Nn 2117 Pn @i (3.12)
IMEP = — 1
Himep T 21(Xi)

where Ojyep denotes the standard deviation of IMEP, e, indicates the mean value and n

is the number of data points.

3.9.5 Brake thermal efficiency

Brake thermal efficiency is defined as the ratio of the break power to the input fuel energy
and is used to evaluate how efficient the heat from the fuel is converted to mechanical
energy. Equation (3.13) shows the formula used to calculate the brake thermal efficiency
when a blend of diesel and hydrogen was employed [127]. When hydrogen was replaced

with syngas, the equation was adapted accordingly.

_ workoutput Wy
~ heatadded  rhgLHVgs + riy, LHVyy (3.13)

Nth

where W, is the brake power, mgs is the mass flow rate of diesel, My, is the mass flow
rate of hydrogen, LHVy¢ is the lower heating value of diesel and LHVy, is the lower heating

value of hydrogen.

3.9.6 Energy supplied by hydrogen

The percentage of energy supplied by hydrogen was determined by Equation (3.14). The
energy provided by diesel was calculated by subtracting the value obtained by Equation
(3.14) from the total energy.

CVy. X (Vi.: =V X
Eyp. = H, (Hzl Hze) PH, (3.14)

2 : . :
CVdiesel X Vdiesel X Pdiesel T CVHZ X (VHZi - VHZe) X PH,

where CVy, denotes the calorific value of hydrogen (kJ/kg), Vy ,i denotes the volume flow
rate of hydrogen in the inlet (m’/s), Vi ,e denotes the volume flow rate of hydrogen in the
exhaust (m’/s), P, 1s the density of hydrogen (kg/m?), CVyjese) is the calorific value of

diesel (kJ/kg), Vgiese is the volume flow rate of diesel (m’/s), pgieser iS the density of
diesel (kg/m”).
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In order to maintain the speed and load constant at a given operating condition, the
amount of diesel fuel was gradually reduced as the proportion of hydrogen in the intake air

was increased.

3.9.7 Combustion efficiency of hydrogen

The combustion efficiency of hydrogen was calculated using Equation ((3.15) [128]:

Vi
My = (1= =) X 100 (3.15)

Hzl

where Ny, ce 18 the combustion efficiency of hydrogen (%), VHZe is the volumetric flow

rate of hydrogen in the exhaust (m’/s), VHZi is the volumetric flow rate of hydrogen in the

inlet (m/s).

3.9.8 Bottled gas flow rate

The flow rate of the bottled gases was calculated using Equation (3.16):
BGgow = VAF X (BGp * 1072) (3.16)

where BGg,,y denotes the flow rate of the bottled gas (m’/s), VAF denotes the volumetric
air flow when the engine was operated without the admission of bottled gas (baseline

operation) (m’/s), BGy. denotes the desirable percentage of the bottled gas (% volume).

The volumetric air flow was calculated by the rate of rotor revolution of a positive
displacement flow meter, while introduction of the desirable amount of the bottled gas into

the engine was achieved by using calibrated rotameters with glass tube.

3.10 Test procedure

The experimental investigation includes results from four different operating conditions. In
the first two operating conditions, the speed was kept constant at 1500 rpm, while two
different loads (2.5 and 5 bar BMEP) were applied to the engine. In the next two operating
conditions, same loads were applied but the speed was increased to 2500 rpm. The
conditions selected are representative for low- and medium-duty diesel engines as they

spend most of their running time in between these operating conditions. Therefore, the
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outcomes presented in this study can provide useful guidelines to study and develop a fully

integrated closed loop engine-reformer system.

Variations on injection timing and gas proportion (Hz, N, Hy + Ny, Syngas + N,) were
included in each operating condition. Injection timing was swept from 3 to 12 CAD BTDC
in 3 degree increments. Concerning the bottled gases, the minimum amount injected into
the intake pipe was 2 per cent, whereas the maximum was 16 per cent (by volume of the
total intake air). Increments of 2 per cent were employed when a single gas was delivered
into the engine (i.e. Hy, N»), while in the case of blending bottled gases together (i.e. H, +
N,, Syngas + N,) 4 per cent increments were applied. It should be mentioned that the
intake air was progressively replaced by the bottled gases. Table 3.9 summarizes the

parameters varied at each operating condition.

Table 3.9: Test matrix with the parameters varied.

Operating condition 1 2 3 4
Speed [rpm] 1500 1500 2500 2500
Load [bar BMEP] 2.5 5 2.5 5
Start of injection [CAD BTDC] 3-12 3-12 3-12 3-12
Hydrogen [% vol.] 2-6 2-8 2-4 2-6
Nitrogen [% vol.] 2-8 2-8 2-6 2-6
Hydrogen + Nitrogen [% vol.] 4-12 4-16 4-8 4-12
Syngas + Nitrogen [% vol.] 4-12 4-12 4-12 4-12

With the pressure set at 800 bar, the diesel fuel was delivered into the cylinder using a
single injection event. As already mentioned, the pressure in the gas lines was fixed at 3
bar as this was actually the pressure required to achieve the maximum flow rate of the

admitted gases.

Before taking any measurements the engine would run until water temperature (77+3 °C)
and emissions readings had settled to an acceptable steady state. The emission data at
specified baseline points were recorded and used to check whether the engine was
generating the same results every time the experiments were performed. The in-cylinder
pressure data as a function of crank angle was stored in a PC for off-line analysis.

Temperature and pressure readings at various points, as illustrated on the experimental
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setup figure, were also provided. Every point shown in the graphs, presented in Chapters 4,
5, 6 and 7, corresponds to a test point with good combustion stability and emission
repeatability. The emission data presented in this study corresponds to raw exhaust gas

measurements.
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CHAPTER 4
ENRICHMENT OF THE INTAKE AIR WITH HYDROGEN

4.1 Introduction

The growing market share of diesel engines coupled with stringent emission regulations
has increased research efforts for the development of cleaner and more efficient
compression ignition engines. The potential of both alternative powertrains [129] and
renewable energy sources to reduce emissions from automobiles has been widely
demonstrated. Extensive research on alternative fuels such as LPG and hydrogen [130],
CNG [131] and biodiesel [132], which may serve as future energy carriers is underway,
with hydrogen situated in a favourable position due to its clean combustion. As already
discussed in previous chapters, hydrogen can either be stored or produced on board. The
latter is likely to serve as a transition solution until issues associated with hydrogen
infrastructure, distribution and storage (which are deemed as the main factors hindering the

mass production of H,-fuelled ICEs) are resolved.

A variety of methods to produce hydrogen on-board have been investigated by various
authors. Tsolakis et al. [96] integrated a fuel reforming reactor within the EGR loop of a
compression ignition engine to derive hydrogen from diesel fuel. Plasmatron fuel
converters can also be used to produce hydrogen from hydrocarbon fuels [133]. Bari and
Mohammad Esmaeil [134] employed an Epoch EP-500 oxy-hydrogen generator machine
to produce a mixture of Hy/O, through water electrolysis, which was then sent into the

inlet manifold.

The aim of this chapter is to study the effects of the enrichment of the intake air with
hydrogen on the performance (hydrogen combustion efficiency and brake thermal
efficiency) and emissions (NOy, smoke, CO and THC) of the engine. The bottled hydrogen
was introduced into the engine through the intake pipe, replacing an equal volume of air.
In general, this technique results in a reduction in oxygen concentration (in contrast to the
direct-cylinder injection); nevertheless, it is the simplest and cheapest way and can be used
in conjunction with the hydrogen production techniques described above and the on-board

hydrogen storage.
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4.2 Methodology

A detailed schematic representation of the hydrogen line is illustrated in Figure 4.1.
Section 3.4 provides an extended discussion of the intake set up; however, the figure

below aims to give a more complete picture of the hydrogen supply line.

OUTSIDE Ambient air Engine
SPACE =
. ENGINE
Safety valve TEST CELL

r
Pressure ] Safety valve
regulator - Flashback Temperature reading controller
arrestor

Glass tube flow meter

Adjustable valve

CONTROL
ROOM

Hydrogen bottle

Figure 4.1: Detailed schematic representation of hydrogen supply into the intake pipe.

As the hydrogen was conveyed from the bottle towards the intake pipe, it initially passed
through the pressure regulator, which had a twofold function. On the one hand, it allowed
control of the line pressure, and on the other, it showed the gas pressure in the bottle,
which was an indication of the remaining hydrogen. The next device was the flashback
arrestor, which was used to stop the flame in case it would flash back into the hydrogen
line. The relief valve that was placed after the flashback arrestor ensured that the line
pressure did not exceed a certain value. The hydrogen flow rate was measured by a
rotameter with a glass tube, equipped with an adjustable valve. The line temperature was
measured using a K-type thermocouple. Whenever the temperature was not equal to 25 °C
(the calibration temperature of the flow meter), a correction factor was applied to the
actual reading of the flow meter. In order to enhance safety, an additional valve, which
was programmed to close after 5 minutes once activated, was fitted downstream the

thermocouple.

The volume fraction of hydrogen in the intake air ranged from 2% to 8%, in 2% steps. In
order to keep the speed and load constant, diesel fuel flow was gradually reduced as the
concentration of hydrogen in the intake air was increased. Hence, as the proportion of the

bottled hydrogen in the intake air was increased, so was the energy provided by hydrogen.
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Table 4.1 shows the volume fraction of hydrogen and the corresponding energy fraction it

constitutes, whereas Figure 4.2 presents the same information diagrammatically.

Table 4.1: Tabulated energy supplied by hydrogen.

H, supply | Intake air|Energy from H; [%], 1500 rpm Energy from H; [%], 2500 rpm
[Zovol.] [%vol.] | 2.5 bar BMEP | 5 bar BMEP | 2.5 bar BMEP | 5 bar BMEP
0 100 0 0 0 0
2 98 13.65 9.51 11.73 7.92
4 96 27.62 19.00 24 .47 15.90
6 94 45.15 28.83 - 25.34
8 92 - 39.13 - -
50 : . . . .
Engine Speed 1500 rpm —+— SOI 9 CAD BTDC, 2.5 bar BMEP
_sr ==4--'S019 CAD BTDC, 5 bar BMEP |
% 40p +
g‘) 35 ,
:i 30f o
5 25 -
% 20 ,A"/ ,///
;;5 15k /,’,,’ /’,A"
;ﬁ) 10+ /-F/, -
50 /’/ ——SOI9 CADBIDC, 25 bawr BMEP | | /" |
0 2 'r""" SOI9 C/%D BTDC, 5 rbar BMEP | |7 rEngine Speeq 2500 rpm

2 4

Hydrogen [% vol]

6 8

4
Hydrogen [% vol]

6 8

Figure 4.2: Diagram of the energy supplied by hydrogen.

At a fixed engine speed, the load was adjusted by changing the flow rate of diesel fuel.

Thus, the medium-load operating condition was achieved by increasing the amount of

diesel fuel, keeping the hydrogen flow rate constant. This clearly led to a reduction in the

energy supplied by hydrogen.

4.3 Results and discussion

The effects of hydrogen-rich intake air on the performance, combustion and emissions of a

diesel engine are presented in the following sections. In particular, the results obtained

include the NOy, BSN, CO and THC emissions as well as the brake thermal efficiency, the
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hydrogen combustion efficiency and a heat release rate analysis. The engine was tested at
1500 and 2500 rpm, while each speed included two different loads, 2.5 and 5 bar BMEP.
SOI was swept from 12 to 3 CAD BTDC in 3 degree increments.

4.3.1 Effect of hydrogen-rich intake air on NOy-smoke trade-off

Figures 4.3 and 4.4 show the trade-off between the NOx and smoke emissions when
hydrogen-rich air was introduced into the engine. In particular, the NOsx-BSN values
obtained under low-speed operation are illustrated in Figure 4.3, whereas Figure 4.4
depicts the emission values collected under high-speed run. The graphs with the letter (a)
denote the low-load operation, whereas the letter (b) indicates the medium-load run. It
should be mentioned that due to the zero BSN values obtained under low-speed low-load
operation, a secondary y-axis is used in Figure 4.3(a) in order to better illustrate the results

obtained.

Under low-speed low-load operation, the introduction of hydrogen hardly affected the
NOy emissions. The already low smoke emissions, obtained under the baseline operation,
became zero, or at least below the detection limit of the smoke meter. The smoke
emissions at SOI 3 and 6 CAD BDTC were the same; thus, only three smoke lines appear
in the figure. The reduction in fuel carbon to hydrogen ratio was possibly the dominant
smoke reduction mechanism in this case as the temperature change in the combustion

chamber (which is reflected in the NOy emissions) was likely to be small.

Under low-speed medium-load operation, the expected effect of hydrogen combustion on
NOy emissions was revealed. The admission of hydrogen resulted in increased NOy
emissions due to the higher adiabatic combustion temperature of hydrogen, compared to
the baseline operation. The rate of increase was 10-15% when the hydrogen concentration
was anywhere between 2% and 4%, while it reached 29% at higher hydrogen percentages.
As expected, smoke emissions gradually decreased as the amount of hydrogen introduced
into the engine was increased. A considerable increase in NOy emissions without a
significant drop in BSN was recorded when the admitted hydrogen was equal to 8%.
Bearing the NOy-smoke trade-off in mind, this suggests the maximum hydrogen

concentration under this particular operating condition should be limited to 6%.

86



Chapter 4: Enrichment of the intake air with hydrogen

L 0.05
2001 —€— SOI 12 CAD BTDC ]
--+-S019 CAD BTDC
=+ SO1 6 CAD BTDC
X -~ S0I3 CAD BTDC 10.04

BSN [-]

¥
Hydrogen [% vol]
0.8 0F " T T T
1500 rpm, 5 bar BMEP O SOI 12 CAD BTDC
0.7 + SOI9 CADBTIDC |
+ SOI6 CAD BIDC
0.61- %0 = SOI3 CADBTDC |
=0 “\
\

05r N ‘\‘%2 1
= Y \ Xﬂcreasing
Z 041 A % \ H2 [% vol] .
17} \ " \
a ‘\ 2+ k \\\

0.3 . \ 4

\ AN
2x N .
0.2 ‘.\ 4o N 4
4 4+
O.LF s 6 - 6 i
.\" x . e 8
L® B e S S
1000 1500 2000 2500 3000 3500 4000
NOX [ppm]

Figure 4.3: Effect of intake air enrichment with hydrogen on the trade-off between NOy
and smoke. Engine speed: 1500 rpm, load: (a) 2.5 bar BMEP, (b) 5 bar BMEP.

The results from the high-speed run are illustrated in Figure 4.4. Comparison between
low- and high-speed operations (in identical load conditions) indicated that under high-
speed, NOy emissions were shifted to lower values, although combustion temperature was
possibly higher. This trend is probably attributed to the less residence time, which has a
large effect on NOy formation. An increase in smoke (compared to low-speed operation)
was not unexpected since the high-speed operation was achieved by delivering a higher
amount of diesel into the engine. Besides, referring to Figure 4.2, it is revealed that the
percentage of energy provided by diesel fuel was higher at high-speed run compared to

low-speed, in identical load conditions.
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Figure 4.4(b) reveals that the rate of BSN drop was considerably increased when the
concentration of hydrogen was over 2%. Overall, the NOx-smoke trend obtained under
low-speed medium-load operation (Figure 4.3b) was maintained under high-speed

medium-low operation (Figure 4.4b).
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Figure 4.4: Effect of intake air enrichment with hydrogen on the trade-off between NOy
and smoke. Engine speed: 2500 rpm, load: (a) 2.5 bar BMEP, (b) 5 bar BMEP.

Enrichment of the intake air with hydrogen affects smoke in various ways. Firstly, a
diesel-hydrogen mixture inherently contains less carbon, which is the main soot
component. Secondly, the high in-cylinder temperature arising from the combustion of
hydrogen enhances soot oxidation and thirdly, the OH radicals produced from the reaction

of hydrogen with oxygen promote the oxidation of soot [11, 135, 136]. It has been reported
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that particle size and mass distribution are not significantly affected by the admission of

hydrogen into a diesel engine [137].

In Figure 4.3(a), NOy emissions remained relatively unaffected irrespective of the
amount of hydrogen supplied into the engine. Hence, it would be interesting to compare
the in-cylinder pressure and the rate of heat release, obtained under this particular
operating condition, with a case in which hydrogen admission led to an increase in NOy
emissions. Figure 4.5 shows a comparison between the in-cylinder pressure data recorded
under low-speed low-load and low-speed medium-load operation and the corresponding
calculated rate of heat release. In Figure 4.5(a), admission of hydrogen into the engine
caused a slight drop in the in-cylinder pressure, compared to the baseline operation. It is
therefore clear that under this operating condition the combustion of hydrogen did not
contribute to an increase in the in-cylinder temperature, which would lead to an increase in
the production of NOy emissions. Under low-speed medium-load operation, fuelling on a
diesel-hydrogen mixture resulted in higher in-cylinder pressure as compared to the
baseline operation, Figure 4.5(b). It can therefore be deduced that the in-cylinder
temperature, the dominant NOy formation factor, reached a higher peak value. Also, in the

same figure, the premixed burn fraction was increased by the admission of hydrogen.

Neat diesel 1500 tpm, 2.5 bar BMEP Neat diesel 1500 rpm, 5 bar BMEP
_____ H2+Diesel -=----H2+Diesel

T
A
L

75

-1
Lh

Pressure [bar]
Ln
Ln
Ln
L
ROMR [JdegCA]

Pressure [bar|
[¥) Ln
L L
\
1]
oy
5 Ln
L Ln
ROHR [J/degCA]
Lad
Ln

T
(5]
Ln

—

Ln
—_
L

'
L
Ln
'
¥

-15 -10 -5 0 5 10 15 20 -15 -10 -5 0 5 10 15 20
Crank angle degrees Crank angle degrees

Figure 4.5: Effect of intake air enrichment with hydrogen on the pressure and heat release
rate. Engine conditions: speed 1500 rpm, load (a) 2.5 and (b) 5 bar BMEP,
hydrogen concentration 4% vol., SOI 9 CAD BTDC.
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4.3.2 Effect of hydrogen-rich intake air on CO emissions

In general, compression ignition engines do not suffer from high CO production because
of their lean operation. Introduction of hydrogen into the engine causes a further reduction
in CO emissions as the carbon content of the fuel is reduced compared to the baseline

operation.
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Figure 4.6: Effect of intake air enrichment with hydrogen on the CO emissions. Engine

speed: 1500 rpm, load: (a) 2.5 bar BMEP, (b) 5 bar BMEP.

Figures 4.6 and 4.7 depict the CO emissions as a function of the amount of hydrogen
delivered into the engine. In the majority of the points tested, an increase in the percentage

of hydrogen led to a reduction in CO emissions. The higher CO emissions recorded in a
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few operating points (compared to the previous points in which the amount of hydrogen
was lower), might have been caused by diesel misfire, as the admission of hydrogen
imposed reductions in both oxygen concentration and diesel fuel. For instance, under the
following operating point: 1500rpm - 5 bar BMEP - SOI 12 CAD BTDC - 8% hydrogen
fraction, the COVjyep, was found to be 2.6%. When diesel injection was commenced
anywhere between 3 and 9 CAD BTDC (keeping the engine speed, load, and hydrogen
fraction constant), the COVjyep, was found to be 1.6%. The increase in the COVipep When
diesel injection was commenced at 12 CAD BTDC was probably caused by diesel
misfiring. It should be mentioned that under the baseline operation the COViye, did not

significantly change with diesel injection timing.

700 T T
SOI 12 CAD BTDC

SOI 9 CAD BTDC
SOI 6 CAD BTDC
SOI 3 CAD BTDC

= + 4 O

2500 rpm, 2.5 bar BMEP (@

SOI 12 CAD BTDC
SOI 9 CAD BTDC
SOI 6 CAD BTDC
SOI 3 CAD BTDC

]
=
=
I

* + 4 O

2500 rpm, 5 bar BMEP (b)

S
(=]

Hydrogen [% vol]

Figure 4.7: Effect of intake air enrichment with hydrogen on the CO emissions. Engine

speed: 2500 rpm, load: (a) 2.5 bar BMEP, (b) 5 bar BMEP.
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4.3.3 Effect of hydrogen-rich intake air on unburned hydrocarbon emissions

Hydrocarbon emissions are derived from diesel fuel and lubricating oil and are commonly
expressed as either total hydrocarbons (THC) or as non-methane hydrocarbons (NMHC).
The latter refers to the portion of THC that does not include methane. In heavy-duty diesel
engines, NMHC can be obtained by subtracting 2% from the measured THC value. In a
conventional compression ignition engine fuelled by diesel, the concentration of gaseous
hydrocarbons in the exhaust typically ranges from 20 to 300 ppm [138]. This range can be

verified by examining Figures 4.8 and 4.9.
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Figure 4.8: Effect of intake air enrichment with hydrogen on the unburned hydrocarbons.

Engine speed: 1500 rpm, load: (a) 2.5 bar BMEP, (b) 5 bar BMEP.
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Comparison of the baseline operations at the different speeds and loads tested revealed
that the high-speed medium-load operation produced the lowest THC emissions. From this
finding, it can be concluded that the in-cylinder temperature has a significant impact on the
oxidation of hydrocarbons. Another important finding is that, in the majority of the test
points, THC emissions increased with advancing the diesel injection timing because the

spray tip penetrated deeper (due to low charge density) leading to spray wall impingement.
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Figure 4.9: Effect of intake air enrichment with hydrogen on the unburned hydrocarbons.

Engine speed: 2500 rpm, load: (a) 2.5 bar BMEP, (b) 5 bar BMEP.

Enrichment of the intake air with hydrogen led to higher, lower, or unchanged THC
emissions compared to the baseline operation. For instance, in Figure 4.9(b), THC

emissions increased with increasing the percentage of hydrogen. In essence, the hydrogen-
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air mixture has a lower density compared to air which, in conjunction with the high
amount of diesel required in this operating condition, may have led to spray wall

impingement.

In Figure 4.8(a), the small diesel quantity delivered into the cylinder, together with the
excess air, probably compensated for the reduction in the intake charge density; hence, the

introduction of hydrogen did not negatively affect the THC emissions.

4.3.4 Hydrogen combustion efficiency

In a hydrogen-based economy the concentration of hydrogen in the atmosphere would
potentially increase (although it currently exists in trace levels), incurring negative
consequences in the environment [139]. It is therefore important to optimise the
combustion process of the hydrogen dual fuel engines, in order to minimise the unburned
hydrogen emitted in the atmosphere. Clearly, any unburned hydrogen in the exhaust is an
indication of either incomplete combustion or charge flowing past the exhaust valve during
the valve overlap period, both leading to a reduction in the engine thermal efficiency.
However, in a diesel-hydrogen dual fuel engine the unburned hydrogen can be utilised in
the regeneration process of the DPF. Moreover, it can be used to enhance the performance
of the NOy aftertreatment system [140, 141]. This could evidently improve both fuel

economy and CO, emissions by reducing the burden on the aftertreatment systems.

In the current experimental setup, the unburned hydrogen was measured using a gas
chromatograph (TCD), as described in Section 3.6.4. The instrument was calibrated using
certified high purity bottled hydrogen the concentration of which was between 0% and 2%.
The combustion efficiency of hydrogen, depicted in Figures 4.10 and 4.11, was calculated

based on Equation (3.15).

Before taking any measurements from the dual fuel mode, it was considered necessary to
check whether the hydrogen measured in the exhaust gas was exclusively originated from
the bottle supply, and that there was no contribution from diesel reactions, which
according to Bond et al. [142] produce marginal hydrogen emissions. Exhaust samples
from the baseline operation were injected into the GC, which did not respond at all. Thus,
it was presumed that the baseline operation was not producing hydrogen, or the amount

produced was very low and could not be detected from the GC.
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In order to interpret the results the flammability limit of hydrogen needs to be introduced.
As already shown in Chapter 3, the LFL of hydrogen is 4% at temperature and pressure 25
°C and 1 bar, respectively. Nevertheless, in a diesel engine combustion chamber, both
pressure and temperature are considerably higher resulting in different LFL. In fact, LFL

increases with pressure, whereas an increase in temperature leads to a reduction in LFL
[143].
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Figure 4.10: Hydrogen combustion efficiency. Engine speed: 1500 rpm, load: (a) 2.5 bar
BMEP, (b) 5 bar BMEP.

Under low-speed low-load operation and a hydrogen percentage over 4% (above the
LFL), the combustion efficiency of hydrogen was over 90%, Figure 4.10(a). In general,

when the concentration of hydrogen is below the LFL, the flame cannot propagate into the
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hydrogen-air mixture because it is too lean. Hydrogen burns together with diesel fuel by
entraining into the diesel vapour [128]. In the same figure, the combustion efficiency of
hydrogen slightly deteriorated when the hydrogen concentration was increased from 2% to

4% with diesel injection commenced after 9 CAD BTDC.

In Figure 4.10(b), the combustion efficiency of hydrogen was gradually increased by
increasing the proportion of hydrogen. The dominant factors that contributed to the
enhancement of hydrogen combustion efficiency are: the exposure of hydrogen to higher
in-cylinder temperatures, leading to a reduction in the LFL, and the larger amount of diesel

delivered into the combustion chamber.
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Figure 4.11: Hydrogen combustion efficiency. Engine speed: 2500 rpm, load: (a) 2.5 bar
BMEP, (b) 5 bar BMEP.
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Under high-speed operation, the combustion efficiency of the bottled hydrogen was
further improved, as shown in Figure 4.11. The graphs reveal that under high-speed low-
load operation, the combustion efficiency varied from 92.5% to 93.3%, while under high-
speed medium-load operation, the percentage of the bottled hydrogen that was utilised
during the combustion process varied from 98.7% to 99.9%, depending on the hydrogen

fraction and the SOI selected.

4.3.5 Effect of hydrogen-rich intake air on brake thermal efficiency

Figures 4.12 and 4.13 depict a brake thermal efficiency comparison between the hydrogen
rich combustion and the baseline operation. All the values presented in the graphs
correspond to SOI 9 CAD BTDC. The fuel consumption tests were repeated four times and
the values reported are mean values, while the error bars correspond to the + standard

deviation of the calculated brake thermal efficiency.
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Figure 4.12: Brake thermal efficiency. Engine speed: 1500 rpm, load: (a) 2.5 bar BMEP,
(b) 5 bar BMEP, SOI 9 CAD BTDC.

Overall, under low-speed operation, enrichment of the intake air with hydrogen caused a
reduction in brake thermal efficiency, apart from the operation under low-load - 6%
hydrogen concentration. Despite the 8% loss of the admitted hydrogen, the thermal
efficiency was not affected. A further investigation to understand the reason behind that
trend would be interesting. Under high-speed operation, a slight efficiency improvement

was achieved but remained within the uncertainty limits of the brake thermal efficiency.
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As discussed in Section 4.3.4, hydrogen combustion efficiency increased with the load and
speed. The largest efficiency loss (around 0.5%) was observed under low-speed low-load
operation when the concentration of hydrogen was below 4%. With reference to Figure
4.10(a), around 10% of the admitted hydrogen was not utilised in this particular operating

condition, and this was probably the main reason for the drop in thermal efficiency.

2500 rpm, 2.5 bar BMEP 2500 rpm, 5 bar BMEP . .
26+ SOI9 CAD BTDC g - SOL9 CAD BIDC baseline operation |

251 1

(&)
N

N
[98]
T

[\S]
—
T

baseline operation

Thermal Efficiency [%]
[\
[N

— =N
[ee] =] o
T T T

()

—_
-

Hydrogen [% vol] Hydrogen [% vol]

Figure 4.13: Brake thermal efficiency. Engine speed: 2500 rpm, load: (a) 2.5 bar BMEP,
(b) 5 bar BMEP, SOI 9 CAD BTDC.

4.4 Summary

The effects of hydrogen enrichment of the intake air on the performance and emissions of
an HSDI diesel engine were investigated. The concentration of hydrogen in the intake air
was varied from 2% up to 8% (v/v of the total intake charge), in 2% steps. The main

findings from this chapter can be summarised as follows:

e In the majority of the conditions tested, part substitution of diesel fuel with
hydrogen reduced smoke at the expense of NOy emissions. Under low-speed low-
load operation, enrichment of the intake air with hydrogen was found to have an
insignificant effect on NOy emissions.

e A considerable increase in NOy without a significant drop in BSN was recorded
under low-speed medium-load operation and hydrogen fraction equal to 8%.
Bearing the NOy-smoke trade-off in mind, this suggests the maximum hydrogen

concentration under this operating condition should be limited to 6%.

98



Chapter 4: Enrichment of the intake air with hydrogen

The high-speed operation resulted in lower NOy emissions compared to the low-
speed (at identical load, hydrogen concentration and start of diesel injection). The
reduction of residence time was probably the dominant factor that led to lower NOy
values.

The CO emissions were reduced as the amount of hydrogen supplied into the
engine was increased due to the reduction in the fuel carbon to hydrogen ratio.

The THC emissions increased with advancing injection timing because the spray
tip penetrated deeper into the cylinder, due to the low charge density, leading to
spray wall impingement.

Enrichment of the intake air with hydrogen can lead to higher, lower or unchanged
THC emissions compared to the baseline operation. For instance, under high-speed
medium-load operation, the THC emissions increased with increasing the
percentage of hydrogen. In essence, the hydrogen-air mixture has a lower density
compared to air which, in conjunction with the high amount of diesel required in
this operating condition, may have led to spray wall impingement. Under low-
speed low-load operation, the introduction of hydrogen did not negatively affect
the THC emissions, as the small diesel quantity delivered into the cylinder,
together with the excess air, probably compensated for the reduction in the intake
charge density.

Hydrogen combustion efficiency improved with increasing the speed, load and
hydrogen proportion. In general, unburned hydrogen in the exhaust gas originates
from incomplete combustion of hydrogen and charge flowing past the exhaust
valve during the valve overlap period. The latter can be eliminated by injecting
hydrogen after the closure of the exhaust valve.

Overall, under low-speed operation, enrichment of the intake air with hydrogen
caused a reduction in brake thermal efficiency. Under high-speed operation, a
slight efficiency improvement was achieved but remained within the uncertainty

limits of the brake thermal efficiency.
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CHAPTER 5
ENRICHMENT OF THE INTAKE AIR WITH NITROGEN

5.1 Introduction

Stringent NOy emission requirements forced the introduction of aftertreatment and in-
cylinder NOy reduction technologies such as SCR systems and EGR, respectively. The
integration of aftertreatment systems within the exhaust pipe is associated with increased
cost, complexity and fuel consumption penalties; hence, in-cylinder techniques are
typically employed in order to mitigate the performance demands of the aftertreatment

systems.

EGR is a well-established intake air dilution technique in which exhaust gas from the
previous cycle is delivered back into the engine. Although EGR can contribute
significantly to the reduction of NOy emissions, it has been found that it has, among other
drawbacks, a detrimental effect on engine lifespan [110, 111]. Alternative intake air
dilution techniques, which aim to minimise the drawbacks associated with EGR, have been
proposed and studied by various researchers [99,100]. The findings from the enrichment of
intake air with nitrogen are promising, and it is very likely that this technique will be

adopted by the automobile industry after it undergoes certain improvements.

The outcomes of this chapter will enhance the understanding of the effects an air
separation membrane (producing nitrogen-rich combustion air) has on the emissions,
combustion and performance of a diesel engine. They can also benefit the development of
a fuel reforming catalytic reactor since the introduction of product gas into the engine

leads to an increase in the nitrogen to oxygen ratio in the intake air.

5.2 Methodology

Figure 5.1 shows the schematic representation of the line that was used to carry nitrogen
from the bottle into the intake pipe. In contrast to the hydrogen line, which has been
presented in the previous chapter, the measures required to eliminate the risk of accident
are less strict. For instance, a flashback arrestor is not required in pipes carrying inert

gases.
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Figure 5.1: Detailed schematic representation of N, supply into the intake pipe.

A detailed description of the bottled gas flow, from the bottle through the various
components fitted along the gas line into the intake pipe, has already been provided in
Section 4.2. At this point, only a brief description of the nitrogen line is provided since the
setup of hydrogen and nitrogen lines was similar. The nitrogen flow, control and monitor
were achieved by fitting four components along the nitrogen line: a pressure regulator, a
relief valve, a glass tube rotameter with an adjustable valve and a thermocouple. The
pressure regulator was used to control the line pressure and to track the gas pressure in the
bottle. The relief valve, which was fitted after the pressure regulator, ensured that the line
pressure did not exceed a certain value. The nitrogen flow rate was measured by the glass
tube rotameter, whereas a K-type thermocouple was employed to measure the nitrogen
temperature. In case it was different to the calibration temperature of the flow meter, a

correction factor was applied to the actual reading of the flow meter.

In this study, an amount of the intake air was gradually replaced by nitrogen in order to
examine the effects on the performance, combustion and emissions of the engine. Table
5.1 shows the percentage of the bottled nitrogen supplied into the engine (volumetric basis

of the total intake air) and the corresponding inlet oxygen concentration.

Table 5.1: Concentration of oxygen in the intake air as a function of the bottled nitrogen.

N, addition [%] | Inlet O, concentration [ %]
2 20.58
4 20.16
6 19.74
8 19.32
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The amount of bottled nitrogen delivered into the engine was calculated using Equation
(3.16). In addition, the volumetric air flow in the intake was measured by a positive
displacement flow meter. The volumetric nitrogen flow was calculated based on the

measured air flow. Further details are provided in Chapter 3.

5.3 Results and discussion

The rest of this chapter is devoted to presenting and discussing the findings of the
enrichment of the intake air with bottled nitrogen. Under low-speed operation (1500 rpm),
up to 8% (volumetric basis) of the intake air was replaced by bottled nitrogen, whereas
under high-speed operation (2500 rpm), the bottled gas was limited to 6%, as 8% would

require a high flow rate of nitrogen.

5.3.1 Effect of nitrogen-rich intake air on NOx-smoke trade-off

In general, nitrogen enrichment causes a remarkable reduction in NOy emissions.
However, the reduction in the concentration of oxygen, together with the decrease in peak
combustion temperature, results in an increase in smoke levels. Figure 5.2(a) reveals that
when 8% of the inlet air was replaced by bottled nitrogen, NOy emissions were reduced by
71%, while Figure 5.2(b) shows that under medium-load operation, NOy reduction reached
90% at the same nitrogen fraction. In both loads, the values were compared to the
corresponding baseline operation. Reduction of oxygen concentration typically leads to

longer duration of combustion, which contributes to the formation of smoke.

01 T T T
1500 rpm, 2.5 bar BMEP o SOI'12 CAD BTDC
0.09 + SOI9 CADBIDC |
0.081- + SOI6 CAD BTDC |
*  SOI3 CAD BTDC
0.07} 4
0.06 8 O Increasing .
- N2 [% vol]
Z 0.05F \ .
[72]
m
004 8+ 8% o) 4
0.03KS " 6T k4 09 i
002f 63 6 2 FEeeeg .
0.01F 2Tmwg 0 i
(@)
0 r r r
500 1000 1500 2000 2500
NOx [ppm]

102



Chapter 5: Enrichment of the intake air with nitrogen

1.2 T T T
O SOI 12 CAD BTDC
8+ g4 + SOI9 CAD BTDC
Lr - + SOI6CADBIDC -
S~ 8 *  SOI 3 CAD BTDC
0.8 A
Z 0.6 X
%)
M
04r A
Increasing
N2 [% vol]
021 4
1500 rpm, 5 bar BMEP (b)
0 r r r
500 1000 1500 2000 2500

NOx [ppm]

Figure 5.2: Effect of nitrogen-rich intake air on the trade-off between NOy and smoke.

Engine speed: 1500 rpm, load: (a) 2.5 bar BMEP, (b) 5 bar BMEP.

Figures 5.2(b) and 5.3(a) show that introduction of bottled nitrogen up to 4% did not
significantly affect BSN when diesel injection was commenced at 3 or 6 CAD BTDC. In
both figures, the optimum diesel injection timing, in terms of NOx and smoke emissions,
under the nitrogen-rich mode was at 3 CAD BTDC. Typically, the value of BSN increases
as the injection timing is retarded; nevertheless, under certain operating conditions,
commencement of diesel injection at 3 CAD BTDC resulted in a reduction in smoke
emissions. It should be mentioned that this was a repeatable trend of the engine used to

perform the experiments.

Figure 5.3(b) reveals that nitrogen enrichment was very detrimental to smoke emissions
when the engine was operated under high-speed medium-load. Replacement of 6% of the
intake air with bottled nitrogen led to an increase of over 100% in BSN, compared to the
baseline operation. An increase in fuel consumption is expected since a rise in smoke
emissions is typically associated with poor utilisation of the fuel. The relatively high
equivalence ratio, together with the high in-cylinder temperature, promotes the formation
of smoke. According to Kennedy [144], soot production is initiated from the pyrolysis of
fuel droplets exposed to high temperature. Finally, under this particular operating
condition, the inherent effect of retarding diesel injection on smoke emissions was

revealed.
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Figure 5.3: Effect of nitrogen-rich intake air on the trade-off between NOy and smoke.

Engine speed: 2500 rpm, load: (a) 2.5 bar BMEP, (b) 5 bar BMEP.

5.3.2 Effect of nitrogen-rich intake air on CO emissions

CO levels in the exhaust of a modern conventional diesel engine typically range from
approximately 10 to 500 ppm [138]. Dilution of the intake air with nitrogen results in an
increase in CO emissions because it lowers the peak combustion temperature and
influences the local equivalence ratio. Figures 5.4 and 5.5 demonstrate the concentration of
CO in the exhaust gas as a function of the bottled nitrogen supplied into the engine under
low- and high-speed operation, respectively. Under low-speed operation, enrichment of

the intake air with over 2% nitrogen led to a considerable increase in CO emissions.
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Figure 5.4: Effect of nitrogen-rich intake air on the CO emissions. Engine speed: 1500
rpm, load: (a) 2.5 bar BMEP, (b) 5 bar BMEP.

In the majority of the points tested, CO emissions increased with retarding the injection

timing. As diesel injection was commenced closer to the TDC, the time the in-cylinder

gases were exposed to temperatures above the CO oxidation threshold was reduced, since

the downward movement of the piston (during the expansion stroke) increased the cylinder

volume with a simultaneous decrease in both pressure and temperature.
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Figure 5.5: Effect of nitrogen-rich intake air on the CO emissions. Engine speed: 2500
rpm, load: (a) 2.5 bar BMEP, (b) 5 bar BMEP.

5.3.3 Effect of nitrogen-rich intake air on the maximum in-cylinder pressure

Figures 5.6 and 5.7 illustrate the maximum in-cylinder pressure at the extreme start of
injection timings adopted throughout the experiments; that is, 12 and 3 CAD BTDC. In
general, admission of a diluent gas in the intake pipe affects the heat capacity of the intake

charge, the oxygen concentration and the reaction rates, which become slower.

Enrichment of the intake air with nitrogen resulted in a rather small change in heat
capacity. For instance, replacement of 8% of the intake air with bottled nitrogen caused

only a 0.012 kJ/kgK increase in heat capacity, compared to neat air. At the same fraction
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of bottled nitrogen, the concentration of oxygen in the intake air dropped to 19.32%; thus,
it is more likely that the oxygen reduction effect influenced the combustion process to a

greater degree.
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Figure 5.6: Effect of nitrogen-rich intake air on the maximum in-cylinder pressure. Engine

speed: 1500 rpm, load: (a) 2.5 bar BMEP, (b) 5 bar BMEP.
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Figure 5.7: Effect of nitrogen-rich intake air on the maximum in-cylinder pressure. Engine

speed: 2500 rpm, load: (a) 2.5 bar BMEP, (b) 5 bar BMEP.

Overall, at fixed SOI, the maximum in-cylinder pressure decreased with the reduction in

oxygen concentration. In the majority of the test points, retardation of fuel injection from
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12 to 3 CAD BTDC resulted in approximately a 10 bar drop in the maximum in-cylinder
pressure. The reduction in the in-cylinder pressure that was caused by both the enrichment
of the intake air with nitrogen and the retardation of diesel injection can be linked to the

decrease in NOy formation, as presented in Section 5.3.1.

At the same load and nitrogen fraction, the in-cylinder pressure recorded under high-
speed operation was lower compared to low-speed. This, together with the less residence
time available, were the main factors that led to the reduction in NO, emissions under

high- speed operation, as already presented in Section 5.3.1.

5.3.4 Effect of nitrogen-rich intake air on ignition delay

The ignition delay is defined as the time interval between the SOI and the SOC. In this
study, the SOC was considered as the crank angle at which the heat release became
positive. The ignition delay is influenced by the diesel spray characteristics (fuel pressure
and droplet diameter), in-cylinder conditions (temperature and density) and oxygen
concentration of the intake charge (degree of dilution) [145, 146]. In this study, only the
final two parameters were varied, while the diesel spray characteristics were kept fixed.
The effect of in-cylinder temperature on ignition delay was investigated by changing the
start of injection, whereas variations on the oxygen concentration of the intake air were

achieved by adjusting the amount of bottled nitrogen.
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Figure 5.8: Effect of nitrogen-rich intake air on the ignition delay. Engine speed: 1500
rpm, load: (a) 2.5 bar BMEP, (b) 5 bar BMEP.

Figures 5.8(a) and 5.8(b) show that a reduction in oxygen concentration led to an
increase in ignition delay. The temperature of the bottled nitrogen was the same as the
ambient air, while its effect on the intake charge density was insignificant. Enrichment of
the intake air with 8% bottled nitrogen resulted in a reduction in the intake charge density
by approximately 0.01 kg/m3 . This clearly indicates that the increase in ignition delay,
when the intake air was enriched with bottled nitrogen, was exclusively caused by the

reduction in oxygen concentration.
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Figure 5.9: Effect of nitrogen-rich intake air on the ignition delay. Engine speed: 2500
rpm, load: (a) 2.5 bar BMEP, (b) 5 bar BMEP.

Another parameter that typically influences the ignition delay is the in-cylinder
temperature during the diesel injection, as discussed in the first paragraph of this section.
From Figures 5.8 and 5.9, it is clear that retardation of diesel injection led to a shorter

ignition delay because the fuel was delivered at a higher in-cylinder temperature.

Under high-speed operation, Figures 5.9(a) and 5.9(b), enrichment of the intake air with
nitrogen unexpectedly resulted in a reduction in ignition delay when the injection of diesel
was commenced at 6 or 3 CAD BTDC. Taking into account that the in-cylinder
temperature was reduced by the admission of nitrogen (reflected in NOy emissions), it may
be concluded that the fuel was ignited by hot spots on the piston as it was relatively close
to the injector tip. Nevertheless, this is just a speculation that requires further investigation

using optical diagnostics.

5.3.5 Effect of nitrogen-rich intake air on brake thermal efficiency

Figures 5.10 and 5.11 illustrate the brake thermal efficiency at the different bottled
nitrogen percentages used to enrich the intake air. The fuel consumption tests were
repeated four times and the values reported are mean values, while the error bars
correspond to the + standard deviation of the calculated brake thermal efficiency. Equation

(5.1) details the formula used to calculate the brake thermal efficiency:
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work ou

tput W,

Ml = heat added a rhdeHVdf

(5.1)

where W}, denotes the brake power, mg¢ denotes the mass flow rate of diesel and LHVy¢

denotes the lower heating value of diesel.
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Figure 5.10: Effect of nitrogen-rich intake air on the brake thermal efficiency. Engine
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In general, an increase in the proportion of nitrogen in the intake air leads to a thermal
efficiency drop. The increase in carbon-containing emissions in the exhaust gas,
originating from the incomplete combustion of diesel, as presented in Sections 5.3.1and
5.3.2, is associated with poorer utilisation of diesel fuel, which causes a reduction in brake

thermal efficiency.

In all the operating conditions tested, it was found that dilution of the intake air with up
to 2% bottled nitrogen had a very small impact on brake thermal efficiency. Operation
under high-speed medium-load and introduction of 6% bottled nitrogen, resulted in a
significant reduction in brake thermal efficiency. This was not unexpected, as this
particular operating point was the most BSN and CO emitting, as shown in Figures 5.3(b)

and 5.5(b), respectively.

5.4 Summary

The results obtained from the enrichment of the intake air of the engine with bottled
nitrogen were presented and discussed in this chapter. The concentration of the bottled
nitrogen varied from 2% up to 8% (v/v of the total intake charge), in 2% steps. The main

effects on the emissions, performance and combustion can be summarised as follows:

e Enrichment of the intake air with nitrogen resulted in a reduction in NOy formation.
However, the reduction in the concentration of oxygen in the intake air, together
with the reduction in peak combustion temperature, had a detrimental effect on
smoke and CO emissions.

e Under high-speed medium-load operation, nitrogen enrichment was very
detrimental to smoke emissions. In particular, at 6% bottled nitrogen, BSN more
than doubled compared to the baseline operation. The reduction of oxygen
concentration led to local fuel-rich zones, a lower peak combustion temperature
and poor oxidation of diesel fuel. These factors contributed to the formation of
smoke, which was not burned off later on as the in-cylinder temperature remained
relatively low due to the dilution of the intake air.

e The CO emissions increased with the percentage of the admitted nitrogen. In the

majority of the points tested, retarded SOI resulted in higher CO emissions.
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At a fixed start of injection, the maximum in-cylinder pressure decreased with the
reduction in oxygen concentration.

In the majority of the test points, retardation of fuel injection from 12 to 3 CAD
BTDC resulted in approximately a 10 bar drop in the maximum in-cylinder
pressure.

Enrichment of the intake air with nitrogen resulted in longer ignition delay as
compared to the baseline operation. Retardation of SOI shortened the ignition delay
because the fuel was delivered in a higher in-cylinder temperature.

Brake thermal efficiency reduced with the increase in the proportion of nitrogen.
This was not unexpected taking into account that carbonaceous emissions increased

when the intake air was diluted with nitrogen.
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CHAPTER 6

ENRICHMENT OF THE INTAKE AIR WITH SIMULTANEOUS
HYDROGEN AND NITROGEN

6.1 Introduction

Overcoming the trade-off between NOy and smoke emissions in diesel engines requires
investigation of novel systems, which can potentially serve the automobile industry
towards further emission reduction. Enrichment of the intake air with a H, + N, gas
mixture, which can be obtained from a diesel fuel reforming system, can lead to new

generation low polluting diesel engines.

Reduction of diesel exhaust emissions can be achieved either with in-cylinder emissions
suppression techniques [147], or with aftertreatment technologies [148]. The existence of
inverse correlation between emissions, especially NOy and smoke, makes the in-cylinder
emission control a very challenging task, taking into account the low emission limits that
are in force. Hence, novel solutions are required in order to simultaneously reduce the

levels of the different pollutants leaving the cylinder.

Some parameters affecting the formation of emissions, which can be adjusted relatively
easy through the ECU are injection timing, injection pressure and EGR volume fraction.
Buyukkaya and Cerit [149] performed experiments on a low heat rejection diesel engine
and found that retardation of injection timing lowered NOy emissions at the expense of
PM. The same NOy-smoke trend was obtained either by decreasing the injection pressure
or by increasing the proportion of EGR in the intake air [150]. The latter resulted in a
reduction in oxygen concentration in the intake air, which led to a decrease in NOy and an

increase in PM [151].

Various techniques that simultaneously suppress the formation of NOy and smoke
emissions have been investigated, but only few of these techniques have been applied to
mass production. Mkilaha et al. [152] modified a four cylinder indirect injection diesel
engine to deliver compressed air into the pre-chamber during combustion. At no load

conditions, the NOy and PM emissions reduced simultaneously. It was concluded that NOy
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reduction was caused by flame quenching, while the drop in PM was caused by the

enhanced mixing of diesel with air.

Many studies have shown that adoption of dual fuel is a feasible solution to the reduction
of emissions. This technique can affect various combustion parameters such as flame
propagation, ignition delay, adiabatic flame temperature, flammability limits, reduction in
intake charge oxygen concentration and combustion duration, which influence engine

emissions and performance.

Papagiannakis and Hountalas [153] investigated the effects of blending diesel with
natural gas on the performance and emissions of a DI diesel engine. It was shown that in
most of the operating points tested, admission of natural gas resulted in simultaneous
reductions in NO and PM. It was also reported that fuel consumption, CO and HC
emissions deteriorated under the dual fuel operation. In a different study, it was
demonstrated that operation with combined hydrogen and EGR can also offer

simultaneous reductions in NOy and smoke emissions [154].

Roy et al. [155] combined in-cylinder and aftertreatment emission reduction techniques
in a single-cylinder naturally aspirated DI diesel engine. The formation of NOx emissions
was suppressed using EGR, whereas the increased PM emissions, associated with EGR,
were treated by a cyclonic separator fitted into the exhaust pipe. The particles were subject
to centrifugal forces enabling the separation of soot from the exhaust gas. Nakatani et al.
[156] reported a more than 80% reduction in both NOy and PM emissions by developing
an aftertreatment system called DPNR (Diesel Particulate - NO4 Reduction System).

Johnson [157] presented a review on NOy control and PM reduction technologies. Diesel
particulate filter is the technology currently used to remove PM from the exhaust gas,
whereas NOy emissions are treated with the aim of the SCR system. The integration of
both systems in the exhaust pipe allows simultaneous NOx and PM aftertreatment.
Yoshinobu et al. [158] proposed an electrochemical reduction system to reduce NOy and

smoke emissions from diesel engines. They claimed NO, and PM reductions over 90%.

The objective of this chapter is to present the effects of H, + Nj-enriched intake air on the
emissions, combustion and performance of an HSDI diesel engine. Bottled gases,

simulating diesel fuel reforming product gas, were introduced into the engine through the
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inlet pipe. Carbon monoxide, at a relatively high concentration, is typically present in
diesel reforming product gas; nevertheless, it can be reduced to ppm levels through the
water-gas shift reaction using a good low-temperature catalyst. The effects of syngas + N,-
enriched intake air, aiming to build on the knowledge obtained in the previous and current

chapter, are presented in Chapter 7.

6.2 Methodology

A detailed description of the hydrogen and nitrogen lines has already been provided in
Chapters 4 and 5. In fact, admission of a H, + N, mixture into the engine was achieved by
using both lines simultaneously. Figure 6.1 shows the schematic representation of the two

lines used to carry the bottled gases into the intake pipe.
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Figure 6.1: Detailed schematic representation of simultaneous hydrogen and nitrogen

supply into the intake pipe.

6.3 Hydrogen and nitrogen enrichment

This chapter extends beyond the enrichment of the intake air with separate hydrogen and
nitrogen (presented in Chapters 4 and 5, respectively) by supplying the two gases into the
engine simultaneously in order to assess the effects on the emissions, performance and
combustion. The study aims to simulate the supply of oxygen-free reformer products into
the engine. Depending on the reactions promoted, hydrogen can be the main combustible
product of diesel fuel reformation, while nitrogen simulates the reduction in oxygen
concentration in the intake air; that is, increased nitrogen to oxygen ratio. Table 6.1

illustrates the intake charge composition at the various H, + N fractions used.
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Table 6.1: Intake charge composition.

Bottled H, + N, Intake charge composition
[%vol. of intake air] [%N:]  |[%0,:] |[%H:]
0 79 21 0
2+2 77.84 20.16 2
4+4 76.68 19.32 4
6+6 75.52 18.48 6
8+8 74.36 17.64 8

A review of the effects of enriching the intake air with separate hydrogen and nitrogen on
the combustion of a diesel engine has already been provided in Chapter 2; however, a brief

discussion is also provided in the following paragraph.

Nitrogen does not participate in the combustion process but the displacement of intake air
oxygen lowers the combustion temperature; hence, NOy emissions reduce at the expense of
CO, smoke and THC. The high adiabatic flame temperature of hydrogen contributes to the
increase in NOy formation; however, the combustion of hydrogen produces zero CO,
smoke and THC emissions. Enrichment of the intake air with simultaneous H, + N, allows
realisation (under certain operating conditions) of the benefits the two gases offer; namely,
simultaneous NOy, BSN and CO reduction. It is anticipated that H, + N, rich intake air
could lead to new advances in diesel engines with the reforming-based H, + N» serving as

the enabling technology for developing new frontier emission reducing engines.

6.4 Results and discussion

The results obtained from the H, + N rich combustion are presented in this section. Along
with the regulated emissions, the effects of H, + N, enrichment on nitrogen exhaust
compounds such as NO, NO,, NH3 and N,O are provided. In addition, a combustion
analysis aims to clarify how a H, + N; gas mixture affects various combustion parameters
such as the in-cylinder pressure, the rate of heat release and the mass fraction burned. A
brake thermal efficiency comparison between the baseline and the H, + N, rich operation

is also presented.
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6.4.1 Effect of hydrogen- and nitrogen-rich intake air on the NOy-smoke trade-off

As already mentioned, N,-rich intake air reduces the formation of NOy emissions at the
expense of smoke, whereas hydrogen enrichment typically causes the opposite effect.
Simultaneous H, + N, enrichment can allow realisation of the benefits the two gases offer;
namely, simultaneous NOy and smoke emission reduction. In this section, among other
results, it is shown that under low-speed low-load operation, enrichment of the intake air
with simultaneous H, + N, can break the trade-off between NO, and smoke emissions.
Figures 6.2 and 6.3 show the NO4-BSN values recorded when the intake air was enriched
with a mixture of H, + Nj. It should be clarified that due to the zero BSN values in Figure

6.2(a) a secondary y-axis was adopted to better illustrate the results.

Figure 6.2(a) reveals that introduction of bottled H, + N, up to 4% caused a minor
reduction in NOy emissions. An increase in the volume of the admitted gas mixture beyond
4% led to a substantial suppression in the formation of NOy emissions. As already
presented in Chapter 4, under low-speed low-load operation, the combustion of a H,-diesel
blend hardly affected the levels of NOy emissions; therefore, it is speculated that the drop
in NOx when the intake air was enriched with a mixture of H, + N, (running the engine at
the same operating conditions) was caused by the reduction in the amount of oxygen in the
intake air. A comparison with the neat diesel operation showed a 71.5% reduction in NOy
formation when a 12% H, + N, gas mixture was used. It is worth mentioning that at 12%
H; + N, (6% H;, + 6% N,) proportion, in three out of four different injection timings, NOy
emissions were slightly lower compared to the NOy values obtained at 6% nitrogen
admission, Figure 5.2(a). The lower percentage of oxygen in the former case (18.48% as
compared to 19.74% in the latter) possibly compensated for the admission of hydrogen.
Concerning the BSN values, the reduction of carbon to hydrogen ratio in the H,-diesel
blend, compared to the baseline operation, resulted in a reduction in BSN that became
finally zero (or below the detection limit of the smoke meter). It should be noted that the

BSN lines at SOI 3 and 6 CAD BTDC coincide.
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Figure 6.2: Effect of simultaneous H, + N, enrichment on the NO4-BSN trade off. Engine
speed 1500 rpm, load: (a) 2.5 bar BMEP, (b) 5 bar BMEP.

Figure 6.2(b) shows that under low-speed medium-load operation, BSN values
significantly decreased by the introduction of a H» + N, gas mixture into the engine. At the
same operating condition, substituting up to 8% of the inlet air with H, + N, caused an
increase in NOy emissions at a rate of 0.6-9%, depending on the injection timing and the
fraction of the gas mixture. When the admitted gas mixture was over 8%, the effect of H,
+ N, enrichment on NOy emissions varied, depending on the SOI selected. However, of
interest is the following operating point: 16% H, + N, gas mixture - start of injection 12
CAD BTDC in which the emission data revealed an unexpected trend. The reduction in

NOy in conjunction with the increase in BSN was probably caused by diesel misfire. In
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general, when injection timing is advanced, diesel is injected at lower in-cylinder
temperature. This condition, together with the reduction in diesel quantity and the
replacement of an amount of oxygen, may have led to poor fuel oxidation, reflected in
emissions with increased BSN (partially oxidised fuel) and reduced NOyx (lower
temperature due to less fuel being utilised). The correctness of this speculation can be
verified by examining Figures 6.7 and 6.13(b), which show the in-cylinder pressure and

the CO emissions under this particular operating condition.
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Figure 6.3: Effect of simultaneous H, + N, enrichment on the NOx-BSN trade off. Engine
speed 2500 rpm, load: (a) 2.5 bar BMEP, (b) 5 bar BMEP.

Under high-speed low-load operation, enrichment of the intake air with a mixture of H, +

N, exhibited a considerable reduction in smoke and relatively unaffected NOy emissions,
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Figure 6.3(a). It is speculated that a change in the proportion of H, + N, could lead to a
simultaneous decrease in NOx and BSN. Reduction in hydrogen supply (for instance a gas
mixture consisted of either 6% N, + 2% H, or 5% N, + 3% H;), would probably result in a

reduction in NOy formation.

Under high-speed medium-load operation, the rate of NOy formation exhibited a
significant increase when the admitted H, + N, mixture was over 8%. Below this gas
mixture proportion, the effect of Hy + N, on NOy emissions varied, depending on the
injection timing. When diesel injection was commenced either at 12 or at 9 CAD BTDC,
an increase in the amount of H, + N, resulted in increased NO, emissions. Start of diesel
injection either at 6 or at 3 CAD BTDC, led to a reduction in NOy formation as the
proportion of H, + N» increased. Smoke emissions reduced at almost all the points tested

as the amount of H, + N5 increased.

6.4.2 Combustion analysis

To examine the effect of H, + N, enrichment on the in-cylinder pressure and the rate of
heat release (ROHR) six points were selected from Figures 6.2 and 6.3. Figures 6.4(a) and
6.4(b) correspond to 1500 rpm low- and medium-load operation, respectively, while
Figure 6.4(c) shows the data recorded in 2500 rpm 5 bar BMEP operation. All the data
illustrated in Figure 6.4 corresponds to a fixed start of diesel injection, 6 CAD BTDC.

Figure 6.4(a) shows a case in which an increase in the amount of H, + N, resulted in a
reduction in NOy emissions. In this figure, the comparison was made between the data
collected at 8% and 12% H, + N, fraction. The smaller premixed burn fraction obtained at
12% H; + N, justifies the drop in NOy emissions. A higher proportion of premixed burning
often correlates with higher NOy emissions [30]. Referring to Figure 6.2(a), BSN was
maintained at zero levels in both 8% and 12% H, + N, fractions, although at 12% H; + N,
the combustion temperature was lower (reflected in the lower NOy value), and the amount
of fuel burned during the diffusion combustion phase was higher, Figure 6.4(a). From this
it can be concluded that under this operating condition, the reduction of fuel carbon to
hydrogen ratio was the dominant factor that led to BSN reduction. Comparison of the heat
release when the introduction of different H, + N, amounts (12% and 16% H; + N) did
not significantly affect NO, and BSN values revealed a distinct similarity between the two

curves, Figure 6.4(b). Finally, Figure 6.4(c) shows a case in which an increase in the
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amount of the gas mixture (from 8% to 12% H, + N) led to an increase in NOy emissions
and a reduction in BSN. Again, higher NOy were emitted from the combustion with the

larger premixed burn fraction.

The reduction in smoke emissions is attributed to the following reasons: Reduction in
carbon to hydrogen ratio as the amount of hydrogen is increased, better soot oxidation
when the combustion temperature is increased, enhancement of soot oxidation from the

production of OH radicals and reduction of the amount of fuel burned late in the expansion

cycle [11, 135, 136, 159].
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Figure 6.4: Effect of simultaneous H, + N, enrichment on the in-cylinder pressure and rate
of heat release: (a) 1500 rpm, 2.5 bar BMEP; (b) 1500 rpm, 5 bar BMEP; (c)
2500 rpm, 5 bar BMEP.

Figure 6.5 depicts the 10, 50 and 90 % mass fraction burned points (obtained from the
integration of heat release rate) for the cases presented in Figure 6.4. The start of

combustion, taken as the point the heat release curve intersects the x-axis, is also indicated

on the graphs.

Under low-speed operation, an increase in the amount of the gas mixture introduced into

the engine did not significantly affect the MFB patters, as shown in Figures 6.5(a) and
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6.5(b), whereas under high-speed operation, a distinct change on combustion duration was
observed, Figure 6.5(c). In particular, a shorter 50% and 90% MFB was obtained by
increasing the proportion of H, + N; from 8% to 12%. Peirce et al. [160] conducted
experiments on a compression ignition engine fuelled by diesel and biodiesel and proved
that the fuel which is burned faster is the most NOy emitting one. The same holds true
when diesel is partly substituted by hydrogen [161]. Referring to Figure 6.3(b), it is clear
that the admission of 12% H; + N, gas mixture led to higher NOy emissions compared to
the 8% H, + N,. Under this operating condition, an increase in the amount of hydrogen

resulted in more explosive burn, which is reflected in the shorter duration of combustion.

Taking into account the results presented in the previous paragraph, it can be concluded
that enrichment of the intake air with a Hj-containing gas mixture does not always
contribute to faster combustion, which is typically associated with enhanced thermal

efficiency. This along with the incomplete hydrogen combustion and the dilution effect

usually lead to a reduction in thermal efficiency.
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Figure 6.5: Comparison of mass fraction burned at different amounts of Hy: (a) 1500 rpm,
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In Figure 6.6, it is shown that when the premixed burn fraction was over 70%, an
increase in the proportion of H, + N, unexpectedly caused a reduction in ignition delay.
Typically, substitution of an amount of intake air with either a flammable or an inert gas
leads to an increase in ignition delay. Under high-speed operation, the expected effect of
intake air dilution on ignition delay was revealed; namely, an increase in the amount of H,
+ N, introduced into the engine led to a longer ignition delay. In contrast to low-speed
operation, under high-speed operation, the premixed burn fraction was below 65%. From
the above analysis, it can be deduced that the ignition delay is not prolonged with the

dilution of the intake air when the premixed burn fraction is over 70%.
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Figure 6.6: Premixed burn fraction as a function of ignition delay.
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Figure 6.7 shows the in-cylinder pressure data that correspond to the following operating
conditions: low-speed medium-load, 16% H; + N, gas mixture, commencement of diesel
injection at 9 and 12 CAD BTDC. This figure verifies the assumption made in Section
6.4.1; namely, when diesel injection was commenced at 12 CAD BTDC the engine
probably misfired. Comparison of the two curves (the dotted curve corresponds to SOI at
9 CAD BTDC) shows that the peak of the solid curve is not as smooth as the dotted curve.
This abnormality implies an issue with the combustion, which is reflected on the emission

values, see Sections 6.4.1 and 6.4.6.

6.4.3 Effect of hydrogen- and nitrogen-rich intake air on nitric oxide and nitrogen

dioxide

The FTIR analyser is capable of measuring, among other chemical species, the nitrogen
compounds in the exhaust gas. In this chapter, apart from the regulated emissions, a

discussion on NO, NO,, N,O and NH3 emissions is also provided.

During the combustion process NO; is produced through the oxidation of NO by
oxidative radicals, while it has been demonstrated that the type of the fuel used and the
engine operating conditions affect the conversion [11, 162]. The production of HO,
radicals, occurring at low temperatures through the reaction of H atoms with oxygen,

enhances the conversion of NO to NO, [81].

Figures 6.8 and 6.9 show the NO and NO; emissions produced under low-speed low-load
and high-speed medium-load operation, respectively. In the four different operating
conditions tested, the maximum NO, fraction was measured under low-speed low-load,
whereas the minimum under high-speed medium-load operation. This is not unanticipated
since the amount of fuel supplied into the engine was increased by increasing either the
speed or the load, leading to a reduction in A/F ratio; namely, reduction in oxygen
concentration in the combustion products. Figure 6.8 shows an important trend concerning
the effect of fuel type on NO oxidation. When a H, + N, gas mixture, at any percentage,
was supplied into the engine, the amount of NO, increased compared to the neat diesel
operation, although the admission of H, + N; replaced an equivalent volume of air. In
particular, under the baseline operation, the NO, fraction was around 6%, whereas under

H, + N2 rich intake air operation, the NO, value varied from 11% up to 27%. It is worth
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mentioning that downstream a diesel oxidation catalyst the NO,/NO ratio may increase

[163].
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Figure 6.9: NO-NO; fraction. Engine speed 2500 rpm, load 5 bar BMEP.

6.4.4 Effect of hydrogen- and nitrogen-rich intake air on nitrous oxide

N,O is a greenhouse gas and air pollutant and has been found that this chemical compound
exists in the treated exhaust gases of automobiles [164, 165]. Figure 6.10 demonstrates that
raw exhaust gases contained marginal N,O emissions that showed a declining trend as the
proportion of H, + N in the intake air was increased. Only the results obtained under low-

speed low-load operation are illustrated, since the emission levels were the same in all the
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operating conditions tested. Lipman and Delucchi [166] reported zero N,O emissions from

cars without a catalytic converter; however, the installation of a catalytic converter may

promote the formation of nitrous oxide.
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Figure 6.10: N,O emissions. Engine speed 1500 rpm, load 2.5 bar BMEP.

6.4.5 Effect of hydrogen- and nitrogen-rich intake air on ammonia emissions

Under both baseline and H, + N, rich intake air operation, no ammonia emissions were

detected in the exhaust gas. In fact, the FTIR analyser showed negative ammonia values,

which were possibly caused by both a small electrical noise and interfering effects, Figure

6.11. Similarly to Figure 6.10, only the data collected under low-speed low-load operation

are presented since the ammonia levels were the same in all the operating conditions

tested.
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Figure 6.11: Ammonia emissions. Engine speed 1500 rpm, load 2.5 bar BMEP.
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6.4.6 Effect of hydrogen- and nitrogen-rich intake air on CO emissions

Under low-load operation (cond. 1 and 3), enrichment of the intake air with simultaneous
H, + Ny, resulted in a considerable reduction in the levels of CO emissions, Figures 6.12(a)
and 6.13(a). A comparison between the CO emitted under the baseline and the H, + N>
rich intake air operation (at the maximum H; + N, amount; namely, 12% in low-speed and
8% in high-speed operation), showed up to 273% and 77% reduction in CO emissions

under low- and high-speed operation, respectively.
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The CO values obtained under medium-load operation are illustrated in Figures 6.12(b)
and 6.13(b). In contrast to low-load operation, in the majority of the test points CO

emissions were not reduced when H; + N, rich intake air was introduced into the engine.
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Figure 6.13: Effect of simultaneous H, + N, enrichment on the CO emissions. Engine

speed: 2500 rpm, load: (a) 2.5 bar BMEP, (b) 5 bar BMEP.

Under low-speed medium-load run, admission of H, + N up to 8% had an insignificant
effect on CO emissions, Figure 6.12(b). Over 8% H, + N; caused an increase in CO
emissions when diesel injection was commenced at 9 CAD BTDC, while the levels of CO
reduced at SOI 3, 6 and 12 CAD BTDC. Referring to the same figure, an unexpected CO
value was observed in the following operating point: SOI 12 CAD BTDC, H; + N, 16%.
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Bearing in mind the data presented in Sections 6.4.1 and 6.4.2, the relatively high CO
value at this operating point was probably caused by diesel misfire. Concerning the high-
speed medium-load operation, up to 4% H; + N, admission, resulted in a reduction in CO
emissions when injection was commenced anywhere before 3 CAD BTDC. Over 4% H, +

N led to an increase in CO levels compared to the baseline values, Figure 6.13(b).

6.4.7 Effect of hydrogen- and nitrogen-rich intake air on brake thermal efficiency

A brake thermal efficiency comparison is illustrated in Figures 6.14 and 6.15. The results
revealed that the engine was more fuel efficient under low-speed operation (1500 rpm).
Taking into account that thermal efficiency is improved as the peak in-cylinder pressure
occurs closer to TDC [106], it is not unexpected that the operation under 1500 rpm was

more fuel efficient compared to the operation under 2500 rpm, Figure 6.4.
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Figure 6.14: Effect of simultaneous H» + N, enrichment on the brake thermal efficiency.

Engine speed 1500 rpm, load 2.5 and 5 bar BMEP, SOI 6 CAD BTDC.

In Chapter 4, it was shown that under high-speed medium-load operation the combustion
efficiency of hydrogen was over 98.7%. Figure 6.15 exhibits that under high-speed
medium-load operation, thermal efficiency gradually reduced as the concentration of H, +
N, in the intake air was increased. This suggests that under this operating condition, the
major contributor to the reduction in thermal efficiency was the incomplete utilisation of
diesel fuel (due to the dilution of the intake air), since almost all the hydrogen supplied

into the engine was burned during the combustion process.
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Engine speed 2500 rpm, load 2.5 and 5 bar BMEP, SOI 6 CAD BTDC.

6.5 Summary

The effects of H, + N rich intake air on the performance, combustion and emissions of an
HSDI diesel engine were presented in this chapter and the main findings are summarised

below:

e NO,-smoke trade-off: Simultaneous reductions in NO, and BSN levels were
achieved under low-speed low-load operation. Comparison to the baseline
operation revealed a 71.5% reduction in NO, emissions when a gas mixture
consisted of 12% H, + N, was supplied into the engine. Under both low-speed
medium-load and high-speed low-load operations, introduction of H, + N, into the
engine caused a considerable reduction in BSN levels, while NOy emissions
showed only minor changes. Under high-speed medium-load operation, the rate of
NOy change appeared to be very sensitive when the proportion of H, + N> into the
intake air was over 8%. Bearing in mind the NO4-BSN values, it was revealed that
the optimum start of diesel injection was at 3 CAD BTDC when the engine
operated under conditions 1-3.

e Combustion analysis: The formation of NOy emissions was increased with the
premixed burn fraction. An increase in the percentage of H, + N in the intake air

produced either different or similar heat release curves. In the former case, NOy
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emissions increased or decreased, depending on the premixed burn fraction,
whereas in the latter case, NOy emissions remained relatively unaffected due to the
similar patterns of the premixed combustion.

Nitrogen exhaust compounds: When the speed or the load of the engine was
increased, the oxidation of NO was reduced because the combustion products
contained less amount of oxygen. Although the introduction of H, + N, replaced an
equivalent volume of air, under low-speed low-load operation, a higher NO, to NO
ratio was obtained compared to the baseline operation. It is therefore clear that the
type of fuel affects the oxidation of NO. The raw exhaust gases contained marginal
N>O and zero NHj3 emissions. The level of N,O, although very low, tended to
further reduce as the amount of H, + N» increased.

CO emissions: Under low-load operation (cond. 1 and 3), simultaneous enrichment
of the intake air with H, + N resulted in a considerable CO reduction. Under low-
speed medium-load operation, admission of H, + N; into the engine had a minor
effect on CO emissions. Concerning the high-speed medium-load operation,
introduction of H, + N, over 4% led to an increase in CO emissions compared to
the baseline values.

Brake thermal efficiency: Enrichment of the intake air with a mixture of Hy + N,
had a detrimental effect on the brake thermal efficiency. The results revealed that
the engine was more fuel efficient under low-speed (1500 rpm) compared to high-
speed (2500 rpm) operation. A dominant factor that contributed to the increased
brake thermal efficiency under low-speed operation was the position of the peak in-

cylinder pressure, which was closer to the TDC.

132



Chapter 7: Enrichment of the intake air with a mixture of syngas and nitrogen

CHAPTER 7

ENRICHMENT OF THE INTAKE AIR WITH A MIXTURE OF
SYNGAS AND NITROGEN

7.1 Introduction

Exhaust gas assisted fuel reforming is an attractive on-board hydrogen production method,
which can open new frontiers in diesel engines. Apart from hydrogen, and depending on
the reactions promoted, the reformate typically contains a significant amount of carbon
monoxide, which is produced as a by-product. Moreover, admission of reformed gas into
the engine, through the inlet pipe, leads to an increase in the proportion of nitrogen in the
intake charge. It is therefore necessary to study how a mixture of syngas and nitrogen
affects the performance, combustion and emissions of a diesel engine, in order to gain a

better understanding of the effects of supplying fuel reformer products into the engine.

The production of hydrogen is classified into three categories: thermochemical,
electrochemical and biological [167]. In the first category (most hydrogen is derived from
this method), separation of hydrogen from a feedstock is achieved through endothermic
chemical reactions. The electrochemical method involves water decomposition into
hydrogen and oxygen by passing an electric current through the water. Concerning the
biological method, hydrogen can be produced from renewable sources by microorganisms

using carbohydrate-rich and non-toxic raw materials.

The hydrogen produced from the methods described above can be stored in an
automobile either as a gas dissolved in a metal, as a cryogenic liquid or as a compressed
gas [168]. Nevertheless, on-board hydrogen storage is deemed challenging as practical
issues (weight increase, volume occupation, hydrogen infrastructure and safety) need to be

overcome.

A widely acceptable alternative that is currently under research and development stage is
the on-board hydrogen production. Adoption of this technique requires the integration of a
fuel reformer within the exhaust pipe in order to generate hydrogen through a catalytic

interaction of the fuel with hot exhaust gases. The basic idea is to liberate the hydrogen
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held in the fuel and exhaust steam and direct it into the combustion chamber. The chemical
reactions (7.1)-(7.7) may take place in a reformer supplied with exhaust gas and diesel [96,
140, 168]. Details about reforming reactions can also be found in the references [83] and

[169]. It should be clarified that the following reactions do not refer to engine combustion.
Diesel fuel steam reforming:
Ci231Hp217 +12.31H,0 - 12.31CO + 23.4H, (7.1)

This reaction is largely endothermic and to be efficient it requires temperatures in the
range of 600 to 800 °C [170]. Typical diesel exhaust gas temperatures vary from

approximately 200 to 700 °C, depending on the operating conditions of the engine.
Water-gas shift:
CO + H,0 —» CO, + H, (7.2)
Diesel fuel partial oxidation:
Ci231Hp17 +6.150, —» 12.31CO + 11.08H, (7.3)
Diesel fuel complete oxidation:
Ci231H2247 +17.850, — 12.31CO, + 11.08H,0 (7.4)

Being exothermic, the reactions (7.3) and (7.4), although not desirable due to the drop of
product gas calorific value, can raise the exhaust temperature if it is not adequate to drive

the steam reforming reaction.
‘Dry reforming’ reaction:
Ci231Hp217 +12.31C0O, — 24.62CO + 11.08H, (7.5)
Reaction (7.5) requires temperatures over 800 °C.
Autothermal reforming:
Ci231H2247 + 5.650, + H,0 —» 12.31CO, + 12.08H,0 (7.6)

Hydrocarbon thermal decomposition:
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Cyp31Hyp 17 = 12.31C 4+ 11.09H, (7.7)

In fact, during a fuel reformation process more than one reaction may take place;
nevertheless, promotion of the most desirable can be achieved by tuning the reformation

process.

Tsolakis et al. [79] experimentally investigated the effect of REGR on a diesel engine. It
was concluded that, in the majority of the test conditions, dual fuel operation (diesel and
REGR) resulted in improved NOy, smoke and engine fuel consumption. The concentration
of hydrogen and CO in the exhaust gas was found relatively high at low engine load, and

as a result BSFC deteriorated due to the incomplete gaseous fuel utilisation.

Singh Bika [171] used a single-cylinder CI engine fuelled by syngas-diesel in order to
study the effect of varying syngas proportions on the cycle efficiency, NOx and CO
emissions. It was found that cycle efficiency reduced when the equivalence ratio of the
gaseous fuel was increased. Moreover, it was shown that NOy emissions remained
relatively constant at 2 bar IMEP, while at 4 bar IMEP they increased with diesel fuel
substitution. Also, it was proven that CO was utilized more efficiently at the high load

condition.

A typical diesel exhaust gas fuel reforming produces a gas mixture that is mostly
composed of hydrogen and carbon monoxide. Although the effects of providing syngas
into a diesel engine have been investigated by many researchers [80, 172-174], no papers
were found dealing with the effects of supplying syngas + Nj. The effects of enriching the
intake air with separate and simultaneous hydrogen and nitrogen on the combustion and
emissions of the engine were presented in Chapters 4-6. The current chapter aims to take
this research effort further by introducing syngas and nitrogen (at varying concentrations)
into the engine. The syngas composition resembled that of typical diesel fuel reformation,
while the introduction of nitrogen simulated the effect of oxygen concentration reduction

in the inlet charge; that is, the increased N, to O; ratio.

7.2 Methodology

The engine was run in four different operating conditions, which included two different
speeds (1500 and 2500 rpm) and two different loads (2.5 and 5 bar BMEP). Start of

injection was swept from 12 to 3 CAD BTDC in three degree increments, while the bottled
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gases were admitted into the engine in 4% steps (2% syngas + 2% N,), starting from 4%

up to 12%.

The baseline data was obtained by delivering ULSD into the engine. The dual fuel
operation was realised by substituting an amount of diesel fuel with gaseous H, + CO,
while the engine speed and load were maintained constant. The composition of the syngas
was 60% H, - CO balance. Table 7.1 details the concentration of the syngas in the intake

charge as well as the mass flow rate and the energy ratio of the individual gases it was

composed of.

Table 7.1: Gaseous fuel concentration, mass flow rate and energy ratio.

Syngas concentration [ % vol.] 2 4 6
H, fraction [% vol.] 1.2 2.4 3.6
CO fraction [% vol.] 0.8 1.6 2.4
H, mass flow rate (1500 rpm) [g/sec] 0.0204 0.0408 0.0612
CO mass flow rate (1500 rpm) [g/sec] 0.1717 0.3434 0.5151
H;, mass flow rate (2500 rpm) [g/sec] 0.0324 0.0648 0.0972
CO mass flow rate (2500 rpm) [g/sec] 0.2760 0.5520 0.8280
H,/CO energy ratio (1500 rpm) 1.4116 1.4116 1.4116
H,/CO energy ratio (2500 rpm) 1.3947 1.3947 1.3947

Table 7.2 illustrates the concentration of the individual gases in the intake charge at the

different syngas + N, percentages used throughout the experiments, while the schematic

representation of the composition of the intake charge is illustrated in Figure 7.1.

Table 7.2: Intake charge composition.

Syngas+N; Intake charge composition
[% vol. of intake air] [% vol.]
N 0, H, Cco
0 79 21 0 0
2+2 77.84 | 20.16 1.2 0.8
4+4 76.68 19.32 24 1.6
6+6 75.52 | 18.48 3.6 24
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D 2% nitrogen
o 2% syngas

GI{){)% ambient air © 96% ambient air
A
s —

0 92% ambient air © B8% ambient air

O 4% nitrogen © (6% nitrogen
© 4% syngas o 6% syngas

o Composition of ambient air, 79% N2 - 21% 02
o Composition of bottled N2, 100% N2
o Composition of syngas, 60% 112 — 40% CO

Figure 7.1: Schematic representation of intake charge composition.

The gases were stored in two separate bottles, as shown in Figure 7.2. The first bottle
contained the syngas, whereas the second bottle was filled with high-purity nitrogen gas.
Both bottles had lines connected to the inlet pipe. Further discussion on the experimental
set up can be found in Chapter 3. Also, a detailed description of the components that were

fitted along the gas lines, as shown in Figure 7.2, can be found in Sections 4.2, 5.2 and 6.2.

OUTSIDE . . .
2 Ei
SPACE Ambient air ngine

=

Pressure
regulator

ENGINE
TEST CEL!

Flashback \—@
o/ arrestor Temperature reading  Safety valve
Rotameter controller

‘% Adjustable valve

Nitrogen bottle

CONTROL
ROOM

Syngas bottle

Figure 7.2: Detailed schematic representation of the syngas and nitrogen lines.
7.3 Results and discussion

Apart from presenting the data collected during the experiments, this section provides a
discussion on the trends observed when the intake air of the engine was enriched with
various amounts of bottled syngas + N». The exhaust gas was analysed for NOy, smoke,
CO and CO, emissions. Also, the effect of hydrogen-rich and nitrogen-rich combustion on
the formation of smoke was isolated in order to investigate whether a CO diluted flame

promotes the formation of smoke. Moreover, the utilisation of the bottled CO in the
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different operating conditions and CO fractions used was calculated. Based on the in-
cylinder pressure data, a combustion analysis was performed to determine the MFB, the
maximum pressure and the maximum pressure rise rate. Finally, the effect of syngas + N,
rich combustion on the brake thermal efficiency is presented and compared to the baseline

operation.

7.3.1 Effect of intake air enrichment with a mixture of syngas + N, on the NOy-

smoke trade-off

The effect of the enrichment of the intake air with a mixture of syngas + N, on NOy-smoke
trade-off is presented in Figures 7.3 and 7.4. The tests were repeated four times and the
values reported are mean values. Tables 7.3 and 7.4 show the standard deviation of NOy
and BSN at 8% syngas + N». Inclusion of error bars in the figures was proven impractical

because standard deviation values were too small compared to the values of the axes.

Table 7.3: Standard deviation of NOy emissions and BSN. Engine speed 1500 rpm, load
2.5 and 5 bar BMEP, syngas + N, concentration 8§%.

Speed 1500 rpm, load 2.5 bar BMEP | Speed 1500 rpm, load 5 bar BMEP
SOI STDYV of NOy STDYV of BSN STDYV of NOy STDYV of BSN
emissions values emissions values
12 9.98 0.00 15.24 0.008
7.88 0.00 13.00 0.005
5.24 0.00 6.48 0.001
6.14 0.00 8.42 0.00

Simultaneous reductions in both NOx and BSN were achieved over a broad range of the
operating window of the engine. In particular, this desirable trend on NO4-BSN was
observed under low-speed low-load, low-speed medium-load and high-speed low-load
operations, the values of which are illustrated in Figures 7.3(a), 7.3(b) and 7.4(a),
respectively. Figure 7.4(b) shows that under high-speed medium-load operation the added
gas had an adverse effect on BSN, although neither the combustion of hydrogen nor the
combustion of CO generates smoke. The high dilution level of the intake air was probably
the main contributor to the increased BSN as there was less oxygen within the cylinder to

react with the diesel fuel.
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Table 7.4: Standard deviation of NOy emissions and BSN. Engine speed 2500 rpm, load
2.5 and 5 bar BMEP, syngas + N, concentration 8%.

Speed 2500 rpm, load 2.5 bar BMEP | Speed 2500 rpm, load 5 bar BMEP
SOI STDYV of NOy STDYV of BSN STDYV of NOy STDYV of BSN
emissions values emissions values
12 7.56 0.008 7.13 0.037
6.06 0.00 5.79 0.045
8.41 0.001 5.63 0.034
6.12 0.008 5.15 0.059
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Figure 7.3: Effect of intake air enrichment with a mixture of syngas + N, on the NO-BSN
trade-off. Engine speed: 1500 rpm, load: (a) 2.5 bar BMEP, (b) 5 bar BMEP.
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Isolation of the effect of nitrogen and hydrogen can clarify whether the admission of CO
(in addition to the dilution effect) contributed to smoke formation. According to Guo et al.
[175], the concentration of OH (which contributes to soot oxidation) is lower and the
concentration of H (which intensifies the soot surface growth rate) is higher in a CO
diluted flame due to the reaction CO + OH = CO, + H, whose forward rate is increased

when CO is supplied into the engine.
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Figure 7.4: Effect of intake air enrichment with a mixture of syngas + N, on the NO,-BSN
trade-off. Engine speed: 2500 rpm, load: (a) 2.5 bar BMEP, (b) 5 bar BMEP.

Figure 7.5 shows the results obtained when a mixture of H, + CO (w/o N,) was admitted
into the engine. BSN dropped below the values recorded in the baseline operation, and this

suggests that under this operating condition smoke formation was very sensitive to the
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admission of nitrogen. Isolation of the CO effect (i.e. enrichment of the intake air with
hydrogen only) can extent this investigation in order to assess whether CO dilution affects
the oxidation of soot, as mentioned by Guo et al. The effect of hydrogen enriched intake
air on BSN has already been presented in Chapter 4. Comparison of the data collected in
identical operating conditions and gas admission indicated lower BSN levels when the
engine was fuelled by a mixture of diesel-H,. This verifies that a CO diluted flame

promotes the formation of smoke.

Because smoke exclusively originates from diesel, the above comparison is valid only if
a comparable amount of diesel was delivered into the cylinder when the engine was run on
(1) syngas-diesel and (ii) H»-diesel. The diesel flow rate measurements revealed that in the
first case the amount of diesel was slightly lower compared to the second case. This
finding can be verified by comparing the energy density (energy per unit volume) of the
two gases. The combustion of 1 litre of hydrogen releases 3.4% less energy compared to
that released from the combustion of a gas mixture composed of 60% H, + 40% CO. From
this calculation, it is clear that in the diesel-H, mode a slightly higher amount of diesel was
required in order to achieve a certain operating condition. This reinforces the conclusion
drawn in the previous paragraph as in the higher smoke case (that is, when a mixture of
syngas-diesel was used) a smaller quantity of diesel (the smoke producing fuel) was

required to achieve a certain speed and load.

9 T T

T
2500 rpm, 5 bar BMEP O SOI 12 CAD BTDC
8 * SOI 9 CAD BTDC -
+ SOI 6 CAD BTDC
7+ X SOI 3 CAD BTDC 4
6 Increasing B
H2+CO [% vol]
okl 1
&
M 4+ oy “ 0 -
0 ™
2 T2 +0__ 2 0 s
3r 4T — el 4 i
6 P --,,?__\-* 6
4
2k 6 6 N
1+ 4
r r r
900 600 900 1200 1500
NOX [ppm]

Figure 7.5: Effect of intake air enrichment with a mixture of H, + CO on the NOs,-BSN
trade-off. Engine speed 2500 rpm, load 5 bar BMEP.
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Enrichment of the intake air with a mixture of syngas + N, resulted in a reduction in
oxygen concentration, which led to a decrease in lambda. From Figures 7.6 and 7.7, it can
be concluded that, in the majority of the operating conditions, a decrease in lambda led to
simultaneous reductions in NOy and BSN with a parallel increase in CO emissions.
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Figure 7.6: Effect of lambda coefficient on the BSN, NOx and CO. Engine speed: 1500
rpm, SOI: 3 CAD BTDC, load: (a) 2.5 bar BMEP, (b) 5 bar BMEP.
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Figure 7.7: Effect of lambda coefficient on the BSN, NO and CO. Engine speed: 2500
rpm, SOI: 3 CAD BTDC, load: (a) 2.5 bar BMEP, (b) 5 bar BMEP.

Replacement of part of diesel fuel with syngas was possibly the dominant factor that
caused the reduction in BSN levels since dilution of the intake air has typically a
detrimental effect on smoke emissions. In Figure 7.7(b), the increase in BSN may have
been caused by both the high CO utilisation (as presented in the following section) and the

relatively low lambda value. The reduction in NOy emissions with decreasing the value of

142



Chapter 7: Enrichment of the intake air with a mixture of syngas and nitrogen

lambda was not unexpected as the concentration of oxygen within the cylinder is a
dominant NO, formation factor. The increase in CO emissions with the reduction in
lambda was caused, on the one hand, by the reduction in oxygen concentration, and on the

other, by the increase in the amount of bottled CO that was introduced into the engine.

7.3.2 Effect of intake air enrichment with a mixture of syngas + N, on the carbon

monoxide, carbon monoxide utilisation and carbon dioxide emissions

Enrichment of the intake air with a CO-containing mixture inherently increases the
concentration of this pollutant in the exhaust gas. In essence, the increase in CO levels is
attributed to the next two factors. The first is the incomplete combustion of the admitted

gas, while the second is the slip of the CO-rich intake air during the valve overlap period.

Figures 7.8 and 7.9 depict the CO emissions collected in low- and high-speed operation,
respectively. Inset in each of the main figures is an estimation of the CO utilisation in the

combustion chamber, the calculation of which is explained later on in this section.

Under low-load operation, the bottled CO was not utilised as efficiently as in medium-
load, resulting in significantly high engine-out CO emissions. For instance, comparison of
Figure 7.8(a) with Figure 7.8(b) indicates that under low-load operation, the minimum CO
utilisation was 72.6% and the maximum 82.8%, whereas under medium-load, it ranged
from 88.1% to 92.4%. Concerning the engine speed, it is clear that the high-speed

operation was more favourable in terms of CO utilisation.

The above results indicate that the bottled CO was more completely burned at high
temperatures. This can be linked, among other factors, with the drop in the lower
flammability limit (LFL) of the gas at elevated temperatures [121, 176]. Using Le
Chatelier’s mixing rule [120], the LFL of the combustible gas mixture (that is, H, + CO)
was found to be 5.45%, Equation (7.8).

1

LFLpix = (7.8)

Xj
X LFL

—

where LFL i  is the lower flammability limit of the mixture, x; is the concentration of

component i in the gas mixture and LFL; is the lower flammability limit of component i.
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Due to variations in temperature, pressure and oxygen concentration, to name a few
factors, the actual LFL was probably different from the calculated value. Nevertheless, the
fact that CO utilisation, in the majority of the points tested, improved at 12% bottled gas
mixture (6% combustible gas mixture) suggests that the calculated LFL value was not too

far from the actual value.
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Figure 7.8: Effect of the intake air enrichment with a mixture of syngas + N, on the CO
emissions. Engine speed: 1500 rpm, load: (a) 2.5 bar BMEP, (b) 5 bar BMEP.

Inset is the estimated CO utilisation.

Gatts et al. [128] described a mechanism for the combustion of lean hydrogen, which
probably holds true for the combustion of lean H, + CO. In particular, it was proposed that

when the concentration of hydrogen is below its LFL, it simultaneously burns with diesel
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fuel by entraining into diesel vapour since the flame cannot propagate in the lean gas. In
addition, it was suggested that a wider diesel spray plume enhances the combustion of the

gaseous fuel.
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Figure 7.9: Effect of the intake air enrichment with a mixture of syngas + N, on the CO
emissions. Engine speed: 2500rpm, load: (a) 2.5 bar BMEP, (b) 5 bar BMEP.

Inset is the estimated CO utilisation.

The calculation process of the bottled CO utilisation is presented in this paragraph.
Equation (7.9) is a simplified one but gives a good indication of the CO utilisation in the

combustion chamber.

COmeas syngas+N, COest H,+N,
COsup

x 100 (7.9)

COytitisation = 1 —
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where COygisation 18 the percentage of CO that was utilised [%], COpeas syngas+N, 18 the
CO measured in the exhaust gas when a mixture of syngas + N, was admitted into the
intake pipe [ppm], COgst,+n, is the estimated CO (estimation at equivalent hydrogen
fraction) in the exhaust gas when simultaneous H, + N, was introduced into the intake pipe

[ppm], COgyy, represents the bottled CO supplied into the engine [ppml].

In order to isolate the contribution from diesel fuel on the CO measured in the exhaust
gas, the values obtained when a mixture of H, + N, was introduced into the engine were
subtracted from those obtained when a mixture of syngas + N, was used. Since the
hydrogen content in the two gas mixtures (4% H, + N, contained 2% hydrogen, whereas
4% syngas + N, contained 1.2% hydrogen taking into account that the composition of the
syngas was 60% H,-CO balance) was not the same, an estimation of CO (through the
linear interpolation method) that would be measured in the exhaust gas if the amount of
hydrogen was the same is required. The calculation is based on certain assumptions such
as possible dissociation reactions that produce CO are still the same when changing H, +
N, with syngas + N, in the cylinder, CO generated from diesel fuel is similar when
changing H, + N, with syngas + N, and assuming a linear relationship between CO
emissions and %H,; to get the values at 1.2, 2.4 and 3.6 %H,. As mentioned in Section
7.3.1, the two distinct gaseous fuels (H, and H, + CO) release similar amounts of energy;
hence, this suggests that the amount of diesel required to keep the speed and the load

constant when changing H, + N, with syngas + N, in the cylinder is also similar.
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Figure 7.10: Effect of syngas + N, on the carbon dioxide emissions. (a) 1500 rpm 2.5 and
5 bar BMEP, (b) 2500 rpm 2.5 and 5 bar BMEP. SOI 3 CAD BTDC.

146



Chapter 7: Enrichment of the intake air with a mixture of syngas and nitrogen

Figure 7.10 illustrates the CO, emissions as a function of the gas mixture delivered into
the engine. Taking into account Figures 7.8 and 7.9, it can be deduced that the CO,
emissions increased when the utilisation of the bottled CO was approximately over 88%.
This percentage of CO utilisation was actually observed under medium-load operation.
Poorer utilisation of the bottled CO under low-load run resulted in a slight decrease in CO,

since a considerable amount of the added CO was not burned.

7.3.3 Combustion analysis

A combustion analysis in the two extreme operating conditions (cond. 1 and 4) is
illustrated in Figures 7.11 and 7.12. The mass fraction burned, maximum pressure rise rate
and maximum in-cylinder pressure obtained at the three different syngas + N, fractions

used throughout the experiments are presented.
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Figure 7.11: Mass fraction burned, maximum pressure rise rate and maximum pressure

Engine speed 1500 rpm, load 2.5 bar BMEP, SOI 3 CAD BTDC.

Under low-speed low-load operation, the heat release increased sharply after the onset of
combustion, resulting in high pressure rise rate values. As shown in Figure 7.11, the
maximum pressure rise rate was always located in between the CA 10 and CA 50 (CA 10
and CA 50 is the crank angle at which 10% and 50% of fuel mass has been burned,
respectively). The inset figure reveals that both maximum dp/da and maximum in-cylinder
pressure decreased as the concentration of syngas + N in the intake air was increased. The
maximum pressure was located after the CA 50 and was always approximately one fifth of

the distance, in crank angle degrees, from CA 50 to CA 90. Furthermore, the combustion
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duration (CA 10 to CA 90) increased with the percentage of the gas mixture. This result
can be linked to the reduction of NOy emissions when the concentration of the bottled gas
mixture was increased, Figure 7.3(a). Under certain conditions, the fuel which is burned
faster is the most NOy emitting one [160, 161, 177]. However, when a mixture of syngas +
N, was used, this was not the sole contributor to the reduction in NOy emissions since the
reduction in the cylinder pressure with increasing the proportion of syngas + N resulted in

a decrease in cylinder temperature, which led to reduced NOy formation.

Figure 7.12 shows the combustion analysis data that corresponds to high-speed medium-
load operation. The maximum pressure rise rate was located straight after the CA 10 and
was smaller to that obtained under low-speed low-load run. When the intake air was
enriched with a mixture of syngas + N», an increase in engine speed resulted in a reduction
in maximum dp/da, whereas the effect of load on dp/da varied, depending on engine speed.
Under low-speed operation, dp/da increased with increasing the load, whereas under high-

speed operation, dp/da dropped with increasing the load.
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Figure 7.12: Mass fraction burned, maximum pressure rise rate and maximum pressure

Engine speed 2500 rpm, load 5 bar BMEP, SOI 3 CAD BTDC.

Selim [178] performed experiments on a Ricardo E6 engine fuelled by diesel-CNG. It
was proven that as the engine speed was increased the pressure rise rate was decreased.
Furthermore, it was shown that the pressure rise rate at low speed (1200 rpm) was

increased with the load.
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Referring again to Figure 7.12, the maximum in-cylinder pressure almost coincided with
the CA 50. Comparison with the values obtained under low-speed low-load operation,
reveals lower in-cylinder pressure under high-speed medium-load operation. However, in
contrast to low-speed low-load operation, an increase in syngas + N, proportion resulted in
higher in-cylinder pressure. The reduction in NOy emissions in this operating condition
may have been caused by the soot radiative heat loss [179] as the BSN was considerably
increased with increasing the amount of syngas + N introduced into the engine, Figure
7.4(b). Finally, comparison with Figure 7.11 reveals that under high-speed operation the

combustion took longer to complete (in terms of crank angle degrees).

7.3.4 Effect of intake air enrichment with a mixture of syngas + N, on the brake

thermal efficiency

Figures 7.13 and 7.14 show the effect of syngas + N, rich intake air on brake thermal
efficiency under low- and high-speed operation, respectively. In the operating conditions
tested, the engine was more efficient when fuelled by neat diesel. Figure 7.13 exhibits a
drop in thermal efficiency when a 4% syngas + N, mixture was admitted into the engine.
An increase in the percentage of syngas + N> over 4% had an insignificant effect on brake

thermal efficiency.
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Figure 7.13: Effect of intake air enrichment with syngas + N, on brake thermal efficiency.

Engine speed: 1500 rpm, load: 2.5 and 5 bar BMEP, SOI: 3 CAD BTDC.

A more intense fuel consumption penalty was observed under high-speed run. The engine

became very inefficient under high-speed medium-load operation at 12% syngas + No,
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although the utilisation of CO was over 95% and hydrogen combustion efficiency was
almost 100%, as exhibited in Sections 7.3.2 and 4.3.4, respectively. The flow rate of diesel
fuel (not shown separately) was considerably higher under this operating point. The high
dilution of the intake air, along with the relatively high equivalence ratio, led to poor diesel

utilisation, which was reflected in the unacceptably high BSN values.

32 T ;

—A— 2.5 bar BMEP

30 —%— 5.0 bar BMEP |

T

28 - .

26 .

4
q

Brake thermal efficiency [%]

16 2500 rpm, SOI 3 CAD BTDC . .
0 4 8 12

Syngas+N2 [% vol]

Figure 7.14: Effect of intake air enrichment with syngas + N, on the brake thermal
efficiency. Engine speed: 2500 rpm, load: 2.5 and 5 bar BMEP, SOI: 3 CAD
BTDC.

7.4 Summary

The effect of the intake air enrichment with simulated reformer gas mixture on the
performance, combustion and emissions of the engine has been presented in this chapter.
The flammable gas was composed of H, + CO at a concentration resembling that of a
typical fuel reformer. The introduction of bottled nitrogen aimed to simulate the increase
in N»/O, proportion in the intake charge. From the results presented, the following

conclusions can be drawn.

e Simultaneous reductions in NOy and BSN were achieved over a broad range of the
operating window of the engine. In particular, enrichment of the intake air with a
mixture of syngas + Nj, led to simultaneous reductions in NOy and smoke

emissions (compared to the baseline values) when the engine operated under low-
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speed low-load, low-speed medium-load and high-speed low-load at syngas + Nj
concentration over 4%.

Under high-speed medium-load operation, BSN was very sensitive to the
admission of nitrogen. In addition, under the same operating condition, isolation of
the effect of hydrogen and nitrogen on NOy and smoke emissions revealed that a
CO diluted flame promotes the formation of smoke. Moreover, although higher in-
cylinder pressure was recorded when the proportion of syngas + N, was increased,
NOy emissions exhibited a decreasing trend. The reduction in NOy emissions may
have been caused by the soot radiative heat loss as BSN was unacceptably high.
Enrichment of the intake air with a CO-containing mixture caused an increase in
the concentration of this pollutant in the exhaust. Estimation of the bottled CO
utilisation revealed that by increasing either the load or the speed of the engine, the
CO was more efficiently utilised. In essence, this suggests that the combustion of
CO was influenced, among other factors, by the in-cylinder temperature.

An increase in engine speed led to a reduction in maximum dp/da, whereas the
effect of load on dp/da varied depending on engine speed. Under low-speed
operation, dp/da increased with load, while under high-speed operation, dp/da
dropped when the load was increased.

The engine was more fuel efficient when operating on neat diesel. Under low-speed
operation, the brake thermal efficiency dropped when a 4% syngas + N, mixture
was admitted into the engine. An increase in percentage of syngas + N, over 4%
had an insignificant effect on brake thermal efficiency. A considerable thermal

efficiency reduction was observed under high speed operation.
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CHAPTER 8

CONCLUSIONS AND RECOMMENDATIONS FOR FUTURE
WORK

8.1 Conclusions

This chapter summarises the major findings of the enrichment of the intake air of an HSDI

diesel engine with separate hydrogen and nitrogen, simultaneous hydrogen and nitrogen

and a mixture of syngas and nitrogen.

8.1.1

Enrichment of the intake air with hydrogen

The main conclusions from Chapter 4 are summarised below:

1.

Replacement of part of diesel fuel with hydrogen has resulted in reduced smoke
emissions at the expense of NOx, apart from the low-speed low-load operation in
which NOy emissions remained relatively unaffected.

The residence time was reduced with increasing the engine speed, from 1500 rpm
to 2500 rpm, leading to decreased NOy formation.

At a fixed engine speed and load, the production of CO emissions was lower when
the engine was fuelled by a mixture of diesel and hydrogen compared to diesel,
because the former contained less carbon atoms.

When diesel injection was advanced, the fuel was delivered in lower charge
density, leading to spray wall impingement and as a result increased THC
emissions.

The effect of hydrogen enrichment on THC emissions varied, depending on the
operating conditions. Although the combustion of hydrogen does not produce
THC, the density of the hydrogen-rich intake air was lower compared to air,
leading to spray wall impingement when a high quantity of diesel was supplied into
the engine; that is, under high-speed medium-load operation.

The combustion efficiency of hydrogen increased with increasing the speed, load
and percentage of hydrogen.

Under low-speed operation, enrichment of the intake air with hydrogen caused a

reduction in brake thermal efficiency. Under high-speed operation, a slight
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8.1.2

efficiency improvement was achieved but remained within the uncertainty limits of

the brake thermal efficiency.

Enrichment of the intake air with nitrogen

The following points summarise the effects of intake air enrichment with nitrogen:

1.

8.1.3

The reduction in both oxygen concentration and peak combustion temperature led
to decreased NOy emissions at the expense of smoke and CO emissions.

Under high-speed medium-load operation, nitrogen enrichment was very
detrimental to smoke emissions. In particular, at 6% bottled nitrogen, BSN more
than doubled compared to the baseline operation. The reduction in oxygen
concentration led to local fuel-rich zones, a lower peak combustion temperature
and poor oxidation of diesel fuel. These factors contributed to the formation of
smoke, which was not burned off later on as the in-cylinder temperature remained
relatively low due to the dilution of the intake air.

At a fixed start of injection, the maximum in-cylinder pressure decreased with the
reduction in oxygen concentration.

Enrichment of the intake air with nitrogen resulted in longer ignition delay as
compared to the baseline operation. Retardation of SOI shortened the ignition delay
because the fuel was delivered in a higher in-cylinder temperature.

Brake thermal efficiency reduced with the increase in the proportion of nitrogen.

Enrichment of the intake air with simultaneous hydrogen and nitrogen

The purpose of Chapter 6 was to investigate the effect of product gas, mainly consisted of

a mixture of H, + Ny, on the emissions, combustion and performance of the engine. It

should be mentioned that carbon monoxide, at a relatively high concentration, is typically

present in diesel reforming product gas; nevertheless, it can be reduced to ppm levels

through the water-gas shift reaction, using a good low-temperature catalyst. The major

findings of this chapter are listed below:

NOy-smoke trade-off: Simultaneous reductions in NOy and BSN levels were
achieved under low-speed low-load operation. Comparison to the baseline
operation revealed a 71.5% reduction in NOy emissions when a gas mixture

consisted of 12% H, + N, was supplied into the engine. Under both low-speed
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medium-load and high-speed low-load operation, introduction of H, + N into the
engine caused a considerable reduction in BSN levels, while NOy emissions
showed only minor changes. Under high-speed medium-load operation, the rate of
NOy change appeared to be very sensitive when the proportion of H, + N» into the
intake air was over 8%. Concerning the NO4-BSN values, it was revealed that the
optimum start of diesel injection was at 3 CAD BTDC when the engine operated
under the conditions 1-3.

Combustion analysis: The formation of NOy emissions was increased with the
premixed burn fraction. An increase in the percentage of H, + N; in the intake air
produced either different or similar heat release curves. In the former case, NOy
emissions either increased or decreased, depending on the premixed burn fraction,
whereas in the latter case, NOy emissions remained relatively unaffected due to the
similar patterns of the premixed combustion.

Nitrogen exhaust compounds: When the speed or the load of the engine was
increased, the oxidation of NO was reduced because the combustion products
contained less amount of oxygen. Although the introduction of H, + N, replaced an
equivalent volume of air, under low-speed low-load operation, a higher NO, to NO
ratio was obtained compared to the baseline operation. It is therefore clear that the
type of fuel affects the oxidation of NO. The raw exhaust gases contained marginal
N,O and zero NHj; emissions. The level of N,O, although very low, tended to
further reduce as the amount of H, + N, increased.

CO emissions: Under low-load operation (cond. 1 and 3), simultaneous enrichment
of the intake air with H, + N, resulted in a considerable CO reduction. Under low-
speed medium-load operation, admission of H, + N» into the engine had a minor
effect on CO emissions. Concerning the high-speed medium-load operation,
introduction of H, + N; over 4% led to an increase in CO emissions compared to
the baseline values.

Brake thermal efficiency: Enrichment of the intake air with a mixture of H, + N»
had a detrimental effect on brake thermal efficiency. The results revealed that the
engine was more fuel efficient under low-speed (1500 rpm) compared to high-

speed (2500 rpm) operation. A dominant factor that contributed to the increased
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brake thermal efficiency under low-speed operation was the position of the peak in-

cylinder pressure which was closer to the TDC.

8.1.4 Enrichment of the intake air with a mixture of syngas and nitrogen

From Chapter 7, the following conclusions as to the effects of enriching the intake air of

the engine with a mixture of syngas and nitrogen can be drawn:

1. Simultaneous reductions in NOx and BSN were achieved over a broad range of the
operating window of the engine. In particular, enrichment of the intake air with a
mixture of syngas + Nj, led to simultaneous reductions in NOyx and smoke
emissions (compared to the baseline values) when the engine operated under low-
speed low-load, low-speed medium-load and high-speed low-load at syngas + N»
concentration over 4%.

2. Under high-speed medium-load operation, BSN was very sensitive to the
admission of nitrogen. In addition, under the same operating condition, isolation of
the effect of hydrogen and nitrogen on NOy and smoke emissions revealed that a
CO diluted flame promotes the formation of smoke. Moreover, although higher in-
cylinder pressure was recorded when the proportion of syngas + N, was increased,
NOy emissions exhibited a decreasing trend. The reduction in NOy emissions may
have been caused by the soot radiative heat loss as BSN was unacceptably high.

3. Enrichment of the intake air with a CO-containing mixture increased the
concentration of this pollutant in the exhaust gas. Estimation of the bottled CO
utilisation revealed that by increasing either the load or the speed of the engine, the
CO was more efficiently utilised. In essence, this suggests that the combustion of
CO was influenced, among other factors, by the in-cylinder temperature.

4. An increase in engine speed led to a reduction in maximum dp/da, whereas the
effect of load on dp/da varied depending on engine speed. Under low-speed
operation, dp/da increased with load, while under high-speed operation, dp/da
dropped when the load was increased.

5. The engine was more fuel efficient when operating on neat diesel. Under low-speed
operation, the brake thermal efficiency dropped when a 4% syngas + N, mixture

was admitted into the engine. An increase in percentage of syngas + N, over 4%
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had an insignificant effect on brake thermal efficiency. A considerable thermal

efficiency reduction was observed under high speed operation.

8.2 Significance of this work

The results presented in Chapters 4 and 5 enhance our understanding of how enrichment of
the intake air with distinct hydrogen and nitrogen affects the emissions, combustion and
performance of a diesel engine. Moreover, the findings from these two chapters, along
with the baseline operation, serve as a basis for comparison since the effects of each gas

are isolated.

Chapter 6 contributes to the existing knowledge by combining the nitrogen dilution effect
with the substitution of an amount of the hydrocarbon fuel with hydrogen. Supply of
REGR into the engine causes an increase in nitrogen to oxygen ratio, while at the same
time the hydrogen contained in the product gas replaces part of diesel fuel. Apart from
providing guidelines for the design of an engine-reformer system, the findings can also
benefit the development of an engine equipped with both on-board hydrogen reservoir and

air separation membrane.

The results from chapter 7 make several contributions to the current literature. In this
chapter, it is considered that the product gas is composed of a mixture of hydrogen, carbon
monoxide and nitrogen. The most important outcome of the chapter is that by supplying
the engine with a mixture of syngas + N, the NOyx and smoke emissions reduce

simultaneously over a wide range of the engine operating conditions.

This work has resulted in the publication of three peer-reviewed journal papers, which

are listed below:

1. Christodoulou F, Megaritis A. Experimental investigation of the effects of separate
hydrogen and nitrogen addition on the emissions and combustion of a diesel
engine. Int J Hydrogen Energy 2013;38:10126-40.

2. Christodoulou F, Megaritis A. Experimental investigation of the effects of
simultaneous hydrogen and nitrogen addition on the emissions and combustion of a

diesel engine. Int J Hydrogen Energy 2014;39:2692-702.
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3. Christodoulou F, Megaritis A. The effect of reformer gas mixture on the
performance and emissions of an HSDI diesel engine. Int J Hydrogen Energy

2014;39:9798-808.

8.3 Recommendations for future work

Although this work has made considerable contributions to the existing knowledge by
examining the effects of the intake air enrichment of a diesel engine with separate
hydrogen and nitrogen, simultaneous hydrogen and nitrogen and simultaneous syngas and
nitrogen on the emissions, combustions and performance, a number of possible future

studies using the same experimental setup could be performed.

It would be interesting to assess whether the increased NOy emissions, resulting from the
admission of hydrogen into the engine, could be reduced by fuelling the engine with
emulsified diesel, instead of diesel. The combustion of emulsified diesel has been reported
to reduce NOy and smoke emissions simultaneously by lowering the peak combustion
temperature and enhancing the mixing of fuel with air (due to the explosive evaporation of
water), respectively. Apart from the expected reduction in NOy emissions, the micro-
explosions in the combustion chamber may enhance the combustion efficiency of

hydrogen.

Further experiments could be performed using a pilot injection strategy. Adoption of this
technique leads to a reduction in NOy emissions due to the shorter ignition delay period;
therefore, the increased NOy emissions associated with hydrogen enrichment could be
compensated by adopting this injection strategy. In addition, different injection pressures

and amount of fuel could be tested at each stage of the injection process.

Another possible future study would be a more detailed combustion analysis when
introducing syngas + N into the engine. This would help gain a deeper understanding of
the mechanisms behind the simultaneous reductions in NO, and smoke emissions when
using this gas mixture. Also, isolation of the syngas and nitrogen effect in each operating
condition could produce interesting findings. Moreover, it is recommended to perform
experiments using combined syngas + EGR in boosted and naturally aspirated operation.
The percentage of unburned syngas in the exhaust gas could be minimised by employing a

control system that would supply syngas into the engine after the exhaust valve closes.
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A. Experimental apparatus

A. EXPERIMENTAL APPARATUS

Figure A.1: Ford Puma 2.0 litre HSDI diesel engine.

Figure A.2: Encoder Technology ET758 heavy-duty shaft encoder.
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A. Experimental apparatus

Figure A.5: Kistler pressure transducer and glow plug adapter
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A. Experimental apparatus

Figure A.6: Hamilton gastight syringe

Figure A.7: Kistler 2629C1 TDC sensor with adapter.

Figure A.8: Dummy glow plug
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