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Preface

The first invention and development of the functional diesel engine was in 1897

by Rudolf Christian Karl Diesel, German inventor, more than 123 years ago. This
invention has now been surpassed by development of very productive engines

and mechanics. Current diesel engines are well known to many people around the
world and serve in innumerable applications for various types of public transport,
light and heavy duty transportation, for automotive, railway, maritime or aviation
transportation, in different harsh environments, in construction, in mining, and for
diverse industries. The light duty or heavy-duty diesel engines have some draw-
backs. One of the main concerns is exhaust emissions generated by diesel engines.

This book discusses the generation of diesel exhaust emissions and mitigations,
performance, emissions and combustion evaluations, utilisation of alternative
biodiesel fuels, comparison of different techniques for measurement of soot and
diesel particulate matter, analyses of diesel particulate matter flow pattern, and
chemical composition of diesel particulate matter. The main concern of this book
is to expand knowledge of readers and bring together the latest research findings
related to diesel engine exhaust emissions.

The book “Introduction to Diesel Emissions” is divided into three main sections:
Diesel Engines and Exhaust Emissions; Biodiesel and Alternative Fuels; and Soot
and Diesel Particulate Matter. In these three sections, readers can find topics deal-
ing with diesel combustion engines and exhaust emissions, and related references
or internet links that can help to further inspire experts as well as non-experts in the
importance of this subject.

In conclusion, I would like to thank all of the authors for rigorous preparation of
individual chapters and I wish you a pleasant read.

RnDr. Dr. Eng. Richard Viskup, MSc., MPhil., PhD.
Johannes Kepler University Linz,

Linz, Austria,

January 2020
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Chapter1

Diesel Exhaust Emissions and
Mitigations

Nehemiah Sabinus Alozie and Lionel Christopher Ganippa

Abstract

This chapter presents a concise treatment of diesel engine exhaust emissions and
its mitigations. The working principle of the diesel engine is first given to establish
the background and further to describe the influence of various parameters that
affect the formation of engine exhaust emissions. The factors that influence exhaust
emissions are linked to the engine design and the operating factors that promote
good fuel-air mixing and combustion. These factors are air induction, fuel injec-
tion equipment, fuel injection schemes, in-cylinder gas exchange process and heat
transfer. Thermochemistry essentially gives insight to the global reaction kinetics
and how this is applied in practical engine combustion determinations in terms of
equivalence ratios. Based on these, the fuel spray structure, atomization, penetra-
tion and the spray combustion model are described. The formation of exhaust
emissions such as carbon monoxide, unburnt hydrocarbon and its intermediates,
oxides of nitrogen and soot in diesel engines has been discussed. The techniques of
their mitigation from the view of internal factors that deals with the optimization
of engine design and it performance, as well as various exhaust after-treatment
techniques used for NO and soot reduction have been briefly discussed.

Keywords: diesel engine, fuel-air mixing, combustion, exhaust emissions,
mitigations

1. Introduction

The diesel engine is a type of internal combustion engine invented in 1892 by
Rudolf Diesel. It is so named in recognition of his patent which described a highly
efficient, slow burning, compression ignition engine, where liquid fuel sprays were
ignited solely by the heat of compression as piston reciprocates inside a cylindrical
barrel. Compared to contemporary engines of that time especially the rival gaso-
line engine, it has superior efficiency in converting energy stored in liquid fuel to
mechanical power. This superiority in fuel economy which has remained till date,
is because diesel engine admits and compresses air only, (and can indeed be made
to admit more externally compressed air into the cylinder) which is compressed to
very high pressures and temperatures, before fuel is introduced into the combustion
chamber as highly atomized sprays. Fuel-air mixing is achieved through combined
factors of air swirl introduced through purposeful designed flow path, high fuel
injection pressures, fine fuel atomization, and high temperature rapid fuel evapora-
tion [1]. The high temperatures of the compressed air, reaches the auto-ignition
temperature of the air-fuel mixture which burns and releases chemical energy in
the fuel. Therefore, the way diesel fuel burns in the engine and the ultimate exhaust
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Introduction to Diesel Emissions

emissions are related to the way it is introduced, mixed and ignited in the chamber.
This is also dependent on the properties of diesel fuel and the geometric profiles of
the chamber itself. These factors determine the index of air utilization in the com-
bustion process and define the nature of exhaust emissions. Issues of diesel engine
exhaust emissions have been of concern for diesel engine researchers and develop-
ers such that, although the principles remain the same; substantial improvements
have been made to the original engine described by Rudolf. These have ensured
better engine combustion and emissions; however stringent regulations on modern
diesel engine exhausts, have further led to incorporation of after-treatment devices
to attain compliant levels.

2. The working principles of diesel engine

The diesel engine converts chemical energy stored in the fuel into work at the
output shaft. This involves two steps; first is conversion of fuel chemical energy
into thermal energy through combustion, followed by consequent conversion of
thermal energy into mechanical energy by expansion of burning fuel in high pres-
sure air. In effect, the following events take place: air induction, air compression,
air and fuel mixing, burning of air-fuel mixture, expansion of the burning gases
and their exhaust. These events or processes occur in four piston strokes during
two revolutions of crankshaft. This gives the popular four-stroke cycle of induction
stroke, compression stroke, power stroke during gas expansion and exhaust stroke,
Figure 1. These events can also be arranged in a technology of two stroke operation
using different design possibilities. Details of these are available in many standard
diesel engine text books like [1-4] and only short summaries of these events are
given with reference to Figure 1 as follows.

2.1 Intake stroke

The intake stroke is the period when piston moves down from the top dead
center (TDC) to the bottom dead center (BDC). During this time, the intake
valve is open while the exhaust valve is closed. In operation, the intake valve is
timed to open shortly before the TDC and closes after the BDC. This enables

Inlet and  swhaust Inlet and exhaust

valves closed, air is vahves closed. Hot

compressed, fuel is Eases anpand.

introduced and mined.
Inbet vahoe is Exhaust valve open
opan, air burnt gases leaves
Inductad. tha cylindar.

| (@)
Induction stroke Compression stroke  Power stroke Exhaust stroke

Figure 1.

The four-stroke cycle of typical diesel engine.
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fresh mass of filtered air to be drawn into the cylinder. The higher density fresh
charge displaces burnt gases, thus enhances scavenging of the cylinder of burnt
gases from previous cycle.

2.2 Compression stroke

This is the period when the piston moves up from BDC to TDC, and compresses
the air inside the cylinder to a small fraction of the total cylinder volume. During
this time, the intake and exhaust valves are closed; and as the piston approaches the
TDC, diesel fuel is injected into the hot compressed air at a temperature sufficiently
high to ignite the fuel, which burns and releases high thermal energy.

2.3 Power or expansion stroke

The expansion of high temperature and pressure burning gases pushes the pis-
ton down from the TDC to BDC giving the useful power stroke. This is also called
the work stroke because the high pressure gases act on top of the piston surface. Its
impact on the connecting rod is transmitted to the crankshaft causing it to rotate
and produce useful work on the shaft. During this process, both valves are theoreti-
cally closed between the centers but practically, the exhaust valve is timed to open
some degrees before BDC to initiate pressure drop inside the cylinder by allowing
burnt gases to escape.

2.4 Exhaust stroke

The upward movement of the piston again from BDC to TDC pushes out the
burnt gases through the fully open exhaust valve. As the piston approaches the
TDC, the intake valve also opens. This allows admission of fresh air into the cylin-
der, the density of which is greater than that of burnt gases, displace them and fill
up the cylinder again. The pressure drop created by early opening of the exhaust
valve also reduces the work done by the piston in pushing out the burnt gases. The
cycle then continues.

3. Engine design factors that influence quality of exhaust emissions

At the core of diesel engine performance analysis is the efficiency of combustion
and quality of exhaust emissions. These are related to the air utilization and fuel
economy. Many factors affect engine combustion efficiency, which can individu-
ally and collectively affect the quality of exhaust emissions. Of interest in diesel
engine emissions are the factors that promote generation of regulated variables
which include soot, which along with other adsorbed particles like condensates of
unburnt hydrocarbon (UHC) and its intermediates, is generally called particulate
matter (PM); oxides of nitrogen (NOy) and carbon monoxide (CO). Their emis-
sions into the atmospheric environment have impact on human health and are
therefore regulated in the concentrations they could be emitted from modern
engines. The factors that influence their generation include fuel injection pressure,
injection timing, ignition delay, fuel atomization, spray-configuration, technique
of supplying air, either quiescent or swirl and level of turbulence. These are related
to the way fuel is introduced, mixed and ignited in the chamber to achieve good air
utilization in the combustion process. Another inherent factor is the very nature
and properties of diesel fuel. Every factor simply helps to achieve the underlying
chemical balance in combustion equation which can be technically challenging
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in the complicated engine environment. To obtain a chemically correct fuel-air
combustion in diesel engine is complicated due to the presence of partly premixed
fuel and air, and mainly due to unsteady-turbulent diffusion burning encountered
in rapid vaporization of liquid fuel, with very short time for the fuel and air mixing.
Diesel fuels contain different fractions of alkyl and aromatic components and the
combustion mechanisms depend on the molecular structures of different species.
These structures are based on the intra-molecular carbon bonds that may be single,
double or triple bonds; and straight, branched or ringed chains. They determine the
combustion characteristics associated with diesel fuels [5].

The consideration of these factors with the aim of improving exhaust gas emis-
sions through better air utilization to achieve better combustion has led to optimal
designs of key operating parameters [6].

3.1 Air induction

The air induction system consists of air filter, ducts, intake manifold, intake
port and intake valves. The air charge induced into the cylinder is related to power
output, quality of combustion and exhaust emission during a cycle. Cylinder dis-
placement is fixed based on engine geometry; therefore naturally aspirated capacity
is constrained. Design improvement to increase induction capacity is by compress-
ing air to higher density prior to introduction into the cylinder. This is referred to
as boosting or supercharging. Typical method of supercharging diesel engines is
by allowing a portion of the escaping exhaust gases at high thermal and kinetic
energy levels to flow and expand through turbine blades. The power imparted on
the shaft is used to drive a centrifugal compressor, axially connected on the same
turbine shaft to compress more air into the cylinder. This is known as turbocharging
and the increased air charge in the cylinder boosts the power output from the fixed
cylinder volume. Optimal design of turbochargers has increased power-to-weight
ratio, improved engine efficiency, lowered exhaust emission and in general engine
downsizing [1, 3, 4, 7].

3.2 Fuel injection equipment

Fuel injection equipment systems are used to supply finely atomized fuel sprays
into the combustion chamber at precisely controlled time. Types of injection
systems include pump-line-nozzle (P-L-N) systems, unit injector and common
rail injection systems. These are general categories of injection systems, each
having distinct designs. Common in the P-L-N system are in-line (Figure 2), the
distributor or rotary pumps and the unit pump designs which are either mechani-
cally or electronically controlled. The unit injectors are known to deliver very high
pressure because of active mechanical intensifiers like plungers or large cams as
in the pressure-time (PT) controlled systems. They are similarly controlled either
mechanically or electronically. The common rail injection system (Figure 3) in
conjunction with electronic control has been developed to overcome some of the
draw backs in P-L-N and unit injection pumps. Essentially, it has overcome the
dependency of fuel injection pressure and quantity on engine speed, enabled flex-
ibility in matching the fuel injection timing, and smoothening fluctuations due to
cycle-to-cycle variability. In all versions, filtered diesel fuel is first lifted from the
tank to main gallery of a high pressure pump. The high pressure pump then delivers
fuel to the injectors, (which are of different nozzles tip profiles) to spray fuel into
the combustion chamber. Modern engine fuel injection systems are controlled by
dedicated electronics giving rise to precise fuel spray at high pressures; and the fuel
spray profiles are matched to optimized chamber to improve combustion and level
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Figure 2.
Pump-line-nozzle system (adapted from DieselNet. Courtesy of Robert Bosch GmbH).

Figure 3.
Typical common vail lay-out of a typical Cummins PT fuel injection system (adapted from DieselNet. courtesy
of Cummins Inc.).

exhaust emissions. Many manufacturers especially for heavy duty diesel engines
have developed proprietary electronic fuel injection systems relevant to their total
engine management system. Good discussions about different injection systems
and their impact on exhaust emissions can be found on reference [3].

3.3 Diesel fuel injection

The scheme of injecting diesel fuel into the combustion chamber is multi-
purpose apart from mere delivery. The purposes are intricate functions that ensure
efficient combustion and reduction of hazardous emissions. These include: timely
control of fuel injection, control of right quantity of fuel delivered to meet engine
duty or load and at high pressure to enhance good mixing with air. Good air-fuel
mixture is an important parameter for efficient combustion through the injection
of high pressure sprays that effectively entrains the compressed air in the combus-
tion chamber. These functions are generally enhanced through different injection
strategies. Studies have shown that splitting fuel injection into divided doses per
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combustion cycle reduces emissions [8-11]. This has enabled injection requirements
to be met for different engine operating conditions since engines encounter varying
demands, from low-speed, low-load; to medium and high-speed, high-load applica-
tions. Good fuel injection is synonymous with the choice of injection equipment
which achieve the engine schedule of time, quantity and pressure. Injection pres-
sures can range from 200 to 2000 bars or higher, with nozzle exit velocity of about
100-300 m/s. The in-cylinder air pressure is about 40-100 bars during the time of
injection and about 15-25 kg/m’ in density.

3.4 In-cylinder and gas exchange processes

The processes that occur inside the cylinder are usually described using the cor-
responding pressure—crank angle diagram. The sequence of valve actuations are
numbered 1-4 in Figure 4 for a four stroke naturally aspirated diesel engine.

A momentary period of valve overlap expressed in degrees of crank angle occurs
between points 1 and 4 when both valves are open. This period is significant to the
engine performance and emission characteristics because the volumetric efficiency,
particularly in the absence of boosting depends on the in-cylinder filling during this
period. As valve openings and closures are not instantaneous, the timing is designed
to ensure that both are fully open when the benefit of maximum pressure difference
will cause the working fluid to flow across them. In current designs, the poppet
valves are located in overhead position in the cylinder head. The geometric profiles
of intake manifold, intake port and the poppet valves are designed to enhance air
breathing capacity of the engine and also to impact swirl and/or squish motion
to the bulk flow into the cylinder. The air utilization during combustion process
is dependent on how well it is premixed with fuel sprays prior to combustion or
accessible during diffusion burning. Engine combustion chamber is designed to
complement the effect of fuel spray profile while the air motion enhances mixing/
burning process. The optimization of these engine elements are very significant to
the level of exhaust emissions.

3.5 Heat transfer

The heat transfer considerations in the engine environment are complicated as
all modes are involved within the combustion chamber. Preservation of the struc-
tural integrity and geometric profiles of the mating surfaces necessitates removal
of heat generated during combustion, particularly from the hottest regions to avoid

Start of
Injection
2
3
o
o
a E\:C Combustion I\:flCI
T \g_,
| i =
TDC BDC TDC BDC TDC

Crank Angle

Figure 4.

In-cylinder pressure-crank angle diagram with sequence of valve actuations and processes in four stroke CI
engine (IVO, intake valve open; IVC, intake valve closure; EVO, exhaust valve open; EVC, exhaust valve
closure; TDC, top dead center; BDC, bottom dead center) [1, 3].
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distortion of these surfaces. Engine heat transfer involves use of cooling water
jackets around the regions with highest heat fluxes; the hot water is then pumped to
the radiator where heat is lost to ambient environment by forced convection. Some
low duty designs adopt the use of air cooling as it flows across an increased surface
area created by fins around the cylinder head and walls. The engine efficiency, per-
formance and emissions are greatly affected by heat transfer as such; it is optimized
to retain enough heat required to maintain normal engine working temperature and
the excess transferred to the cooling medium. This explains the inefficiency usually
encountered during cold starting when the work transfer to the piston is reduced

as high heat transfer occurs to the chamber walls and other working parts for quick
warm up. Similarly, during this transient period, heat transfer affects the process

of forming gaseous and particulate matter emissions both within the cylinder and
exhaust line where post combustion reactions occur.

4. Thermo-chemistry

The stoichiometric air-fuel ratio (A/F), is the chemically correct air-fuel
proportion that will completely burn to yield only water, carbon dioxide, and
nitrogen. It is dependent on the chemical composition of the fuel. Engine combus-
tion makes use of atmospheric air which contains nitrogen; therefore a general
expression for complete combustion of a molecule of hydrocarbon fuel C,H}, with
air is given as [1]:

C,Hy+ (a+b/4)(0;, + 3773N,) = aCO, + (b/2),0 +3.773(a + b/4)N, (1)

Eq. (1) defines the stoichiometric ratio of fuel and air reaction that could be uti-
lized for gravimetric analysis of complete fuel combustion in air. It depends on the
fuel molecular structure. In engine combustion analysis, it is usual to also express
(A/F);as areciprocal, meaning fuel-air ratio (F/A) " Either way is useful in
expressing engine operating condition because during engine testing, both air and
fuel flow rates are measured to determine if the mixture is rich or lean. The degree
to which fuel is rich or lean, is central to engine performance analysis especially
with regards to emission considerations. The products of combustion emitted in
either of the mixture situation differ significantly due to fuel chemical composition
and structure. In this regard, a parameter: equivalence ratio (¢) that expresses the
actual fuel/air ratio to the stoichiometric value is normally adopted for expressing
the composition of mixture.

¢ = (F/A)actua[/(F/A)s (2)

Alternatively, the inverse of ¢ could be used as relative air/fuel ratio (1), similarly
defined as:

A= ¢71 = (A/F)actual (A/ms (3)

Comparatively, mixture strengths are expressed as follows:

Fuel rich mixture: ¢ >1,1<1

Fuel lean mixture: p <1,1>1

Stoichiometric mixture: p =4 =1

From Eq. (1), exhaust emissions associated with engine combustion on stoichio-
metric condition are supposed to be carbon dioxide (CO,), water vapor (H,0) and
nitrogen (N,). However this is not practically possible as other emissions like carbon
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monoxide (CO), unburnt hydrocarbons (UHC), oxides of nitrogen (NOy), oxides of
sulfur (Sox) and soot are inevitably present. These emissions arise due to unsteady
combustion, post combustion and engine cycle-to-cycle fluctuations. During com-
bustion and about some degrees after the top dead center (TDC), the composition
of combustion products corresponds to local equilibrium with respect to pressure,
temperature and equivalence ratio. But as expansion stroke advances, recombina-
tion reactions of active species occur, and their compositions are changed. Due to
fast changing cylinder condition during this period, recombination reaction is not
able to maintain the species in chemical equilibrium. As the exhaust valve opens,
exhaust flow process forces species compositions to freeze as they are expelled

from the cylinder. By implication, even if the fuel-air mixture was lean, not all fuel
species had opportunity to be fully oxidized. Also, it is not possible to equally match
all the in-cylinder flow conditions in a multi-cylinder engine; therefore it is difficult
to have the same exhaust composition from all cylinders. During testing, engines
are calibrated to meet transient and stable operations of which fuel-air mixtures
vary from rich to lean conditions, thereby giving various emission levels. Therefore
evaluation of engine-out emissions is cumbersome and is best approached through
experimental measurements [1].

5. Diesel spray structure, atomization and spray combustion

Prior to development of optical accessible engines with laser diagnostics, direct
measurement of combustion events inside the engine cylinder was difficult; high
speed movies were used to record the spread of fuel jets and flame propagations.
Efforts were also made to calculate fuel injection rates from measurements of fuel
injection parameters; and the associated heat release rates from engine pressure
data in order to gain insights about the combustion process but, details could not be
obtained about the true in-cylinder reactions. The development of laser diagnostics
enabled in-situ measurements to be made as in-cylinder diesel-spray combustion
reactions occur. It is through this approach that planar images have been recoded with
good temporal and spatial resolutions, and generates data that offers better interpre-
tations. The fuel spray trajectory, combustion and extinction is the conceptual basis
for describing combustion in diesel engine. Currently, there are good insights into
the complexity of fuel spray, lift-off length, air-fuel mixture formation, combus-
tion and resultant emission formation through modelling and experiments. The
conceptual model presented by Dec in 1997 based on laser sheet imaging [12] is the
hallmark of several efforts made with his co-workers at Sandia National Laboratory
and many other authors toward contributing to the current understanding. The laser
sheet imaging diagnostics has revealed the true nature of in-cylinder processes like:
entrainment of air as liquid fuel ejects from nozzle and mixes with hot swirling air
to form combustible mixture, images of poly-aromatic hydrocarbons (PAHs), the
auto-ignition event, soot formation which starts well from the upstream and central
regions of the jet toward the head vortex, as well as the relative particle size distribu-
tions and concentrations of soot emission. Separate investigations made for fuel-air
mixing, combustion and post-combustion reactions were used to establish the
conceptual model (Figure 5) as a framework for describing spray combustion.

The original work of Dec used large bore diesel engine with nearly quiescent
flow-field, and represented ‘quasi-steady’ free jet combustion without collision or
wall impingement. Subsequent studies that gave information on fuel jet ignition and
penetration, have dwelt on this model to elucidate the combustion phenomenon.
Detailed information about these developments through modeling and experimen-
tal examinations can be checked in the following references: [13-21].
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Figure 5.
Dec’ conceptual model of quasi-steady spray combustion in conventional diesel engine [12].

5.1 Spray structure

The structure of spray evolving from the injector nozzle is related to the injection
pressure, size of nozzle holes and their orientation in the combustion chamber.
If flow through the nozzle is considered to be of a quasi-steady, incompressible nature
in one dimension, the model for mass flow 1, rate of fuel injected is given as [1]:

Where the Cq is the discharge coefficient, A, is the nozzle flow area, p; is fuel
density, ap - (p;-P,,) the pressure drop across nozzle orifice, A6 is the injection
duration in crank angle degrees and N is the engine speed in RPM. If the pressure
drop across the nozzle and nozzle open area are taken to be constant during the
injection period, the mass of fuel injected is then

s = CuA,\(2ps AP) % 5)

This relation gives the dependency of overall fuel delivery characteristics of the
injection system on injection parameters [2]. However in practice diesel injection
is unsteady, the injection pressure as well as in-cylinder pressure vary during the
injection period. Similarly, there are significant compressibility effects on the injec-
tion process at the very high unsteady pressures encountered in operation; but these
are not considered here.

Information about the spray structure has been established though model-
ing and simulation as well as through laser diagnostics as in the references given.
Volumes of publications that describe spray structure through simulations, used
Reynolds Average Navier-Stokes (RANS) model and large eddy simulation (LES).
The LES turbulence model capture large unsteady flow structures that are respon-
sible for mixing. At a finite distance after nozzle exit called break-up length (Ly,),
the jet flow becomes fully turbulent and the liquid fuel starts to breaks into small
droplets as in Figure 6. This development creates a large surface area for air to be
entrained into the spray, making it to increase in diameter even as it trust axially
away from the nozzle tip. As the bulk of the spray penetrates into the cylinder,
the early droplets that encounter hot dense air especially at the periphery, loses
momentum to the air and the droplets behind the wake penetrate deeper into the

11
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Figure 6.
Schematic of diesel spray structure (adapted from AdvancedEngineeringCenter@brighton.ac.uk).

combustion chamber. For large bore cylinders, the penetration is undisturbed and
reaches full spray tip penetration length (Ly;,); but for small bores cylinders, spray
impinges on the chamber walls. This make the droplets to spread on the hot walls
and experience quick evaporation and mixing with air.

5.2 Spray atomization

Diesel fuel is injected as conical-shaped spray jet into hot air at conditions that are
higher than the critical temperatures and pressures of the fuel, and the increase in
velocity of the jet leads to large scale instability. Studies have shown that the jet break-
up depends on characteristic factors like the nozzle hole length to diameter ratio, its
shape, smoothness, and the rate of injection pressure rise. The break-up mechanisms
are classified into primary and secondary regimes depending on prevailing conditions
(1, 22]. Primary break-up occurs when the liquid jet near the injector nozzle disin-
tegrates into very small droplets due to interaction with in-cylinder gas. Generally
this regime is used to classify break-up at the outer surface of the plane of nozzle exit
due to very high jet velocity. The average droplet diameter are much smaller than the
nozzle diameter. This initial break-up are considered to be initiated by many factors
like turbulence and collapse of cavitating bubbles causing unsteadiness in the nozzle
flow and full interaction with swirling air, effects of surface tension and aerodynamic
forces, leading to break-off of some filaments or droplets. The continued influence
of aerodynamic forces induce further break-up and reduction of the droplets sizes
as flow penetrates into the surrounding air. This is called secondary break-up and
together with progressively strong evaporative effects, droplet size diminishes in
axial flow direction. At the droplet level, the break-up is assumed to be controlled by
droplet Weber number (We), defined as the ratio of inertia forces to surface tension
forces:

We = p, D, Uny/ o4 (6)

where P,—ambient air density, D4—droplet diameter, U,,—relative velocity
between droplet and the ambient gases, 6e—surface tension of fuel.

Weber number is typically in excess of 100 in modern diesel engines implying
that stripping and catastrophic regimes are the important modes of droplet break-
up regime (Table1).
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We Break-up mode
We <12 Vibrational
12<We<18 Bag
18 <We <45 Bag-and-stamen
45 <We <100 Chaotic
100 < We <350 Sheet stripping
350 < We <1000 Wave crest stripping
1000 < We <2670 Catastrophic
Adapted from [22, 44-46].
Table 1.

Secondary droplet break-up classification.

5.3 Spray penetration

Spray penetration is of great benefit for overall fuel-air mixing rates and degree
of air utilization. Fuel atomization and evaporation enable fuel-air mixing in the
immediate vicinity while substantial quantity of air may remain unutilized for
combustion if not quickly reached by fuel species further inside the cylinder. Faster
fuel spray penetration rate into the combustion chamber quickens the mixing rate.
Many studies have been carried out to get good correlations both experimentally
and by turbulent jet mixing theory to propose penetration models [23-25]. While
it is good to achieve good penetration, in multi-spray nozzles in direct injection
combustion engine, over-penetration leads to fuel impingement on the chamber
walls which might be cool and lowers mixing rates thereby causing emissions of
unburnt and intermediate hydrocarbon species.
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Modified conceptual model [12, 19, 22].
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5.4 Spray combustion

The original work of Dec used to establish the framework that described spray
combustion used large bore diesel engine with near-quiescent flow-field, and
represented ‘quasi-steady’ free jet combustion without collision or wall impinge-
ment. The temporal sequence of the conceptual model that have been modified to
include some recent contributions [19] is described and adapted here as in Figure 7.
The crank angle degree after the start of injection (ASI) is indicated on each image,
is used to trace the history of spray combustion in the chamber.

5.4.1 Fuel jet and air entrainment (0.0-4.5° ASI)

Fuel sprays exiting the nozzles penetrate into the chamber and expand to near
conical shapes. Based on the investigations in [26], the images were captured from
nozzle exit at intervals of 0.5° of crank angle degrees. At 1.0°, liquid jet core
(dark brown) moves a maximum of 23 mm downstream corresponding to 3.0° ASI.
The fuel is all vaporized by the entrained air and this limits liquid core penetration.
The gas-phase jet penetrates downstream and develops vortex-head due to further
entrainment. Correlations for entrainment in [27] and direct fuel vapor measure-
ment in [28] show that as entrainment increased downstream, there is inverse
variation of equivalence ratio along the jet axis. Here the description of equivalence
ratio is given as the ratio of local fuel-ambient charge mass ratio to the stoichiomet-
ric fuel-ambient mass ratio. The liquid fuel is heated and vaporized by the thermal
energy of the entrained air, therefore at some distance downstream referred as
liquid length, all liquid fuel are vaporized. The entrainment correlations have been
used to determine this distance and also establish that it could be shortened if the
ambient charge density is increased.

5.4.2 Auto-ignition (3.0-5.0° ASI)

The beginning of flame initiation is not definite; however Chemiluminescence
imaging offers opportunity to examine auto-ignition in diesel combustion. The
arrows under the vortex head in jets 3.0-5.0° ASI, indicate the Chemiluminescence
region of the jet which may even appear earlier. At onset around 3.0-3.5° ASI, the
vapor fuel-air mixture is thin and around 4.5° ASI, most of the Chemiluminescence
emerge from the leading edge portion of the vapor fuel-air mixture and indicates
fuel breakdown and formation of PAH in the region 4.5-5.0° ASI.

5.4.3 Pre-mixed combustion (4.0-6.5° ASI)

From the curve of heat release rate (insert), the rate starts to rise after
3.0° and the sharply from 4.0-5.0° ASI. During the same time, emergence of
Chemiluminescence is followed by rapid fuel breakdown and formation of PAHs
increasingly in the leading edge of the jet where an equivalence ratio is about 2-4.

The initial burning of this premixed rich mixture is indicated by sharp rise in
the heat release rate followed by rapid PAH and soot formation between 5.0 and
6.0° ASI downstream of the jet. Upstream, there is more fuel break-down due to
increase in temperature, as typified by jet at 6.0° ASI.

5.4.4 Early diffusion flame (5.5-6.5° ASI)

As the apparent heat release peaks during pre-mixed burn period, there
is corresponding appearance of thin diffusion flame on the periphery of the
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vapor-fuel/air mixture. This is a consequence of fuel rich premixed combustion
that burns comfortably in the presence of air. Quickly, the whole periphery of the
jet downstream is covered by this thin diffusion flame burning at high tempera-
ture with consequent formation of nitrogen oxides. The flame is limited upstream
to a point referred as ‘Lift-off Length’ from the nozzle tip which corresponds to
the border region of the vapor-fuel/air mixture. Here the flame is lifted and due
to increased local heating, the rate of fuel break-up increases as evidenced by a
decrease in the liquid-fuel length by about 2-3 mm.

5.4.5 Last part of pre-mixed combustion (7.0-9.0° ASI)

As fuel-air mixing rate increases, PAH and soot formation are enhanced towards
the end of pre-mixed combustion, and this extends length of the jet downstream. At
about 8.0° ASI, the soot concentration is high and almost fills the jet cross-section
bulging more towards the leading edge to form a head vortex. At the periphery of
the jet, the thin sheet of turbulent diffusion flame produces larger soot particles that
move inwards to mix with the inner smaller soot particles in the bulk volume of the
jet, this is more active at the leading edge where there is more soot concentration. As
the last portion of the premixed charge burns, smaller size soot particles are formed
over the entire jet volume extending up to 27 mm from the tip of the injector but
soot is entirely lifted off the nozzle tip for the reference low sooting fuel.

5.4.6 Mixing-controlled combustion (9.0° ASI to end of injection)

At about 9.0° ASI, the combustion has entirely become mixing-controlled and
the appearance of the jet as used to hypothesize the conceptual model is fully estab-
lished at about 10.0° ASI. At this point, the sizes of soot particles remain small from
upstream edge where the last portions of the premixed burns, but the concentra-
tion increases downstream. The concentration is more at the center of vortex head
which becomes very prominent with large soot particles as signified by color codes.
This last image is ordinarily taken as a representative of the final jet development. It
is typical of the observations made of the remaining mixing-controlled combustion
of injected fuel.

5.4.7 The conceptual model
The typical conceptual model is used to explain full spray combustion during

mixing-controlled phase towards the end of fuel injection, Figure 8. The model is
a modification of the last stage in jet development captured about 10.0° ASI and to

i & L L

Lift-off length Premuxed Plome stem Vortex Head
Zone

Figure 8.
Zones of Dec’ conceptual model [29].
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highlight the peripheral turbulent combustion. For the developed jet, the entrainment
of turbulent air vaporize all liquid fuel after some distance from the nozzle tip leading
to the formation of uniform fuel-air mixture. This is made up of fuel rich mixture and
PAHs which afterwards, burn to generate small soot particles that fills and extends the
jetlength. The soot concentration and sizes increase downstream in a length referred
to as ‘plume stem’ towards the leading edge and larger particles recirculate within

the vortex. In the course of vortex recirculation, some soot particles reach peripheral
flame front where they are further oxidized by OH radicals. Descriptively (using the
same color codes as in Figure 5), the conceptual model could therefore be visualized
as having four main zones: the lift-off length, the premixed zone, the plume stem and
the vortex head [29]. The emissions and other contributions associated with combus-
tion processes are still the subject of many further investigations.

6. The diesel engine exhaust emissions

Regulated exhaust emissions from the diesel engine include HC, CO, NO, and
PM. The conditions under which each of these is generated are interrelated in a
complex web of factors; and much effort have focused on measures to improve the
combustion process in order to counter their generation. These ‘internal measures’
target the highlighted emission factors like high injection pressures, injection rate
shaping, combustion chamber designs, turbocharging and intercooling, transient
control, spray-air interactions etc. Measures that target actual emissions in the
exhaust system are considered as after-treatments. These measures deal with reduc-
tion or elimination of the emissions variables along the exhaust pipe prior to their
release into the atmosphere.

6.1 The hydrocarbon (HC)

It is conventional in the domain of engine emission to refer the unburnt hydro-
carbons (UHC) simply as ‘hydrocarbons’ (HC). The concentrations could range
from 20 to 300 ppm; and for control purpose, distinction is often made of total
hydrocarbons (THC) and non-methane hydrocarbons (NMHCs) by excluding
methane gas from the total hydrocarbons. HC emissions contain several com-
pounds, the variety and concentrations differ as the engine operating factors differ
and vary. Small fractions of total unburnt hydrocarbons emerge as the originally
sprayed fuel that survived oxidation during combustion, while higher proportions
emerge as different intermediates due to pyrolysis and partial oxidation of fuel and
lubricants. The diversity includes alkanes, alkene, alkynes and aromatic, meaning
that HC emissions occur as single, double and triple bonds or in combinations;
straight and branched chains or ringed chain structure as in aromatics. Aromatics
with benzene basic ring structure are the building blocks for higher cyclic-structures
of PAHs which can occur from fuel breakdowns and also from of incomplete
combustion of fuel. The emission of hydrocarbons in diesel engines is significantly
influenced by engine operating conditions of which, idling to light load modes are
most culprits. The prevalent reasons include over-mixing of fuel with air which
leads to over-leaning and therefore difficult to support combustion particularly at
low temperatures; under-mixing which causes over-rich mixture and so difficult to
ignite; and flame quenching at low temperature walls which causes partial burning.
During ignition delay, the equivalence ratios attained by fuel-air mixture varies
within a wide range. Some portions of the mixture are favorable to auto-ignition;
some are locally too rich to burn while others are too lean to support combustion.
For fuel injected when combustion has commenced, high temperature favors
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rapid oxidation of fuel-air charge towards complete combustion. However, there

is over-rich portion of the mixture due to slow mixing of fuel and high quantity of
intermediate products of pyrolysis due to high temperature and local starvation of
air, fuel portions left in the nozzle sac, crevices volumes, as well as the effect of wall
quenching as pointed. These lead to products of incomplete combustion and fuel

in the exhaust. Many forms of intermediate products of incomplete combustion
involve ‘oxygenates’ which are not pure hydrocarbons. Along with hydrocarbons,
they constitute volatile components (VOCs) which condense as particulate matter
as temperature drops on the exhaust line.

6.2 Carbon monoxide (CO)

During oxygen deficient combustion process, fuel is not fully oxidized; CO
(which is an intermediate product on the fuel reaction-path), is produced along
with HC as products of incomplete combustion. However combustion in most
diesel engines are practically lean beyond stoichiometric, therefore CO emission is
normally low except during transient operation and is easily oxidized to CO, upon
release to the atmosphere.

6.3 Nitrogen oxides (NOy)

The oxides of nitrogen relevant to diesel engine emission are nitrogen oxide (NO)
and nitrogen dioxide (NO,). Nitrous oxide (N,O) is not a regulated emission; they are
collectively referred to as oxides of nitrogen (NOy) of which, NO is dominantly emit-
ted during combustion and NO, is formed as a consequence of further oxidation. In
the presence of ultra-violet light, NO, forms a photochemical smog with non-methane
hydrocarbon. During combustion, the main oxidant is oxygen, a constituent of air
drawn together with nitrogen, which is technically non-reacting to fuel. However at
high temperatures, nitrogen reacts with oxygen; and the mechanism follow many
pathways. As adapted from [30] the NO formation mechanisms are: the thermal or
Zeldovich mechanism, the Fenimore or prompt mechanism, the N;O-intermediate
mechanism and the NNH mechanism. The thermal mechanism is dominant in high
temperature combustion over wide equivalent ratios while Fenimore mechanism is
predominant in combustion of rich fuel mixture. The N,O-intermmediate is consid-
ered to play an important role in the production of NO in very lean, low temperature
combustion and the NNH is a new introduction to NO formation mechanisms.

Thermal or Zeldovich mechanism consists of two chain reactions.

0+N,-NO+N 7)

N+0O,oNO+O (8)
with an extended reaction.

N+ OH < NO +H 9)

The forward (¢) and reverse (,) reaction rate coefficients as in [31] are as follows:

ks =1.8 x 10" exp [-38,370/T(K)] [=] m*/kmol - s

k.1, = 3.8 x 10% exp [-425/T(K)] [=] m?/kmol - s
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keof=1.8x 107Texp[—4, 680/T(K)] [=] m?>/kmol - s

ke, = 3.8 x 10°T exp | - 20,820/T(K) [=] m*/kmol - s

kesf=71x10" exp[-450/T(K)] [=] m*/kmol - s

ko3, = 1.7 x 10" exp [-24,560/T(K)] [=] m*/kmol - s

The reaction set are generally coupled to combustion chemistry through the
0,, O and OH species. However depending on the time scale, it is also possible that
combustion is completed before NO formation becomes significant, then the two
processes can be decoupled and the formation rate of NO is expressed as:

d[NO]
NOL - 2ky [0, N1, (10)

Thermal mechanism is highly dependent on temperature; as typified by equa-
tion (z1), the activation energy is very large (about 319,050 kj/kmol), giving
insignificant NO formation in reactions where temperatures are below 1800 K.

The NO formation by Fenimore mechanism is linked to the combustion chem-
istry of rapidly oxidizing flame zone of premixed hydrocarbon flames ahead of
the NO formation through thermal mechanism. Fenimore [32] discovered this
and gave it the appellation of prompt NO. The scheme is generally described as
the reaction between hydrocarbon radicals and with molecular nitrogen leading
to the formation of amines or cyano-compounds. These amines or cyano-compounds
are then converted into intermediate compounds that yields NO. Starting
from CH radicals in the formation process, the Fenimore mechanism can be
expressed as:

CH+N, < HCN+N (11)

C+N,«CN+N (12)

For air-fuel mixture where equivalence ratios (®) are less than 1.2, hydrogen
cyanide (HCN) forms NO through the following the sequence:

HCN + O & NCO + H (13)
NCO + H < NH + CO (14)
NH+Ho N+ H, (15)
N+ OH < NO + H (16)

When (®) are greater than 1.2, other reaction pathways open up with more
complex chemistry. As stated [33], the NO formation will cease to be rapid instead,
itis recycled to HCN. In addition, the Zeldovich reaction that couples to prompt
mechanism further reduces the formed NO to elemental nitrogen asN+N0 - N, +0.
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The N,0O-intermediate mechanism is relevant in fuel-lean premixed combustion
schemes where (® < 0.8) and at low temperatures. Reaction steps for this mecha-
nism are:

O+N,+ M N,0O+M 17)
H+ N,0 < NO + NH (18)
0 + N,O & NO + NO (19)

In equations (17), ‘M’ represents a general third body; and by implication, the
involvement of third bodies means that the mechanism is favored at elevated pres-
sures. Similarly, equations (17) and (19) involve oxygen radical O, signifying that
the mechanism favor oxygen rich conditions.

The NO formation by NNH mechanism is the most recently discovered reaction
pathway and the steps involved are:

N, + H-> NNH (20)

and
NNH + O - NO + NH (21)

This route to NO formation is linked to combustion of hydrogen, hydrocarbon
fuels with high carbon-to-hydrogen ratios and certain fuels that contain nitrogen
in their molecular structure (fuel nitrogen). The amount of fuel borne nitrogen is
quite negligible with respect to diesel fuel and therefore insignificant.

Irrespective of the mechanism of formation, the NO in diesel engines is a by-
product of combustion and not a compound in transit like CO. Although NO forma-
tion is possible through any mechanism, it can either be sustained or destroyed
depending on the prevailing equilibrium direction. It is expedient that in mitigation
strategy, more emphasis is laid on the formation through thermal or Zeldovich
mechanism since high temperature formation is related to the time of post-flame
reactions. This is the reason why the NO formation in diesel combustion are associ-
ated with the extended Zeldovich mechanism, favored at high (local) temperature
equilibrium diffusion flames.

6.4 Particulate matter (PM)

The term particulate matter (PM) is used to describe any matter that could
be trapped on a sample filter paper when the exhaust gases are cooled to 52°C or
less. It includes all condensates formerly in vapor state from various substances
like sulfates, nitrates, organics, as well as solid black carbon particles (soot) and
ash. The sources and reasons for PM emissions are immense when the variety of
species are considered; however the HC and the soot particles are of more interest.
The multi-phase and the complex nature of PM are characterized by its chemical
composition and its physical characteristics. Physically, the sizes at which PM occur
bears greatest attribute to the way it is characterized. Three customary sizes used
to describe PM are the nucleation mode, accumulation mode and coarse mode
particles. The nucleation mode particles are the smallest particles that occur by
nucleation of species from its vapor state. The sizes vary from the small nuclei at
formation, to identifiable film drops; and they usually attach to aggregates of solid
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Figure 9.
Diesel engine exhaust PM size distributions expressed in number and mass metrics [34] as modified in [35].

particle if present. They are characterized by high number-concentrations, which
are affected by heat, which cause vaporization and leads to drastic reduction in
number concentration. The accumulation mode particles are usually aggregates of
primary particles that form as solid carbonaceous core upon which condensates of
volatile particles adhere. Coarse mode particles are larger, perceived as accretion
of accumulation mode particles that were deposited at the walls and latter carried
back to the aerosol bulk stream. These size distributions can be expressed either in
number or mass metrics as shown in Figure 9. Chemically, the composition of PM
are described as volatile or soluble; and the non-volatile or insoluble components
(depending on method of separation). These are further classified according to
their chemical speciation in assay as prescribed by various regulatory authorities
that prescribe the acceptable test protocols and procedures.

Figure 10 gives conceptualization of composite fractions, typical of diesel PM
emissions which include: sulfates, nitrates, organics carbonaceous and ash [1, 29, 34].

Sulfate ions SO~ commonly emitted from diesel engine is water-soluble sul-
furic acid, therefore assayed through solubility. Other possible sulfate particulates
include metallic salt like calcium sulfate CaSO,. The metal ion may originate from
lubricant additives which actively react with sulfuric acid. They are less hydrophilic
compared to sulfuric acid. Sulfate particulates have been drastically reduced in
modern automotive engines as result of improvements in fuels technology lead-
ing to achievement of ultra-low sulfur diesels blended with synthetic lubricity
additives.

Sulphate
Fraction | Fraction [ fraction
[ i

Figure 10.
Conceptualization of the composite fraction of particulate matter [6].
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Nitrates are similarly water soluble and this also dictates the assaying technique.
The major component formed by NO*~ ions is nitric acid (HNO;) in the reaction
perceived to be due to NO, and water.

2NO; + H,O - HNO, + HNO3 (22)

3HNO, -» HNOj + 2NO + 2H,0 (23)

Although the formation mechanism has not been well reported, the presence of
HNO; in diesel exhaust is not in doubt. Nitrate particulates are more researched in
atmospheric science where acid-ammonia reactions dominate.

Organic fractions assayed by heating or vacuum evaporation are referred to as vola-
tile organic fraction (VOF); and if by dissolution in organic solvent, it is called soluble
organic fraction (SOF). In either approach, the masses obtained are closely equal if
proper adjustments are made for the non-organic compound in the case of heating.
During heating process, evaporated fraction may include water-bound species, and
are therefore called volatile organic components (VOC) to distinguish pure organic
and from the presence of non-organic particles. The VOF is by far the most complex
of the diesel PM because many organic compounds are present. Typical diesel emitted
VOF are from unburnt or partially combusted hydrocarbons arising from fuels and
lubricants emitted during low engine loads when the exhaust temperatures are low [6].

The carbonaceous fractions are also referred in many ways as elemental carbon
(EC), soot, black carbon (BC) and graphite carbon. Diesel soot particles are gener-
ated mainly during diffusion regimes of the heterogeneous combustion in engines.
It basically occur as primary particles in sizes of 20-50 nm which accretes to form
identifiable aggregate structures, whose size depends on material availability and
exhaust line temperature [29, 34, 36].

Ash fraction denotes the burnt or incombustible ashes that arise from metals.
Substances such as oxides, sulfates and phosphates of metals used in lubricants
additives are likely to be found as well as burnt material of the worn engine
components.

6.4.1 PM formation process in the engine

The PM formation process in the engine is complex and majorly originate from
fuel and lubricant. The spray combustion process presented earlier, is indeed the
story of soot formation process. When fuel is only partially oxidized, it results
in complex intermediates which constitute the volatile organic fractions in the
exhaust stream and later condense as particles of organic compound along the
exhaust line. The soot process in engine involves conversion of liquid fuel to vapor
phase and then to solid particles which are oxidized back to gaseous products. The
un-oxidized particles are emitted as the visible black soot. The identifiable steps in
soot process could be outlined as pyrolysis, nucleation, coalescence, surface growth,

Precursors Nuclei PrimaryParticles Agglomerates
1 - CaHz . ., o on o8
4 Pyrolysis . Nucleation | . Coalescence *»'s*+* Agglomeration "
o - - il - -
Surface ,} Lo

Figure 11.
Steps in soot formation process [37].
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agglomeration and oxidation. The first five steps are outlined as in Figure 11
but, any of these activities in the formation process could be terminated through
oxidation.

The soot oxidation process does not necessarily follow in the sequence but
recognized as the final step in the combustion process which could occur anytime
and convert hydrocarbons to CO, CO, and H,O. This means that the precursor feed-
stock, the nuclei, the primary and agglomerated particles could be consumed in the
oxidation process into gaseous products at any stage. In effect, this highlights soot
emission as an intermediate product due to incomplete combustion in the engine.
Therefore reduction of soot emission through engine combustion process will
involve prevention of its formation, promotion of its complete oxidation or both.

7. Mitigations of diesel engine emissions

Many strategies are used to eliminate or reduce the amount of diesel engine
exhaust emissions released to the atmospheric environment. For long, a whole-
some approach of integrating ‘internal factors’ which aims to achieve better
engine combustion and ‘after-treatments’ which aims at reducing already borne
pollutants in the exhaust stream are considered in application. These internal fac-
tors include improvements in combustion chamber design, air cooling and boost-
ing; and fuel delivery systems. They are usually modified according to how each
parameter is viewed to influence the generation of particular emission variable.
Management of these factors can be challenging because some conditions that
favor reduction of one variable may be opposed to the other as is typically the
case of PM and NO, reductions. The after-treatment technologies are also used in
a way that, each or closely related emission variables are targeted for mitigation.
These include the use of diesel oxidation catalysts to convert CO and HCs into
CO, and water; diesel particulate filter (DPF) to trap soot; and suitable reductant
like urea or ammonia to reduce NO to elemental nitrogen. Integration of these
technologies for smooth engine operation is also a big challenge in modern engine
technology. In operation, sensors and control loops are used to monitor and coor-
dinate related issues for example, catalysts in the exhaust system operate within
a reference temperature window and good thermal management is an issue; the
need for additional air requirement to strike the right balance for exhaust-gas
quality control or the need for right dosage of urea based on limiting trade-offs.
Equipment manufacturers usually describe these peculiarities depending on their
compromise path to achieve attainment of the prevailing regulatory emissions
levels. Many texts approach the complexities of diesel after-treatments with
specialized details [3, 29, 38]. For simplicity, the way some factors affect diesel
exhaust emissions and how the mitigation strategies are pursued by targeting
those factors are itemized as follows:

7.1 Mitigations by internal factors (air intake, engine-flow and injection related
issues)

The importance of achieving stoichiometric air-fuel ratio has been highlighted
to be necessary towards ensuring quality combustion. This is usually achieved
through design and operating considerations for intake port/injector profiles and
orientations, swirl motion in relation to fuel injection timing and duration.

For naturally aspivated engines, fixed cylinder volume means air charge per
cycle is constant; and for a constant engine speed, the load is controlled through
fuel injection. Increase in fuel injection in order to increase the load will affect
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the mixture composition in many ways. Some portion of fuel is injected during
ignition delay period and greater quantity injected as large droplets towards

the end of injection. These trigger wide range of equivalence ratios during the
combustion phase. For the pre-mixed portion, some will attain stoichiometric
proportion, some too lean and others may even be locally too rich to support
combustion. The portion injected later will need high temperature to vaporize,
fresh air or lean mixture to mix with, and which must be at a fast rate in order

to undergo complete combustion. Different emission scenario are possible

here depending on engine operating factors. For engine started from cold, rich
mixture is inevitable, therefore, exhaust stream will be smoky due to initial rich-
ness; allowing the engine to idle for warm up and gradual load increase during
the transient period before engine attain its operating temperature, this will lead
to more emission of unburnt hydrocarbons and intermediates. Similarly, if com-
bustion rate is not fast enough, lately sprayed fuel and some portion still under-
going pyrolysis will be caught up by fast cooling as expansion stroke progresses
and this will lead to emissions of unburnt hydrocarbon and intermediates.

Some of these drawbacks are usually overcome with the use of turbocharger to
increase the mass of air inducted into the cylinder. This permits proportional increase
in fuel injection to suit required power output of the engine. As air velocity will be
higher through the intake ports, whether as in swirl-supported or quiescent combustion
system, air-fuel mixing is enhanced. This leads to better fuel oxidation and reduction in
emission of HC, PM and CO; however, it is responsible for increase in NO formation.

The influence of fuel injection scheme on emissions and possible improvements
that could be achieved through their modifications are also interesting. Increase in
injection pressure can be used to improve entrainment rate which leads to improved
combustion efficiency. This reduces emission of hydrocarbon and intermediates;
while increasing combustion temperature. Higher temperature regime is a veritable
platform for NO formation. On the other hand, injection timing has its own influ-
ence on these variables. Advance of injection timing promotes mixture formation
which similarly enhances combustion and increase in temperature with attendant
NO formation, retard in injection timing has a reverse effect as the premixed por-
tion is reduced and ultimately NO formation is reduced.

One technique that has been used to reduce NO formation is intake charge
dilution. This may be accomplished through methods like recirculation of exhaust
gas, introduction of water spray or nitrogen. The mechanism behind these is that as
diluents, they possess high specific heat capacity which make them sources of ther-
mal sink. Since their presence reduce oxygen concentration of the fresh air charge,
they will slow down the rate of combustion and thereby lower the peak pressures
and temperatures that promote the formation of NO.

7.2 After-treatment mitigation technologies

As has been highlighted, three after-treatment technologies used in diesel engine
exhaust emissions mitigations are use of oxidation catalysts that oxidizes CO, HCs
(which includes PAHs) and SOF; catalyzed and non-catalyzed diesel particulate

filters (DPF) to filter and regenerate soot and use of NO,, reductants like selective
catalytic reduction (SCR) with ammonia, SCR with hydrocarbons (deNOy or lean
NOx catalyst) and NOy adsorber-catalyst system.

7.2.1 Diesel oxidation catalysts (DOCs)

These catalysts further oxidizes CO, HC, SOF and PAH into CO, and water as
schematically represented in Figure 12.
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The following chemistry are involved with the compounds:

HC + 0, > CO, + H,0 (24)

2CO + 0, - 2CO, (25)

It is pertinent to note that DOC oxidizes all compounds with reducing character,
and not all these are beneficial. The oxidation of sulfur dioxide to sulfur trioxide is
an example; it is highly soluble in water and consequently it leads to formation of
sulfuric acid which is emitted in the tail pipe.

250, + O, - 2S03 (26)
SO3 + Hzo - HzSO4 (27)

Similar incident occurs with the oxidation of NO to NO, which is more toxic
than NO.

2NO + 0, - 2NO, (28)

This was initially an undesirable development with the use of DOCs until it
was discovered that NO, is a beneficial oxidizer in the catalytic regeneration of
DPF where it donates one oxygen atom and reduces back to NO. Platinum, a highly
acclaimed noble metal enables a high conversion efficiency of up to 90% to be
achieved at a sufficiently high exhaust temperature. It is highly durable in operation
and commercially available, DOCs can also remove diesel odor.

CQ. HC, 50F, PAH

O, >
Figure 12.

Conversion chemistry with the use of DOC.

Plugged
Cells

CO:
H:O

)

Figure 13.
Wall-flow diesel particulate filter.
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7.2.2 Diesel particulate filter (DPF)

Diesel particulate filters are used to trap particles of micron and sub-micron
sizes carried in the exhaust stream. In effect, condensed SOF, water, soot and ash are
contained in the particulate soup. In application, the most commonly used is wall-
flow DPF which has the cells alternately plug at each end, Figure 13. In this way,
exhaust gas permeates through walls of the filter while the particles are trapped. The
intricacies of PM depositions, measurements and removal are immense and beyond
the scope of this piece, and the references already cited on ‘after-treatments’ can be
further consulted. However, the key points to be noted are that PM filtration in the
engine system has a technical problem of pressure drop across the filter when it is
clogged with accumulated matter. The pressure drop across the DPF due to build-
up of PM is critical for continuous safe engine operation. This is conventionally
regarded as exhaust back pressure in a relaxed scientific sense.

The gas flow mechanics of the exhaust line is such that exhaust gas is driven
by positive compression pressure of the engine, sufficiently high to overcome any
obstruction along the exhaust flow line. In a strict sense therefore, the term ‘back
pressure’ is more suitable to express the pressure drop across the entire
exhaust line which is numerically equal to the exhaust pressure at the turbo
(or exhaust manifold) outlet, not just the pressure drop across a component of the
exhaust system [29, 39]. The factors that contribute to pressure drop across the filter
can be classified into four perspectives: (a) the geometrical properties where the
length, frontal area, wall thickness and channel dimensions are considered; (b) the
substrate material properties whereby the porosity, permeability and pore size are
considered; (c) the exhaust gas flow characteristics where the temperature, flow
rate and viscosity are considered; and (d) the nature of PM membrane, where the
particle size distribution, density and permeability are considered [38, 40]. These
considerations are normally used to study pressure drop across DPF in both model-
ling and experimental efforts. With regards to engine operations, engine load and
speed determines the exhaust flow rate. Increasing the load and speed increases the
pressure upstream of the filter; this means that the quantity of soot accumulated
by the filter depends on the usage of the engine. By implication, the pressure drop
across the filter set at a pre-determined value has become a parameter to determine
when to burn-off accumulated soot (to regenerate the filter). Many techniques are
employed in regenerating DPF; these include the use of electric heaters, injection of
fast burning fuel into the exhaust line upstream of the filter and use of microwave
heating. Modern application adopt the use of catalyzed filters to lower the oxidation
temperature of the trapped soot. This ensures continuous regeneration of DPF as
the light-off temperature of the catalyst is reached. This is usually in the neighbor-
hood of the exhaust line temperature. Further reading on filter loading and pressure
drop across it can be seen in [6, 41-43].

7.2.3 NO, reduction

Reduction of NO, has been successful with reduction catalysts both for lean
burn gasoline engines and diesel engines. The reduction chemistry of NO which is
favored thermodynamically under the prevailing engine temperatures and pressure
can be simply describe as follows:

2NO > N, + O, (29)

One of the best described catalysts is the copper exchange zeolite, Cu/ZSM5
and the decomposition is very sensitive to water and SO,, and operates well at low
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Adsorption
(lean)

Regeneration
(rich)
Figure 14.

Operations of NO, adsorber. Adapted from [3].

Np. €O )

space velocities. Ammonia and Urea offer good selective reduction in the presence
of a catalyst over the competitively reaction process with oxygen. By far, this is the
predominant technique in application. The chemistry can as well be simplified as:

4NO + 4NH; + O, — 4N, + 6H,0 (30)

SCR technique has a high NO, conversion efficiency of about 90% and this has
made it the choice for large diesel engine, co-generation plants and non-engine
installations. However, it has a major disadvantage of high installation, space and
operating cost. In addition, during operation, there is problem of ammonia slip
which leads to equipment fouling with ammonia sulfate.

Lean NO, or deNO, catalysts act by the replacement of ammonia with hydrocar-
bon. Platinum-based catalysts and base-metal catalyst like Cu/ZsMS5 have proved
successful but with the drawback of operating within a narrow temperature win-
dow and about 50% conversion efficiency in active systems and 10-20% in passive
systems tested on regulatory test cycles.

NO, adsorber catalysts have up to 80% reduction efficiency but depends on drive
cycle through two stages of operation. The first stage is that of NO, storage on the
catalyst wash coat during lean operation also referred to as chemisorption stage. The
second is regeneration of the trap through desorption and non-selective catalytic
reduction of NOy during periods of rich operation. These phases of operation are
shown in Figure 14 using upper and lower halves respectively; and a metal nitrate
indicated as MeNQO; used to store NO, [3].

Oxidation Particulate Reduction Oxidation
Catalyst Filter Catalvst Catalyst
< > € > e >
EGR
Diesel
Engine Oy MO,
NO; MO
co PM (soot) NHy NH;

NO
NO,
PM poc DPF

| Urea |
Figure 15.

Complete train of after-treatment technologies in the exhaust line.
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:
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8. Summary

Diesel emissions and mitigations are complex and can be discussed in diverse
topics as highlighted in this piece. Understanding of the subject matter involves good
grasp of the engine systems designs, and interplay of relevant integrated technolo-
gies. The operational perspectives also demand attention. This starts with the nature
of diesel fuel itself, how it is delivered to the engine, mixed and burnt with oxygen of
the air. The efficiency of the in-cylinder combustion is central to the quality of emis-
sion occurring at the tail pipe. Inevitably, combustion event varies from cycle to cycle
according to engine load requirements. Therefore even the best designed engines are
prone to emit some unwanted pollutants into the atmosphere. To combat this, after-
treatment devices are now complementary to the overall engine technology.

The key after-treatment technologies have been briefly presented as independently
considered techniques with respect to the variables they address. However this was
for narrative convenience, as their inclusion extends the integration requirements of
the engine. In a modern diesel engine especially for automotive applications, it is now
customary that the exhaust train carry oxidation catalysts where CO, SOF and HCs
are essentially oxidized to CO, and water. Further, NO is oxidized to NO, which in
turn becomes an oxygen carrier for catalytic soot regeneration in the DPF and reduces
back to NO. Then NO is reduced to elemental nitrogen through a SCR (Figure 15).

Nomenclature

A/Fs stoichiometric air-fuel

A, nozzle flow area

ASI after start of injection

BDC bottom dead center

DPF diesel particulate filter

HC hydrocarbon

LES large eddy simulation

N engine speed

PAH poly aromatic hydrocarbon
PM particulate matter

RANS Reynolds average Navier-stokes
SCR selective catalytic reduction
TDC top dead center

VOC volatile organic component
VOF volatile organic fraction
We Weber number

Symbols

CO carbon monoxide

CO, carbon dioxide

H,SO, sulfuric acid

HNO; nitric acid

NH; ammonia

NO nitrogen oxide

NO, nitrogen dioxide

NO, nitrogen oxides

SO, sulfur dioxide

SO, sulfur trioxide
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Chapter2

Performance, Emissions, and
Combustion Evaluations of a Diesel
Engine Fuelled with Biodiesel
Produced from High FFA Crude
Mahua (Madhuca longifolia) Oil

Aman Hira, Debasish Das and Ranjna Thakur

Abstract

Biodiesel is one of the environment-friendly alternative fuels need to be
developed in order to meet the increasing demand for mineral fuels for transporta-
tion. In this study, nonedible crude Mahua oil has been used to extract biodiesel.
Performance, emission and combustion characteristics of Mahua oil biodiesel
blends with conventional diesel are compared on a single cylinder, natural aspi-
rated, water-cooled direct injection (DI) diesel engine. Brake thermal efficiency
of an engine fuelled with Mahua biodiesel blend B30 has been shown nearly same
or insignificant lower compare to mineral diesel. The optimum engine operating
condition based on lower brake specific fuel consumption and higher brake thermal
efficiency was observed at 60% load for blend B30 of crude Mahua oil biodiesel.
From an emissions point of view blend, B30 was found to be the best fuel as it
showed lesser exhaust emission such as CO, HC, CO,, and NOx. Heat and pressure
curve with respect to crank angle showed the details of combustion characteristics
and revealed that combustion starts earlier for higher biodiesel blends. Results show
that biodiesel obtained from nonedible Mahua oil gave better results and can be
used as an excellent substitute for fossil fuels.

Keywords: High FFA crude Mahua oil, transesterification, esterification,
diesel engine, performance, emissions, combustion

1. Introduction

Biomass sources, especially vegetable oils have received much more attention as
an alternative source of energy [1]. But its higher viscosity rises some problems like
filter clogging, carbon deposition on injector nozzle, compression ring groove pis-
ton lend etc. [2, 3]. To solve these problems following methods have been adopted
to make it usable in the engine such as blending in small ratio with standard diesel
fuel, emulsification, cracking and conversion into biodiesel through transesterifi-
cation [4]. As per ASTM standard biodiesels are monoalkyl of long chain fatty
acid [5].
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Biodiesel is an alternative diesel fuel made from renewable biological sources
such as vegetable oils and mineral oil [6, 7]. It is biodegradable, nontoxic, renew-
able and environment-friendly [8-10]. Biodiesel makes the environment fairly less
hazardous compared to petroleum diesel, such as decrease acid rain and greenhouse
effect caused by combustion. Renewability, biodegradability, sustainability, and
environment-friendly properties make it an advantage to that of fossil fuel [8].
Besides this, it protects the global from the exponentially increasing emission, such
as CO,, SOx and unburned hydrocarbon (HC) during the combustion process [11].
India is a seventh largest and developing country in the world needs a large amount
of energy source to sustain their social and economic growth in 2010 India was the
world fifth largest net importer of oil, imported more than 2.2 million bbl/d (Barrel
per day), or about 70% of consumption [12]. It implies a dependency on petroleum
imports. The supply of part of the demand with biodiesel can contribute to decreas-
ing this dependency.

Many authors have reported that blends of vegetable oils (edible or non-edible)
based biodiesel with diesel when used in a diesel engine, a reduction in emission
and comparable performance were achieved [13, 14]. Nabi et al. [15] conducted
an experiment with Neem oil biodiesel blend in the comparison of diesel fuel
on four-stroke natural aspirated (NA) direct injection (DI) diesel engine. Blend
showed lower carbon monoxide (CO) emission but higher NOx emission com-
pared to conventional diesel. Later in the second phase, NOx emission was slightly
reduced compared to diesel when the engine was applied Exhaust gas recirculation
(EGR). Atul Dhar et al. [16] evaluated performance, emission and combustion
characteristics of Neem oil biodiesel in a constant speed direct injection (DI) diesel
engine. Brake thermal efficiency of all biodiesel blend was found to be increased
compared to mineral diesel however specific fuel consumption for biodiesel and its
blends were higher than mineral diesel. CO and HC emissions for biodiesel were
lower than mineral diesel while NOx emissions were higher for biodiesel blends.
Combustion was started earlier for higher blends while for lower blends combustion
was slightly delayed in comparison to standard diesel. All biodiesel blends were
shown almost same heat release trend and shorter combustion duration in compari-
son of standard diesel.

In his study, the biodiesel from nonedible Mahua oil has been produced by
two step acid-alkaline base catalyst transesterification. There has been substantial
research on other non-edible oils like Jatropha, Pongamia, Karanja, and Sunflower
for their suitability in Indian conditions and also to meet the automobile blending
requirements. However, we are required to be focused on the Mahua oil. It is mainly
a nonvolatile oil compressed from Mahua (Madhuca longifolia). Mahua is perhaps
the widely grown tree in India after mango and almost all parts of Mahua tree are
saleable.

2. Methodology

Mahua oil was purchased from a local general store in Uttar Pradesh market,
chemical items which play an important role in converting fatty acid content of oil
into ester like methanol (CH;0H), (KOH) and H,SO,.
2.1 Biodiesel production and specifications

The biodiesel fuel used in this study was produced from the two-step acid-base

catalyst transesterification of crude Mahua oil with methanol (CH;0H) catalyzed
by sulfuric acid in the first step called esterification process followed by the second
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step called transesterification process in which esterifies crude oil Mahua with
methanol was catalyzed by potassium hydroxide (KOH). In first step acid quantity
and methanol to oil molar ratio both were varied but another reaction parameter
as reaction time 1 h stirrer speed 300 rpm and reaction temperature 60°C were
kept constant. Acid quantity 0.8% wt of oil and molar ratio of 18:1 was obtained as
an optimized parameter at which maximum yield of esters was obtained. This oil
had an initial acid value of 29 mg KOH/g, corresponding to a free fatty acid (FFA)
level of 14.5%, which is far above the 1% limit for satisfactory transesterification
reaction using an alkaline catalyst. The process of transesterification is compli-
cated if oil contains large amounts of acid value that will form soap with an alka-
line catalyst. The soap can rise difficulties or prevent separation of the biodiesel
from the glycerol [17]. Therefore, free fatty acids were first converted to esters in
a pretreatment process, an acid value of crude Mahua oil reduced to below 1 mg
KOH/g approximate and completed transesterification with an alkaline catalyst

to produce biodiesel [18, 19]. A titration was performed to determine the amount
of KOH needed to neutralize the free fatty acids in esterified crude sunflower oil.
The amount of KOH needed as a catalyst for every liter of crude Mahua oil was
determined as 9.9 g. For transesterification, 250 ml CH;0H (molar ratio 6:1) plus
the required amount of KOH were added for every liter of esterified CNO, and the
reactions were carried out at 60°C for 1 h. The mixture was stirred at a constant
speed of 300 rpm continuously and then allowed to settle under gravity in a
separating flask. Two separate layers form due to gravity settling after 24 h. The
upper layer was of ester and the lower layer was of glycerol. The lower layer was
separated out. The separated ester was mixed with some warm water at (40-42°C)
around 30% volume of ester to remove the excess catalyst present in ester and
allowed to settle under gravity for 4-6 h. At least three times this washing was
done to ensure no catalyst present in esters. The catalyst got dissolved in water,
which was separated and removed from the ester. After washing, a drying process
was followed to make ester moisture free in which washed ester was allowed to
heat at (100-120°C) for (1-1.5) h. The important properties of Mahua oil biodiesel
are taken from references [20] and compared with those of diesel fuel [21] in
Table 1. Some properties like density, viscosity acid values of Mahua oil biodiesel
were found out at NIT-Hamirpur, Himachal Pradesh, India (177005). Then Mahua
oil biodiesel was mixed with standard diesel in various concentrations such as
B10, B20, B30, B40 and B50 for preparing biodiesel blends for conducting various
engine tests.

Properties Oil biodiesel
Density @ 21°C (cc/gm) 0.916
Viscosity (cSt) @40°C 3.58
Flash point (°C) 129
Fire point (°C) _
Cloud point (°C) 1
Pour point (°C) 5
Calorific value (Mj/Kg) 42.8
Cetane number 51
Acid value (mg KOH/g) 0.532
Table 1.

Specification of biodiesel and diesel.
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2.2 Experimental setup

The setup for the study consists of a single cylinder, four strokes naturally
aspirated water cooled, and direct injection (DI) diesel engine connected to eddy
current type dynamometer for loading (see Figure 1). The detailed specifications
of the engine and uncertainty of some measured parameter are given in Table 2.
Windows-based Engine Performance Analysis Software Package “Engine soft” was
taken for online performance evaluation. Emission characteristics like CO, CO,,
unburned HC, smoke and NOx by the combustion of biodiesel was measured by the
online five-gas analyzer and smoke meter. The experiments were conducted under
varying load condition at the rated speed of 1500 rpm in IC engine laboratory at
NIT-Jalandhar, Punjab, India (144001). The engine was started with standard diesel
fuel and warmed up. The warm-up period ends when cooling water temperature
is stabilized. Then brake specific fuel consumption, brake power, brake thermal
efficiency, and exhaust gas temperature were measured.

Figure 1.
Schematics of the test set-up.

Engine type Single cylinder 4 stroke, DI

Bore 875 mm

Stroke 110 mm

Power 52KwW

Compression ratio 1751

Speed 1500 rpm

Air box MS fabricated with orifice meter and manometer

Fuel tank Capacity 15 lit with glass fuel metering column
Table 2.

Specification of diesel engine.
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3. Result and discussions

Performance, emissions and combustion characteristics of blends B10, B20, B30,
B40 and B50 with conventional diesel are investigated on single cylinder computer-
ized diesel engine and are discussed in the following subsections.

3.1 Brake thermal efficiency, brake-specific fuel consumption, and exhaust
gas temperature

Figure 2a shows that the variation of brake thermal efficiency (BTE) with a load
for different blends. It has been observed that the brake thermal efficiency for all test
fuel is increasing with the increase in applied load. It happens due to a reduction in heat
land increase in power developed with an increase in load [22]. Blend B30 and diesel
has been shown the BTE of 33.75 and 34.57% respectively. Hence B20 gave the little
difference in efficiency among all test fuel, which is about 0.82% less than the diesel.
Initially, efficiency was found to be increased with increased blend ratios up to B30
and after that, it got a decrease as shown in Figure 2a. The decrease in brake thermal
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Variation of brake power with (a) BT efficiency and (b) BSFC.
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efficiency for higher blends may be due to the combined effect of its lower heating
value and increase in fuel consumption [23]. In spite of this increasing viscosity may
be the other reason for decreasing efficiency with higher blend ratio fuel, thereby, poor
pray and poor atomization occurred due to which charge was not properly burned.
The variation of brake specific fuel consumption with regard to load is given
in Figure 2b. It is obvious from the name that the BSFC of the engine gradually
decreases with increasing load and then becomes constant up to full load condition.
The same trend for brake specific fuel consumption (BSFC) can be viewed as it was
seen in efficiency Figure 2; B30 has given lowest brake specific fuel consumption
to all other blends and diesel at full load condition [24-28]. Diesel and B30 have
been read 0.25 and 0.25 kg/kWh of BSFC respectively, at full load which is more or
less same as diesel. For a higher percentage of biodiesel blends, BSFC is found to be
increased. This may be due to high density, high viscosity and lower heating value
of the fuels. B30 has a minimal value of fuel consumption among B10, B20, B50,
and B100 at and above 100% load.

3.2 Results and discussion regarding the engine emission in term CO, CO,, NOx,
and unburned HC are as follows

3.2.1 Carbon monoxide (CO) emission

The figure shows the variation of carbon monoxide emission of blends and diesel
under various loads. The discharge of CO is found to be diminished with increasing
load at the initial stage up to approximate 75% load after that it increases for B10 up
to 0.2 (%Volume). But for B30 decrement of 0.2 (%Volume) of CO at the stage of
75-100% load. This is because of more fuel accumulates at a higher load to produce
more power due to which higher temperature achieved in the fumes. This increased
temperature helps in the oxidation of CO on account that its value decreases. Blend
B10, B20, B50, and B100 have been given equal amount of CO to that of diesel at full
load stage, because for B10 due to the inefficient inherited oxygen of biodiesel CO
could not oxidize to CO,, and for B50 increased viscosity and high non-volatility of
biodiesel caused poor spray, atomization and burning of CO into CO, (Figure 3).

3.2.2 Hydrocarbon emission

Variation of unburned hydrocarbon can be seen in the figure. Significant reduc-
tion in HC emission has been found with decreasing the blend ratio of biodiesel
in fuel. Blends B10, B20, B30, B50, B100 and diesel are given 36.5, 34.8, 30.2, 23,
23.2 and 27.4 ppm of HC emission on an intermediate basis. Hence B50 and B100
have been given the lowest HC compare to all test fuels due to the optimum level
of oxygen and viscosity of the fuel. This decrease indicates that more complete
combustion of fuels due to which low HC level was obtained (Figure 4).

3.2.3 NOx emission

Variations of NOx emission with loads for different blends are presented in the
figure.

The NOx emission is found to be increased with growth in shipment due to less
heat rejection at higher load. That is the way all test fuels shows the highest value of
discharge at full load condition. Blends B10, B20, B30, B50, B100 and diesel show
549, 743, 608, 704, 669, and 730 ppm respectively at full load condition. In initial
blends, only B20 has been given higher. NOx due to higher temperature compared
to B10 and B20. In universal, vegetable-based fuel contains a low quantity of
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BP vs. NOx for Mahua oil BD blends and diesel.

nitrogen that contributes towards NOx production. In malice of this NOx emission
is the function of temperature also, more NOx is emitted at high load because of the
higher temperature of gas oxidized the nitrogen oxides into nitrogen and thus NOx
increase. From this figure, it can be concluded that B20 exhibiting proper complete
combustion compare to others fuels (Figure 5).
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3.2.4 CO;, emission

Percent of CO, in the exhaust is the direct indication of complete combustion
of fuel in the combustion chamber. The figure shows the variation of CO, under
varying load for different biodiesel blends. All test fuels show increasing trends,
CO, emission with an increase in shipment due to an increase in the accumulation
of fuel. Blends B10, B20, B30, B50, B100 and diesel shows 3.6, 4, 3.7, 4.2, 3.7 and
4.5% of CO, respectively at full load condition. Only B50 has been shown higher
CO, emission compare to diesel due to the significant issue of higher cetane number
compare to other test fuel. Other blends have been presented the lower value of CO,
than diesel. It can also be cleared from exhaust gas temperature vs. load curves in
which B50 has been shown a higher temperature than other blends (Figure 6).

3.2.5 Combustion analysis

Combustion characteristics parameter like pressure-crank angle, rate of cylinder
pressure rise, heat release rate and cumulative heat release are analyzed for differ-
ent blends of Soybean oil biodiesel under varying load to compare the combustion
characteristics of the engine with conventional diesel fuel.

3.2.5.1 In-cylinder pressure vs. crank angle

The figure shows the variation of in-cylinder pressure with a crank angle for
blends B10, B20, B30, B50 and B100 in comparison of baseline data obtained from
standard diesel. Pressure rise has been found to be comparable with diesel for
higher biodiesel blends fuel. Moreover, low biodiesel blends such as B10 and B20
show delayed pressure rise with respect to standard diesel at full load due to longer
physical ignition delay period because of the higher boiling point range of biodiesel
compared to diesel. It can as well be visualized in the figure that all test fuel has
shown decreases in ignition delay with an increase in shipment. This was passed
due to an increase in gaseous state temperature at high load operation; therefore, a
reduction in the physical ignition delay period was held (Figure7).

I all cases higher biodiesel blends as B100 and B50 has been shown higher in-
cylinder peak pressure compared to diesel and other low biodiesel blends. Two ele-
ments are mostly responsible for that first presence of inherited oxygen molecules
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In-cylinder pressure vs. crank angle.

in biodiesel helps in combustion and the second is the lower viscosity of mineral
diesel which ensures adequate air-fuel blending.

3.2.5.2 Rate of cylinder pressure rise vs. crank angle

The figure shows the variation in the rate of pressure rise (dP/d0) with a crank
angle (0) under varying load for all test fuels. It can as well be visualized in the
figure that the maximum rate of pressure rise is 4.55 bar/deg. for B30 blend and
4.51 bar/deg. for B20 blend, biodiesel blend B20 has been shown the highest rate of
pressure rise compares to diesel. It can be due to higher accumulation of fuel during
premixed combustion on account of that B20 biodiesel blends showed the earlier
start of combustion with a consequence high rate of pressure rise (Figure 8).

3.2.5.3 Heat release rate vs. crank angle

The figure shows the heat release rate for biodiesel blends in comparison of
standard diesel at different engine operating conditions. After burning of fuel, fluc-
tuation of heat release rate occurs. However, at B100 shows the highest rate of heat
release compare to diesel and other biodiesel blends are two other blends, because
of the higher cetane number and higher oxygen capacity of biodiesel that improves

= —B10
_% —B20
2 —B30
- B50
& —B100
-] —DIESEL
L)
w
E =60 an 140
]
w 2
= 3
[
CAD (8)
Figure 8.

Pressure rise vate vs. crank angle.

41



Introduction to Diesel Emissions

_ —B10
i‘ B20
5 -B30
m —850
ﬁ —B100
E —DIESEL
-
E
z . 150
caD ()
Figure 9.

Heat release rate vs. crank angle.

the burning quality of fuel and helps in firing at a higher charge per units. Moreover
B10, B20 and B50 have been established a corresponding rate of heat release with
diesel. This is because in low blends the concentration of biodiesel is low, that is
way fuel does not cause a significant force on a certain number, but it touches the
air-fuel mixture formation due to changes in viscosity and evaporation properties
of the fuel. That is way lower blends showed a less charge per unit of heat release
than B100 (Figure 9).

3.2.5.4 Cumulative heat release vs. crank angle

Cumulative heat release is the total heat energy that has been dropped for a given
production. The figure shows the cumulative heat release for all blends at various
engine loads in comparison of diesel. It can be pictured in figures that cumulative
heat increases with increasing engine load for all test fail because the bulk of the
fuel increases with a gain in shipment. It is also cleared from the diagram that up
to 40% load all blends show low cumulative heat compare to diesel, but after that,
blends have been shown gradually increase in cumulative heat than diesel in which
B30, B50, and B100 show high cumulative heat.

4, Conclusions

High acid value Mahua oil was used to produce biodiesel by a two-step process
of esterification followed by transesterification. In etherification, the molar ratio
of methanol to oil and quantity of sulfuric acid was two main reaction parameters
which were optimized to produce a low acid value of oil. Molar ratio 18:1 and
0.8% w/w to oil of sulfuric acid was observed optimum reaction parameters. While
reaction temperature, reaction time and a stirrer speed of 60°C, 1h and 300 rpm
respectively were maintained during esterification. For transesterification, the
molar ratio of alcohol to oil of 6:1, 9.9 g of catalyst (KOH), 60°C temperature,

1 h reaction time and stirring speed 1300 rpm were used.

The performance, emission and combustion characteristics of an engine fuelled
with crude Mahua oil biodiesel and diesel blends were investigated and compared
with that of standard diesel. The experimental results confirm that the BTE, BSFC,
exhaust gas temperature is the function of biodiesel blend and load. For similar
operating conditions, a particular blend gave better engine performance and
reduced emissions compared to other blends in comparison of standard diesel. B30
of Mahua oil biodiesel blend gave the better overall performance among all other
blends in comparison of diesel. However, Mahua oil gave 33.75% BTE for B30,
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which is less compared to diesel, the increased value of BSFC reduced CO, HC,
NOx and CO, emissions with high-value smoke which indicates better combustion
of fuel, which can be considered as acceptable results in overall performance with
biodiesel without any modification of engine. In combustion characteristics, higher
blends showed the earlier start of combustion and for lower blends start of combus-
tion was slightly delayed in comparison of standard diesel. Almost identical trends
were to be seen for all the biodiesel blends in heat release rate. The very negligible
difference was seen in combustion duration for blends and diesel however under
full load condition, blends showed insignificant shorter duration of combustion
than diesel. Therefore, Mahua oil biodiesel blends, B30 can be used in unmodified
ClI engines.
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Abstract

Biofuels have caught the eye of engine specialists as far back as the oil emergency
and heightening expenses of petro-synthetic compounds cropped up in the 1970s.
Ethanol and methanol were the most broadly inquired alcohols in IC engines.
Higher alcohols are alluring second/third era biofuels that can be created from
sugary, dull and lignocellulosic biomass feedstocks utilizing reasonable pathways.
Developing worries of petroleum product consumption, oil-value variances, height-
ening vitality requests and stringent discharge guidelines are driving established
researchers to discover elective sustainable biofuels for use in diesel engines. Among
the biofuels like biogas, bioalcohol and biodiesel, alcohol is by all accounts generally
appealing. Biogas requires high weight for its utilization in vehicle and its spillage
can be risky. Biodiesel from consumable vegetable oil can cause insufficiency in
sustenance supply. Everything being considered, the utilization of lower alcohols
like methanol and ethanol in slow speed engines shows certain complexities because
of their low cetane number, high inert warmth of vaporization and high protection
from auto-start. Further the less calorific respect and poor miscibility with diesel
limit their utilization in diesel motors.

Keywords: diesel engine, bioalcohols, butanol, pentanol, hexanol, octanol,
performance and emission

1. Introduction

High-carbon bioalcohol with higher cetane number and higher vitality thick-
ness than the prevalently looked higher alcohols makes it an appealing fuel for
diesel engines [1]. Studies are quickly developing on high-yield biocombination of
higher alcohols from glucose and lignocellulosic biomass feedstock utilizing built
smaller scale creatures like Escherichia coli and Clostridium species [2]. Regardless
of its good properties and promising prospects for creation in biorefineries, higher
alcohol has been scarcely researched in engines. Higher alcohol is an advanced
biofuel derived from lignocellulosic biomass, which is suitable for compression
ignition technology with several properties closer to fossil diesel [3]. A few methods
like alcohol fumigation, double infusion, alcohol-diesel mixes and alcohol-diesel
emulsions have been utilized to manage these constraints of the alcohols as a diesel
motor fuel [4]. From the wellbeing viewpoint, lower alcohols have low glimmer
point (FP) and are delegated Class I fluids (FP beneath 37.8°C) alongside fuel by the
National Fire Protection Association (NFPA) in the US. In the meantime, diesel fuel
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is arranged under Class II fluids (FP above 37.8°C). Yet, expansion of lower alcohols
to diesel brings down the blaze point and would make the mix to fall under Class I
fluids, subsequently requiring a similar framework as gas for capacity and taking
care off [5]. Then again, there are some positive parts of alcohols that can be profit-
able in diesel engines. The decrease of smoke is firmly identified with the oxygen-
substance of the mixes. Alcohols being oxygenated energize with a hydroxyl (OH)
bunch increment the accessibility of oxygen amid burning and diminish smoke
outflows in diesel engines particularly at high motor burdens [6]. Concerning the
substance structure, it is affirmed that smoke decrease effectiveness is high in liquor
and low in ether.

As of late higher alcohols have accumulated enthusiasm among the special-
ist sowing to their higher vitality thickness, higher cetane number, better mix
dependability and less hygroscopic nature when contrasted with other generally
considered lower alcohols like ethanol, methanol. Increment long of the carbon
chains additionally improves the start nature of alcohol atoms. The term “higher
alcohol” more often than not alludes to the arrangement of straight chain alcohols
containing at least four carbon iotas, viz. butanol (C4), pentanol (C5), hexanol
(C6), octanol (C8), dodecanol (C12), phytol (C20) and so on. Anyway propanol
(C3) is additionally incorporated into this examination, as this three-carbon
alcohol is used as a dissolvable to tie lower alcohols with diesel and moreover as a
blending portion with diesel fuel in diesel engine [7]. Table 1 presents a relation-
ship of physical and substance properties of some lower and higher alcohols with
diesel. It might be gotten from the table that higher alcohols (when appeared
differently in relation to bring down alcohols like methanol and ethanol) have
increasingly unmistakable potential outcomes to supersede fossil diesel totally or to
some degree. Higher alcohols can mix with diesel with no stage detachment which
is credited to their high carbon content, low extremity and less hygroscopic nature
[8]. Subsequently no co-solvents or emulsifying operators would be required to
keep up mix dependability when higher alcohols are utilized. The development of
long carbon chain and the nonappearance of branches in liquor give high calo-
rific regard, thickness and cetane number while sparing self-lighting credits less
penchant to knock [9]. Higher alcohols have less dangerous movement on materials
used in the fuel transport. Higher the water content in the alcohols, higher the
ruinous action is higher alcohols are less hygroscopic and thusly can be less danger-
ous. Moreover alcohols with high subnuclear burdens are known to be less ruinous.
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Table 1.
Properties of alcohols [4].
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Flashpoints of higher alcohols are very high which makes them more secure to
store, handle and convey in the current circulation foundation. The lower vapor
weights of higher alcohols likewise results in lower evaporative discharges. In

spite of the fact that more drawn out chain alcohols have less oxygen content, they
can in any case upgrade the premixed burning stage with their generally longer
start delay permitting adequate blending of air/fuel and furthermore improve

the dissemination ignition stage. In addition, alcohols with longer carbon chains
consume lesser essentialness in the midst of its age when appeared differently in
relation to other lower alcohols since the regular method of isolating far reaching
macromolecules can stop prior [10]. The use of higher alcohols was before frus-
trated by high age costs, gainful use in sustenance industry and compelled creation
from nonoil resources [11]. The latest decade has seen a reestablished energy for
higher alcohols (as pragmatic vehicle fills) which resuscitated many research social
events and bio-development associations to grow the yield of higher alcohols like
butanol and pentanol from cellulose by flow development structures using new
strains of Clostridium species and by biosynthesis from glucose utilizing hereditar-
ily designed smaller scale living beings like Escherichia coli, Cyanobacteria and
Saccharomyces cervevisiae. There is likewise an elective course in which biomass can
be gasified or steam improved or somewhat oxidized to create blend gas (CO, H2
and CO,) which can be chemically changed over in to higher alcohols by a proce-
dure called Higher alcohol amalgamation (HAS). Higher alcohols can likewise be
created by direct electromicrobial transformation or photosynthetic reusing of
carbon-dioxide. This strategy can in reality help reusing CO, (an ozone depleting
substance) into higher alcohols without the need to deconstruct biomass. Further,
select biochemical pathways for broad scale business making of higher alcohols
are being made by biofuel producers to diminish the stunning costs included like
Gevo and Butamax [12]. The U.S. Boundless Fuel Standard (RFS) program requires
blending of forefront biofuels in growing aggregates with fossil transportation
fuel every year which should raise up to 36 billion gallons by 2022 [13]. According
to this program, each endless fuel characterization ought to convey lower green-
house gas releases appeared differently in relation to petroleum product or diesel
it replaces. In this one of a kind circumstance, higher alcohols can be used to meet
these targets as they qualify as bleeding edge biofuels that can be gotten from
lignocellulose [14]. The essential focus of this examination is to give an expansive
overview of composing related to the usage of higher alcohols in diesel motor and
their effects on the start, execution and spreads of diesel motors. Various analysts
and experts have mulled over the use of higher alcohols running from 3-carbon
propanol to 20 carbon phytolin different extents with diesel to evaluate their
appropriateness as a fuel in the current CI engines [15]. The on-going examina-
tions and the past discoveries about the substitution (entire or incomplete) of fos-
sil diesel fuel with higher alcohols in diesel engines were observed to be commonly
fruitful in light of the fact that they diminished directed outflows with improved
proficiency other than expanding the inexhaustible portion in the fuel.

2. Perspective view
2.1 Diesel engine and its significance

Diesel engines are imperative gear in open transportation, rock solid hardware,
control age, agrarian and modern hardware attributable to their higher fuel-change

profitability, higher power yield, higher torque limit, higher sturdiness, and higher
trustworthiness than gas motors. Moreover they radiate lesser carbon monoxide
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(CO), hydro carbons (HC) and carbon dioxide (CO,) floods than diesel motors [16].
The utilization of fossil diesel in diesel motors passes on high NOx (nitrogen oxides)
and buildup radiation that are unpleasant to both regular and human prosperity
[17]. Diesel fumes is named harm causing to people by the International association
for research on infection (IARC) in perspective on satisfactory evidence that its
presentation is connected with an extended peril of lung threatening development
while:

* Soot outflows can cause cardiovascular illnesses

* NOx present in diesel fumes is a central reason for exhaust cloud
* Ground level ozone

* Corrosive downpour

Debilitated structure disorder

* Diesel engines offer un-paralleled fuel conversion efficiency, high torque
capability at low engine speeds and durability.

Diesel engines are widely employed prime-movers for public transit systems,
agricultural equipment, industrial implementations, power generation, construc-
tion and heavy machinery because of its un-matched fuel conversion efficiency,
durability and torque capability [18]. The performance of diesel engines is usually
higher than that of a gasoline engine of similar size. While the current state-of-
the-art diesel engines are typically turbocharged with cooled EGR, equipped with
common rail direct injection (CRDI) and after-treatment for soot and NOx, a larger
population of diesel engines sold in agricultural and construction equipment during
the last few decades in India include naturally aspirated stationary diesel engines
[19]. These engines are widely used in the Indian agricultural sector to drive siphon
sets to supply water for water system purposes [20]. The present quantities of these
diesel driven siphon sets in the nation is about 14.42 million. As indicated by a study
completed by the Indian Petroleum Conservation Research Association (PCRA),
the yearly generation of these diesel driven siphon sets is 1.5 million with a normal
yearly development of 7%. It is important to note that Indian agricultural sector
recorded a consumption of 6 million metric tons (MMT) of diesel, which is about
8.55% of India’s total diesel consumption (69 MMT) in the year 2012-2013. This
statistic implies that a large population of farmers in India is severely exposed to the
toxic diesel exhaust from these engines.

2.2 Crude oil and its demand

The burgeoning population, rapid industrialization and higher mobility have
increased the demand and consumption of crude oil every year. The Figure 1 shows
the crude oil consumption in the year 2014-2015 across the world. The International
Energy Agency (IEA) has predicted that the global crude oil demand will rise to
99 million barrels per day by the year 2035. Diesel extracted from crude oil by frac-
tional distillation faces depletion in future. There is an estimate that the reserves of
crude oil are gradually depleting at the rate of 2.1% per annum. Hence it is impera-
tive that alternative forms of diesel engine compatible fuels have to be identified to
improve energy security by the way of bio-based renewable sources. Instability in
crude oil prices has an impact on the economies of countries without oil reserves
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Figure 2.
Diesel consumption in India sector-wise [32].

and is heavily dependent on import. In the past 10 years, India relied heavily on
imports to meet its increasing fuel demands [21]. High crude-oil imports suggest
payments in dollars and depletion of foreign reserves which affects economy. India’s
domestic crude oil production plummeted for the fourth straight year in 2015-2016
which escalated India’s import dependence to 81% in the last year from 78.5% in
2015-2016. Thus substitution of even a fraction of fossil fuel with a renewable
biofuel will have positive impact on both the economy and environment. It has to be
noted that India’s fossil diesel consumption accounted more than that of gasoline.
For instance, in 2012-2013, India consumed 69 million tons of diesel oil which is
four times than that of gasoline. This consumption is primarily in transportation,
industry and agriculture as shown in the graphic in Figure 2. The consumption

in agriculture sector comprises tractors 17%, pump-sets for 7.5% and agriculture
equipment 9.5%. All this indicates that a huge population is constantly exposed to
hazardous gaseous emissions from diesel engines.
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2.3 Hazards of diesel engine exhaust

Diesel engines emits high levels of oxides of nitrogen (NOx) and particulate
matter (PM) into the atmosphere which are proven to be harmful to both human
and environmental health [22]. Smoke in diesel engine exhaust is carcinogenic and
cause a cardio-respiratory diseases. The diesel exhaust is classified as carcinogenic
and continuous exposure can increase the chances of lung cancer [23]. The nano-
sized particulate matter if inhaled is capable of trans-locating to the brain through
olfactory nerves and can cause inflammation at deposition sites. In an experiment
subjected 10 human volunteers to dilute diesel exhaust for an hour and showed that
there is a functional effect in the human brain indicating a general cortical stress
response [24]. Additionally, these smoke particles are also potential inducers of
oxidative stress. The human brain is considered to be very sensitive to the damages
caused by oxidative stress. Long term oxidative stress is found to be associated with
diseases such as Alzheimer’s and Parkinson’s that leads to reduce cognitive function
[25]. Further, when pregnant women are exposed to diesel fumes, adverse effect
on fetal development is reported. NOx component present in diesel exhaust is a
primary reason for smog, ground level ozone (1981), acid rain and sick building
syndrome. NOx causes cyanosis and pulmonary diseases [26].

3. Alternative source
3.1 Prospective diesel engine fuels

Realizing a clean, affordable and safe energy future to address the growing
concerns of fossil fuel dependence and the subsequent degradation of air quality by
burning fossil fuels has been a challenge researchers relentlessly attempt to address
[27]. Diesel engines could be perhaps fueled by a wide range of fuels like straight
vegetable oil, biodiesel, biogas and bioalcohol adopting several strategies and
modifications. The use of edible vegetable oils as diesel engine fuel threatens food
security as the world community now embroiled in the “Fuel vs. Food” delibera-
tion. Nonedible sources also have a concern. Their cultivation take up large land
sources meant for food crop cultivation. Biodiesels are usually derived from edible
and nonedible vegetable oils by transesterification which is a time consuming and
expensive process. Biodiesels also presents the same concern as the vegetable oils
because the feedstock they are derived from, takes up the acreage meant for the
cultivation of food crop. Further the by-product of transesterification like glycerol
poses another environmental challenge and has to be carefully disposed [28]. Biogas
is typically a mixture of two potential greenhouse gases, methane and carbon-
dioxide. Biogas is usually produced and used in as is where is basis because of the
costs involved in its storage and distribution that require high pressure cylinders
and safety measures to prevent leakage. Bioalcohols could be derived from both
food and nonfood based feedstocks which makes them attractive [29]. Feedstock
like lignocellulosic biomass which includes agricultural wastes (rice-straw, corn-
stalks and sugarcane-bagasse), forestry wastes (wood-pulp, saw-mill and paper-
mill rejects) and energy crops (switch grass, elephant grass and agave) that can be
subjected to gasification, pyrolysis, steam reforming and bacterial fermentation
to yield platform chemicals. Valorization of biomass to esteem included items and
vitality is set to occur in biorefineries which could be viewed as similar to the pres-
ent oil refineries [30]. For a nation like India with huge prolific grounds thriven by
ordinary regular precipitation through rainstorm, there is a monstrous open door
for gathering enormous amounts of lignocellulosic biomass and to ubiquitous diesel
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engines. The present study utilizes two such bioalcohols namely cyclohexanol and
n-octanol derived from nonfood based sources to power diesel engines. Low carbon
bioalcohols like methanol and ethanol which are popularly researched in gasoline
engines are incompatible with diesel engines owing to their low energy density
and low cetane number. Higher carbon bioalcohols like n-butanol, n-pentanol,
n-hexanol, cyclohexanol and n-octanol can be appropriate possibility for diesel
engine innovation. These bioalcohols can be made from glucose by development
using planned littler scale living things or by getting ready lignocellulosic biomass
using enzymatic hydrolysis and maturing, anaerobic digestion, gasification,
pyrolysis and biocatalysis. Table 1 exhibits the properties of some bioalcohols in
examination with diesel and low carbon alcohols. It will in general be considered
that to be the alcohols move higher, its cetane number, low warming quality, streak
point, thickness and consistency increases while its oxygen content, vapor weight,
dissolvability in water and unconventionality diminishes [31]. Also, the less vapor
weight and less hygroscopic nature of high carbon alcohols offer better handling
and storage. As a blend component, longer alkyl carbon chains also offer better
miscibility with fossil diesel without any phase separation over a period of time.

3.2 Lignocellulosic biomass

Lignocellulose is the dry plant raw material that is abundantly available on the
planet earth from which biofuels could be produced by processes like enzymatic
and acid hydrolysis, pyrolysis, gasification, liquefaction and anaerobic digestion.
Lignocellulose is composed of lignin—(C3;H34011),, cellulose—CgHyOs, and
hemicellulose—CsHgO,. Lignin is the second most available natural material in the
world after cellulose. It is a complex aromatic polymer which could be processed to
produce platform chemicals for biofuel production. Lignin has the highest specific
energy content among the three and constitutes up to 15-30% by weight and
contains up to 40% by energy in a lignocellulosic biomass feedstock. The cellulose
component is much easier to degrade and process to several platform chemicals
from which high carbon alcohols like n-pentanol, n-hexanol, cyclohexanol, and
n-octanol could be derived. Figure 3 shows the structure and composition of a
typical lignocellulosic biomass feedstock.

3.3 Production potential

The estimated global biomass production is 1.70 x 10" tons per year. Global
commercial lignin extraction is around 63 MMT (million metric tons) per year.

Figure 3.
Lignocellulosic biomass—Structure and composition.
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Lignocellulosic biomass is abundant in nature and is available at low cost and could
easily form a new class of second generation biofuels. The production of high car-
bon alcohols using catalytic synthesis could be scaled up with much of the research
required in engineering the reactor, process design and economic viability.

3.4 Production pathways

The present study utilizes biofuels that could be possibly derived from
nonfood-based feedstock. Biofuels that could be derived from biomass feedstocks
using microbial production include high carbon alcohols, biodiesels, jet fuels,
and biogasoline [31]. As of now, mechanical microorganisms (like Escherichia coli
and Saccharomyces cerevisiae) and photosynthetic life forms like cyanobacteria
are built to follow up on non-sustenance-based sources and create petroleum like
derivatives, called “progressed” or “drop-in” biofuels. The different pathways
for the combination of biofuels derived from lignocellulosic biomass feedstock
are presented in Figure 1. The current study utilized bioalcohols like n-octanol
and cyclohexanol that could be derived from lignocellulosic biomass feedstock.
n-Octanol is an aliphatic straight chain alcohol that has superior cetane number,
calorific value, oxygen content, and solubility with diesel [32]. Cyclohexanol is
an aromatic ring chained alcohol. Cyclohexanol has superior oxygen content but
slightly lower cetane number and energy density than n-octanol. Both these bioal-
cohols are excellent biofuels that has huge prospects for synthesis in biorefineries.
Cellulose and hemi-cellulose can be subjected to enzymatic or acid hydrolysis to
be broken down to sugars. Cs-Cg sugars could be dehydrated to platform chemicals
like furfurals, levulinic acid. Selective microbial fermentation of Cs-Cg sugars can
be employed to extract high carbon alcohols using engineering micro-organisms
like E. coli. During the past 3 years, microbial production of n-octanol has gained
the interest of researchers and extended the n-butanol pathway to obtain a yield
of 70 mg/L of 1-octanol using the Clostridium species. Several pathways were later
developed with improved yield of n-octanol. Biosynthetic pathway employing
multi-functional catalysts to derive linear C8 products like 1-octanol and di-octyl
ether from lignocellulose. A yield of up to 93% of linear C8 alcohol products was
achieved using this innovative route. Subramanian et al. proposed 1-octanol as a
biofuel with diesel-like properties and engineered a biosynthetic pathway to extract
it from E. coli. Recently, they developed an energy-efficient catalytic system that
could produce a highest yield of 1-octanol (62.7%) from biomass-derived furfural-
acetone and synthesized phenolic compounds like cycloalkanes, cyclohexanol
and linear alkenes from a pyrolytic lignin-oil fraction using catalytic valorization
through hydro-treatment [32]. Cyclohexanol can also be obtained from guaiacol
which is one of the most abundant lignin de-polymerization products. They intro-
duced an in situ catalytic hydrogenation system to convert lignin-depolymerized
compounds like guaiacol and phenol to cyclohexanol using Raney nickel catalyst
and devised another highly efficient hydrothermal conversion of biomass derived
cyclohexanone to cyclohexanol with high yield and high selectivity using in situ
hydrogenation in the presence of a copper catalyst. It achieved more than 97.74%
of guaiacol conversion with 100% cyclohexanol selectivity in the presence of 20%
Nickel/Magnesium-oxide catalyst. Recently, they achieved highly efficient hydroge-
nation of a lignin-derived monophenol (4-ethylphenol) to cyclohexanol over Pd/y-
Al O;5 (Palladium/gamma-Alumina) catalyst with selectivity up to 98.6%. Lignin
can also be biodegraded to renewable biofuels using genetically modified microbes.
Bacterial lignin degradation activity has been best characterized in actinobacteria.
The use of microbes like Pseudomonas stutzeri to breakdown lignin to aromatic
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monomers has been identified already. The utilization of biocatalysts could address
every ones issues for high profitability and high prospects for feasible cyclohexanol
process advancement.

4. Background

Smoke and NOx emissions in diesel engines have an inherent exchange off
connection among them and in this way endeavors to limit one of them would
normally bring about expanding the other. To add to this hopelessness, endeavors to
decrease outflows would regularly result in misfortune in execution of the engine.
This is because efficient combustion often results in high cylinder temperatures and
reduces smoke but promotes NOx formation. On the other hand, lowering the com-
bustion temperature results in incomplete combustion and favors NOx emissions
but increases smoke formation and reduce engine performance. Adding oxygenated
biofuels like bioalcohols to diesel reduces smoke emissions by the way of providing
additional oxygen during combustion in fuel-rich zones via fuel-bound oxygen
content. However this often results in higher NOx emissions. Exhaust gas recircula-
tion (EGR) is a NOx reduction technology which involves bypassing a percentage
of the combusted gases back to engine cylinder along with the intake charge that
reduces peak combustion temperatures responsible for NOx formation by the way
of its thermal, chemical and dilution effects. However, EGR causes a drop in engine
performance as it disturbs the normal combustion process. Modifying the injec-
tion timing also affects the emission and performance characteristics. Delaying
the injection up to the TDC causes low combustion temperatures and reduces NOx
emissions and engine performance. Early injection improves air-fuel mixing and
promotes complete combustion. This increases peak combustion temperatures and
reduce NOx emissions. Hence it could be inferred that optimization of parameters
like oxygenate composition in diesel, EGR and injection timing could achieve low
emission and high performance in a diesel engine.

5. Conclusion

Higher alcohols are second/third era biofuels that can be gotten from lignocel-
lulosic biomass utilizing maintainable way and absent much any dependence on
sustenance crops. As run of the mill biofuels, they are equipped for tending to the
two dimensional issue of natural debasement and vitality weakness. The accom-
panying ends can be drawn after this broad study concerning the utilization of
3-carbon propanol to 20-carbon phytol in diesel engines.

Alcohol expansion drags out the start postponement of the mix. Higher alcohol/
diesel mixes show higher pinnacle chamber weights and higher pre-blended warmth
discharge rates contrasted with diesel. The more extended the length of the carbon
chain of the alcohol, the more ignitable the alcohol is. BTE of the engine energized
with alcohols like propanol and butanol for the most part demonstrated improved
execution:

* Higher level of premixed burning
* Low cetane number of propanol and improved shower attributes

* Decline in consistency and thickness of the mixes.
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BTE drops with the use of pentanol and other higher alcohols in diesel engine.
Longer chain fatty alcohols like hexanol, octanol and dodecanol are prevalently
utilized as surfactants to balance out lower alcohol/diesel mixes and diesel oil
miniaturized scale emulsions.

NOx emissions for the most part diminished with expanding propanol or
butanol substance in the mix. In any case, alcohols including pentanol and higher,
expanded NOx discharges directly with their substance particularly at high loads.
This variety is because of the distinction in mastery between the impacts of higher
warmth of vaporization and cetane number. This fragile adjusting likewise relied
upon the particular motor and its working conditions.

Abbreviations

ASTM American Society of Testing and Materials
BDC bottom dead center

Bmep brake mean effective pressure
BP brake power

BSEC brake-specific energy consumption
BSFC brake-specific fuel consumption
BTE brake thermal efficiency

But n-butanol

CA crank angle

CCI calculated cetane index

CI compression ignition

CR compression ratio

CRDI common rail direct injection
EGR exhaust gas recirculation

Eth ethanol

Hex n-hexanol

HRR heat release rate

LHV low heating value

Meth methanol

MMT million metric tons

Oct n-octanol

Pen n-pentanol

ULSD ultra low sulfur diesel
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Chapter 4

Comparison of Different
Techniques for Measurement of
Soot and Particulate Matter
Emissions from Diesel Engine

Richard Viskup

Abstract

The research presented here is the comparison studies between different
commercially available techniques for measurement of soot and particulate matter
(PM) emissions from passenger car diesel engine. The compared devices are filter
paper-type smoke meter, photoacoustic spectrometer, opacimeter, differential mobility
spectrometer and laser-induced incandescence. The focus is to study static and dynamic
transient exhaust emissions from the location position closer to the actual combustion
event—downstream of the turbine, position characterised by the higher temperature
and higher pressure of the emission gas—than the standard measurement position, in
the tailpipe of the exhaust manifold. The main task is to compare an accuracy and
sensitivity of individual devices at static and dynamic soot and PM emissions.

Keywords: soot emission, particulate matter, diesel engine, smoke meter,
photoacoustic spectroscopy, opacimeter, differential mobility spectrometer,
laser-induced incandescence

1. Introduction

The combustion engine-driven vehicles are one of the main consumers of petro-
leum natural resources and are mainly responsible for air pollution in the heavily
traffic regions, in the cities and in large metropolitan areas [1, 2]. To minimise the
pollutant emission from vehicles, an effective combustion control and monitoring
plays a very important role [3]. Measurements of diesel emissions are usually
performed by using various measurement techniques [4]. The limits for exhaust
emission of newly produced vehicles are regulated in the European Union (EU)
by European emission standards and are defined in a series of European Union
directives. These regulations are usually amended every half of the decade and are
published in a form of standards like first Euro 1 norm set in year 1992 to current
Euro 6 valid from year 2014. In the case of passenger cars, the emission standards are
defined for particulate matter (PM), total hydrocarbon, non-methane hydrocarbon
(NMHC), carbon monoxide and nitrogen oxide emissions. The basic idea of these
norms is to contribute to the reduction of emissions by newly produced vehicles.
However, with the strict limits given by the European regulation on pollutant emis-
sion, measurement of low-level emission concentrations from the engine is very
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challenging. This is mainly due to measurements of such as low concentrations and/or
very short time duration peak emissions. Thus, the sensitivity of method and applied
measurement techniques represent an important issue [5, 6]. Another important
factor for minimising overall emissions is a high temporal resolution of the measure-
ment device, mainly during the measurement of fast transient emission peaks. These
are the emissions produced due to the rapid acceleration or deceleration phase of the
vehicle. Nowadays there exist many different commercially available techniques for
PM and soot concentration emission measurement, based on gravimetric analyses [7],
paper filter-type smoke meter [8], measurement of continuous opacity [9, 10],
differential mobility spectrometers [11-13], measurement of photoacoustic spectros-
copy [14-16] and measurement of laser-induced incandescence (LII) [17-20].

The main differences between these techniques are in methodology and in
measurement principle. Another issue is the sensitivity of the measurement itself,
sampling time and dynamics response to fast emission detection. Additional crite-
rion is the position—location of sensor during the measurement of emissions from
engine. The optimal position of the sensor with respect to the measurement of the
fast dynamic response would be as close as possible to the emission source, directly
into the combustion chamber of the engine. The second alternative would be
upstream of the turbine and the third possibility is downstream of the turbine in the
exhaust manifold. The first position—directly into the combustion chamber—is due
to the geometrical restrictions that are difficult to measure, and therefore the
nearest possible location is in the exhaust manifold. However, due to high instanta-
neous pressure and temperatures of soot in this part, the measurements are usually
performed far from exhaust manifold or directly in the tailpipe. The placement of
the sensors into the tailpipe is introducing additional delay in measured emission
signal and can negatively influence measured results. A next drawback of tailpipe
position is the change in gas emission dynamics due to measurement in lower-
pressure zone; however, high-pressure information can be very helpful in order to
better characterise, control and minimise emissions during combustion process.

Up to now, the systematic studies dedicated to the differences in sensitivity and
accuracy of transient PM emission by comparing available commercial devices were
made by Viskup et al. in [21, 22]. The accuracy and reliability of measured emission
data are very important information to eliminate toxic emissions from vehicle
engines and to meet the future EU directives.

In this chapter, the comparison between different techniques for measurement of
soot and particulate matter static as well as dynamic transient emissions is shown. The
analysis presents differences in measured emission by individual techniques from a
position closer to the actual combustion event, downstream of the turbine in the
exhaust manifold. Measurement at this position is influenced by higher temperatures
and higher pressures of emission gases than standard tailpipe position. However, this
will influence the possibility of using a particular device as well as techniques for such
a non-standard measurement location. High concern is given to comparing the
device’s sensitivity and dynamics at static as well as fast transient emission peaks,
because these produce a main fraction of total emissions during the standardised test
cycles from passenger car diesel engines [23]. The obtained results will allow better
understanding of PM emissions, support dynamic emission modelling for control
design and contribute to the development of virtual emission sensors [24, 25].

2. Instrumentation
Because this chapter is dedicated to the comparison between different commercial

available measurement devices for the soot and particulate matter emission measure-
ments, the basic measurement principle of each method is briefly discussed.
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2.1 Basic principle of differential mobility spectrometer

The basic principle of differential mobility spectrometer (DMS) is in charging
of PM particles formed during the combustion and classifying them on the basis
of its mobility. Particles of PM, which enter into differential mobility spectrometer,
are charged by means of corona discharge. Each particle is charged proportionally
to its surface area. Charged particles are then introduced into a strong radial
electrical field inside a classifier column. Positively charged particles are further
drifting through a sheath flow in the direction of the numerous segmented collec-
tion electrodes. Particles are then attached to different distances of the segmented
electrode rings down the classifier column, according to their drag charge ratio.
The current produced by particles on every sensitive electrometer is used to
determine particle size and number of concentration. Basic schema of DMS
is shown in Figure 1.

2.2 Basic principle of laser-induced incandescence

The laser-induced incandescence technique uses the laser radiation with short
pulse duration and high power to irradiate particles formed during the combustion
event. This process induces incandescence light emitted by the particulates, which
is consecutively detected by fast photodiode, photomultiplier tube (PMT) or fast
avalanche photodiode detector (APD) with nanosecond (ns) response time. The
excitation of the soot particles by laser-induced incandescence is typically
performed with pulsed laser radiation, e.g. Nd:YAG with pulse duration of 10 ns at
fundamental laser wavelength 1024 nm with laser fluence ~0.4 J/cm? or frequency-
doubled 532 nm at ~0.2 J/cm? [26]. The basic optical arrangement of LII setup is
shown in Figure 2.

The LII scheme works as follows. The pulsed laser beam with Gaussian profile
is converted into a homogeneous vertical sheet by using a combination of cylindrical
and spherical lenses to achieve uniform intensity over spatial profile. Beam is then
expanded and directed into the burner. Laser power meter and beam profiler moni-
tors the emerging laser beam from the burner cell. Signal from LII emission is
collected perpendicularly by the collecting lens and directed through attenuator into
the beam splitter. Split signal is further filtered with interference filters and imaged
into fast detector. The LII signal is sampled with nanosecond intervals with fast
digital oscilloscope and further processed by the computer.

2.3 Basic principle of opacimeter

The basic principle of the opacimeter is measurement of attenuation of emitting
light from the light source, which is transmitted through soot media and
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Figure 1.
Schema of diffevential mobility spectrometer.
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Schematic arrangement of opacimeter.

consequently absorbed. A light transmitting-type opacimeter measures a soot con-
centration based on absorbed and scattered light. The measured density value is
then the superposition of the black smoke (soot) due to high temperature fuel
combustion, blue smoke hydrocarbon vapour and white smoke water vapour. The
concentration of the soot is calculated from light attenuation using the Beer-
Lambert law of light absorption. The measured results are then expressed as opacity
(%) or in absorption coefficient in (m™1). Basic schematic arrangement of the
opacimeter is shown in Figure 3.

2.4 Measurement of soot concentration from the opacity

Because the opacimeter measures the opacity in %, it is necessary to recalculate
the opacity values into soot concentrations. For this reason, the steady-state mea-
surement outputs of the opacimeter and the smoke meter empirical correlation
function can be used as:

Opacity = 1.67.FSN* + 1.56.FSN + 0.619 1)
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which has been derived in [27], to obtain the filter smoke number (FSN) from
opacity measurements. The soot concentration can be calculated from the empirical
correlation equation [28].

1
Soot (mg/m3) = 0205495 FSN. o(038ESN) @)

By this empirical correlation method, it is possible to obtain the soot concentra-
tion values in (mg/m3).

2.5 Basic principle of paper filter-type smoke meter

The basic principle of the smoke meter is in measurement of exhaust gas emis-
sions sucked through a filter paper. The blackening of filter paper is measured with
reflectometer and indicates the soot content in the exhaust gas. Smoke collected by
the filter and the blackening of this filter depend primary on soot concentration and
the effective filter length—exhaust gas volume related to the filter area. The mea-
suring principle of the smoke meter is shown in Figure 4.

Rolled filter paper is fed through exhaust gas chamber where the soot particles
are adsorbed at the surface. Afterwards the filter paper is further moved in the
direction of the measurement section. Here the blackening of filter paper is mea-
sured with reflectometer and further directed out from this chamber. Used filter
paper is rolled on the spool.

2.6 Basic principle of photoacoustic spectroscopy

The basic mechanism of photoacoustic spectroscopy is in measurement of
acoustic response after absorption of modulated laser radiation by the PM. The laser
radiation is absorbed by the PM and leads to heating and consequently to thermal
expansion of the particles accompanied by acoustic waves in surrounding gas of the
photoacoustic cell. Local expansion is modulated with the frequency of the light
source. Generated sound waves resulting from the modulation of the light are

Exhaust gas in o
Rolled l
fittex
Reflected | Ak Refarence detecton
Paper beam M j Main detector
_hree-d 1Y Incident beam
WAL LA |
Y
O Filter Blackened
paper l Paper
Exhaoust gas out
Figure 4.

Measuring principle of paper filter-type smoke meter.
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proportional to the absorbed laser energy. Sound waves are recorded by means of
sensitive microphone built in the resonator. Intensity of the acoustic waves is
proportional to the photoacoustic signal. Acoustic resonator acts as a longitudinal
resonator for the amplification of the photoacoustic signal. Speaker is used to
determine the exact resonance frequency and for controlling of microphone. Sche-
matic arrangement of photoacoustic spectrometer is shown in Figure 5.

3. Experimental

Measurements of particulate matter emissions and soot were performed on Euro
5 standard passenger car diesel engine and on dynamic engine test bench system by
applying the following measurement techniques:

1. Photoacoustic spectroscopy—AVL Micro Soot Sensor 483

2. Differential mobility spectrometer—Cambustion DMS500
3.Opacimeter—AVL Opacimeter 439

4.Laser-induced incandescence—Artium Technologies Inc. LII 200
5.Filter-type smoke meter—AVL Smoke meter 415 S

Comparison of basic technical parameters—sensitivity, response, rise and sam-
pling time, upper temperature and upper pressure limits of devices—is shown in
Table 1.

All instruments were used simultaneously during measurements. Devices were
placed downstream of the turbine location in the exhaust manifold part, as is shown
in Figure 6.

It has to be mentioned that measurement location downstream of the turbine—
position before the oxidising catalyst—is characterised by the higher temperature
and higher pressure of the emission gases. Therefore, this position can influence the
measured results from devices which are more sensitive for higher temperatures or
pressures.

The test bench system has been controlled via AVL Puma Open test system
automation. The Micro Soot Sensor and opacimeter were connected via dSPACE,
DS 1006 Processor and DS2202 HIL I/O Board. Sampling time was set to 4 ms. Data
acquisition of laser-induced incandescence device was controlled via the Artium
computer, due to the lack of output connection into dSpace, with a sampling time of

Gas out Gas in
T Microphone Speaker l
| I
Laser 0[]
radiation T
Resonator

Figure 5.
Schematic arrangement of the photoacoustic spectrometer.
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Mathod / Device Sensitivity Tima Upper tempaerature Upper pressune
Timnit limit

Laser induced incandescence -2 pgim’ « ~20gim'" 100 0C 5000 mbar
Artium Technalogees LI-200 TESpore it
Photo-acousiic spectroscopy ~5pgim’ + ~50mg'm’ 1000ms 1000°C 2000 mbar
Micro soot sensor AVL 483 s time
Opacimeter 0. 1% opacity 100 B0 400 mbar
AVL 439 or 0.0025m risa time
Cpacimeter with absorpton
high pressure opticn B D00 mibar
Filler type smoke mater 20 ppier’ + - 10mgim’ 13-100s E00"C 400 b
AVL - 4155 SAMEHng bme
Ditferential mobility spectrometer from -2 ug'm’ 200ms 150°C 2000 mbar
Cambustion model DMS 500 PESHOASE Brid

Table 1.

Specifications of different commercial devices for soot measurement. Upper temperature and pressure limits are
for location of sensors in exhaust manifold position.
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Figure 6.
The schema of the experimental setup and position location of devices during the soot emission measurement.
EGR is the engine exhaust gas recirculation, and OxiCat is the oxidising catalyst.

50 ms. A signal from fast differential mobility spectrometer was recorded via both
dSpace board and also Cambustion computer with sampling time of 100 ms.

The experiments performed were mainly focused on measurement of soot and
particulate matter emissions from diesel engine during static and dynamic transient
cycle with special concern to compare the sensitivity and dynamics response of
individual devices. The following measurements were performed:

a. Static measurements

To compare a sensitivity of applied instruments at specified input parameters,
measurements of relatively long constant and continuous soot emissions (100 second)
in the form of rising and falling steps were performed. This time was sufficiently
enough for devices to respond on changes in soot level of injected fuel volume in a
well-defined time. Injection of fuel volume gradually increases in the form of steps.

b. Pulsed fuel injection

Measurement of soot emission response related to fuel injection in the form of
short pulses, with injected well-defined fuel volume (1 or 2 mg/cycle) during a
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relatively short time (1 second, 500 or 250 ms), to observe the sensitivity of
individual devices, was also performed.

c¢. Dynamic transient measurements

To compare instruments at transient emission measurement conditions, a New
European Driving Cycle (NEDC) has been chosen to analyse a sensitivity and
response time of individual devices.

4, Results and discussion
4.1 Static measurements: measurement of constant soot emissions

In the case to study the static emissions from diesel engine, 100-second
constant and continuous soot emissions, in the form of rising and falling steps, were
measured. With the Puma control system, the defined volume of diesel fuel was
injected into the engine. This injection function (fuel set) is shown in the first graph
of Figure 7. The real injected volume has been also measured, and its profile is
shown in the figure as “fuel actual.” Both values have the same unit mg/cycle. In the
second graph of Figure 7, the engine speed in rotation per minute unit (rpm) is
shown. In the third graph, filtered data of soot concentration in mg/m?® measured by
photoacoustic spectroscopy, differential mobility spectrometer, opacimeter, laser-
induced incandescence and filter-type smoke meter are shown.

Data recorded by filter-type smoke meter are constant over the individual steps
of measurements. This is due to the fact that smoke meter is constructed to measure
soot level during longer accumulation time. This is also the reason why the smoke meter
has not been used for dynamic transient measurements but rather for static map test.

For very low soot emissions—below ~1 mg/m?, in the case of opacimeter—the
calculated soot values from the opacity are not so accurate, as the opacimeter
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Figure 7.
Figure shows static measurement of soot emissions. Input parameters ave injected fuel set, fuel actual and engine

speed. Soot concentration in mg/m’ was measuved by photoacoustic spectroscopy, differential mobility
spectrometer, opacimeter, laser-induced incandescence and filter-type smoke meter.
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measures also the opacity for the zero soot signal. This happens because the exhaust
vapour and gases influence the opacity signal too, as the light rays from the
opacimeter source scatters on this matter into the detector. Additional error is for
small values of opacity, due to recalculation of opacity to soot concentration values
using formulas (1) and (2).

For the moderate soot emissions, approximately 5 mg/m?, all instruments show
more or less the same soot level. In the case of middle soot emission concentrations,
~20 mg/m’, the values measured by laser-induced incandescence are lower than the
values measured by the other methods. For high soot emission concentrations,
~100 mg/m°, only photoacoustic spectroscopy shows lower level of the soot. At high
level of soot emissions, one can easily observe oscillations in measured soot signal,
captured by fast dynamic measurement devices.

4.2 Fuel pulse response measurements at constant engine speed

To further characterise a performance of individual methods, mainly the sensi-
tivity to fuel volume and resulting emissions, the soot concentration from well-
defined injected fuel volume was investigated. To this end, at the certain level
(10.7 mg/cycle) of engine load, a defined volume of additional fuel—1 or 2 mg/cycle
—during a short time of 1 second, 500 or 250 ms, was injected in the form of short
pulses into the engine, while all devices measured the soot emission response. The
results are shown in Figure 8.

The fuel injections were performed extra to constant engine load, whereas the
engine speed was kept constant at 1800 rpm. From this measurement, one can
clearly observe emission peaks related to each fuel injection. A difference in
measured peaks is that the certain technique resolved individual fuel injection
and consequent soot emission with better resolution. Indeed, some devices
show broader pulse width and different shape profile. The peaks measured by
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Figure 8.

Figure shows the injected fuel, engine speed and filtered data of soot concentration measured by photoacoustic
spectroscopy, differential mobility spectrometer, opacimeter and laser-induced incandescence within 1000, 500
and 250 ms injection time at 10.7 mg/cycle fuel load.
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the photoacoustic spectroscopy are generally broader than peaks measured
by the other methods.

A detailed picture of three injected peaks (two consequent) and measured soot
emission response is shown in Figure 9. From filtered data in Figure 9, one can
observe very fast response measured by laser-induced incandescence where two
sequential peaks separated by 1 second are well resolved (time scale between 220
and 230 seconds). In the case of differential mobility spectrometer, photoacoustic
spectroscopy and opacimeter, the peaks are less pronounced.

4.3 Comparison of dynamics from injected pulse emission peak

The comparison of dynamics was made from measurement of short emission
pulses. The main concern was to compare fast dynamics response of individual
devices during a well-defined injected fuel volume in the form of short pulses. Due to
that reason, one single pulse from this injection which has been further analysed in
detail is selected. In Figure 10 the fuel peak profile with 2 mg/cycle injected during
1 second, corresponding engine speed profile and raw data of soot concentration
measured at 10.7 mg/cycle load are shown. The shape of the engine speed curve is
increasing due to injected fuel volume up to 1808 rpm and consecutively decelerating
due to dynamometer braking force. Dynamometer further compensates an engine
speed to 1800 rpm. The event from the fuel injection with rectangular profile function
lasts approximately 1000 ms, while the engine speed response (with reversed profile)
to this injection lasts approximately 2000 ms. After that time (2000 ms), the engine
speed settles to a constant value of 1800 rpm. Consequently, measured response to
soot emission is broadening of peak function in direction to later times (to right side).
The peak response measured by laser-induced incandescence lasts 1500 ms;
in the case of differential mobility spectrometer, it lasts 1700 ms; for opacimeter it
lasts 2900 ms; and in the case of photoacoustic spectroscopy, it lasts 4400 ms. From
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Figure 9.

The injected fuel, engine speed and filtered data of soot concentration measured by photoacoustic spectroscopy,
differential mobility spectrometer, opacimeter and laser-induced incandescence within 1000 ms pulses injected
at 10.7 mg/cycle fuel load are shown.

74



Comparison of Different Techniques for Measurement of Soot and Particulate Matter Emissions...
DOI: http://dx.doi.org/10.5772 /intechopen.91186

¥ : : : ' : ; —injected fue
::,E_ ,_..........; ..................... :. ....................................................... E............: ......... -
o : ;
E — || — - I - — — [ — L . [ S— .
o : 2 T, eSS e et S S
1 I L L L i i L i i
16 116 5 17y i17.5 118 1185 114 1195 120 1205 121
1820 T ; T T : T T :
E JI{““'!..‘.I : : — Engine speed
g . TR O T
o Yy . : . .
] i ] ] ] 1 1 ] 1|
‘HEEI‘M‘ 116.5 17 175 118 1185 119 1145 120 1205 12
— 1: Photo-acousbe speciroscopy. | I T T T
— 7 Differential mobility specirometer | 1
& —3 Laser induced ncandescence | | £
B 4. Opacrmeter !
83 i
Em
5
a
&
& i 1 ! | I -
116 116.5 17 114 1185 119 1195 120 12005
Time [5]
Figure 10.

Single 1000 ms pulse of injected fuel shows engine speed and raw data of soot concentration measured by
photoacoustic spectroscopy, differential mobility spectrometer, opacimeter and laser-induced incandescence at
constant 10.7 mg/cycle fuel load.

this measurement the differences in measured speed to fast transient peak and
dynamic response of devices are well differentiated.

In Figure 11 filtered data from selected upslope (rise time) of soot emission from
a single peak, normalised to 100%, are shown. Measured peak response from
devices was shifted so that the maximum 100% of soot concentration is located in
zero-time coordinate. The largest negative time value, where the function has x-
intercept (zero concentration), corresponds to the slowest measured response, in
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Figure 11.
Filtered data of normalised upslope (vise time) peak from selected part of test soot emission. Note the negative
time delay.
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Figure 12.
Filtered data of normalised downslope (fall time) peak from selected part of test soot emission.

this case to photoacoustic spectroscopy (1). The steepest slope and the fastest rise
time of soot level have been measured by the laser-induced incandescence (4).

In Figure 12 the filtered data from selected downslope (fall time) peak of soot
emission normalised to 100% are shown. Resulting data shows similar tendency.
The steepest decay was measured by the laser-induced incandescence, the second
fastest by the differential mobility spectrometer and opacimeter. The slowest
response was measured by photoacoustic spectroscopy device.

Measured rise time during upslope peak, normalised soot concentration from 10
to 90% and downslope (fall time) peak from 90 to 10% are summarised in Table 2.

Obtained results are better pronounced in a bar graph (Figure 13). Here, an
overview of measured rise time (10-90%) and fall time (90-10%) of normalised
soot concentration emission measured from 1000 ms injection peak during static
pulse test at 10.7 mg/cycle fuel load are shown.

4.4 Dynamic transient measurements

Comparison of the results from dynamic transient test PM emission measure-
ment during standard New European Driving Cycle measured by photoacoustic

Up-slope time (s) Down-slope time (s)
10% =90% 90%—10%
Photo-acoustic spectroscopy 0.89 2.59
Differential mobility spectrometer 0.83 0.77
Opacimeter 0.86 1.08
Laser Induced Incandescence 0.34 0.64

Table 2.

Summary of measured upslope (rise) time from 10 to 90% and downslope (fall) time from 90 to 10% of

normalised soot concentration measured from 1000 ms injection peak during static pulse test at 10.7 mg/cycle

fuel load.
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Figure 13.
The overview of measured rising (10-90%) and falling (90-10%) time of normalised soot emission
concentration measured from 1000 ms injection peak during static pulse test at 10.7 mg/cycle fuel load.

spectroscopy, differential mobility spectrometer, opacimeter and laser-induced
incandescence method is shown in Figure 14. Shown recorded data are in raw, not
filtered format. The time delay has been individually shifted, in such a way that the
signals were overlapped in the centre of the first transient measured peak. Gener-
ated time delay of the individual devices is caused by the different length of the
sampling line to the detectors. It has to be considered that recording of the signal via
dSpace board is not continuous, but it has a saving procedure in approximately
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Figure 14.

Raw data shows comparison of transient test soot emission during NEDC cycle measured by photoacoustic
spectroscopy, diffevential mobility spectrometer, opacimeter and laser-induced incandescence.
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every 400 seconds. Hence, the signals experience recorded gaps in a duration of
approximately 4 seconds. This generates a shift in NEDC data, mainly visible at the
end of the cycle in the case of photoacoustic and opacimeter devices.

Generally, all instruments have shown similar response to soot emission, with-
out cut-off in signal during measurement. Main differences are noticeable in the
soot emission measured mainly during the fast transient peaks. In the case of
differential mobility spectrometer, the continuously increasing background level of
soot emission, mainly visible in the second part of the NEDC cycle, is conspicuously
observed. However, this can negatively affect the precision of measurement. This
effect can be associated with the increasing gas emission temperature during the
NEDC cycle itself and due to the downstream of the turbine sensor location in the
exhaust manifold. In Figure 15 the injected fuel to the engine as an input parameter
and output parameters measured pressure and temperature from the location
downstream of the turbine are shown. The temperature of gas emission is continu-
ously increasing from 90°C at the beginning of the test cycle up to 205°C nearly at
the end of the NEDC test cycle at this measurement location.

Commonly, all devices are taking partial stream emission measurement through
heated sample line to the measuring cells. In this cell, the temperature of the
measured gas is stabilised and compensated. However, the incoming gas tempera-
ture is limited to the maximum recommended value during the measurement,
shown in Table 1, where the upper temperature limit for DMS is specified to 150°C
Therefore, a measurement above these temperature limits should be taken with the
higher uncertainty for the DMS device. Besides the temperature in the manifold, a
very important parameter is the gas pressure signal. In Figure 15 one can observe
fast dynamic changes in pressure of exhaust emissions, inside the exhaust manifold,
particularly downstream of the turbine position, due to fast dynamic NEDC test
cycle measurement. The pressure here varies from 960 to 1800 mbar. For that
reason, measurement devices usually dilute the exhausted gas before it is essentially
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Figure 15.

Graph shows injected fuel into the engine as an input parameter and output parameters measuved pressure and
temperature from the location downstream of the turbine in the exhaust manifold during one NEDC cycle.
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Figure 16.
Selected three parts A, B, and C of the NEDC test cycle show the input parameters of fuel injection function
(mg/cycle) and the engine speed (vpm). Soot emissions were simultaneously measured by photoacoustic

spectroscopy (1), differential mobility spectrometer (2), opacimeter (3) and laser-induced incandescence
(4) devices.
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measured. To maintain a constant volume sampling (CVS), total flow of exhaust gas
emission is kept constant during the measurement in dilution tunnel. On the other
hand, diluting an exhaust gas can negatively influence the measurement with low
concentration of soot emission, because soot particles might not be detected.

In Figure 16 three selected parts of the NEDC test cycle are shown in detail: first
part A from 248 to 268 seconds, second part B from 790 to 860 seconds and third
part C from 970 to 1150 seconds. Additional input parameters are fuel injection
function (mg/cycle) and the engine speed profile in rotation per minute (rpm). In
these figures differences between transient emission peaks in measured profile by
four devices are significantly pronounced.

On bases of measured soot concentrations from NEDC, one can easily differen-
tiate from the point of sensitivity measurement devices into two groups. First is the
group with higher temporal resolution of the measured soot emission signal, with
more like spiky profiles. In the first group, the signals from laser-induced incan-
descence and differential mobility spectrometer can be considered. The second
group has a lower temporal resolution and more smooth concentration function
profile. In this group the signal measured via photoacoustic spectroscopy and
opacimeter can be included. An advantage of devices in the first group is that these
are capable to resolve sensitive emission fluctuation and fast transient peaks in soot
dynamic signal, better than the second and slower group.

5. Conclusions

In this book chapter, the comparison between the five different commercially
available techniques for soot and particulate matter emission measurement from
diesel engine is shown. The comparison has been made from static and dynamic
transient measurement tests with special concern to compare the sensitivity and
dynamics response of individual methods. Measurements were performed by filter-
type smoke meter, from AVL Smoke meter 415S; by photoacoustic spectroscopy,
from AVL Micro soot sensor 483; by differential mobility spectrometer from
Cambustion model DMS 500 and opacimeter from AVL Opacimeter 439; and by
laser-induced incandescence from Artium Technologies Inc. LII 200. The filter-type
smoke meter was selected due to conventional use as a standard device for mea-
surement of soot concentration. The other fast devices were selected due to their
relatively high accuracy and fast response, which is often needed for characterisa-
tion of soot and PM during the combustion process. Devices were placed in to the
location downstream of the turbine, to be as close to the actual combustion event.
All instruments have shown similar response to soot emission with no cut-off or
disruption in measured signal. However, detailed time-resolved measurements
during static and dynamic transient tests revealed differences in sensitivity and
dynamics response of individual methods. From the point of view of sensitivity, the
laser-induced incandescence and differential mobility spectrometer resolved small
oscillations in soot emissions during fast transient’s measurement with higher tem-
poral resolution than the opacimeter or photoacoustic spectrometer. The dynamics
response was measured from the slope of static peaks with individual concern to
upslope and downslope of normalised soot concentration. In any case, the fastest
technique has been laser-induced incandescence, then the differential mobility
spectrometer, afterwards the opacimeter and in the last place the signal from the
photoacoustic spectrometer. Compared measurements provide useful information
concerning sensitivity and dynamics characteristics of the selected techniques for
static and dynamic measurements of soot and particulate matter emissions from
diesel engine.
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Chapter 5

Analysis of Diesel Particulate
Matter Flow Patterns in Different
Ventilation and Operational
Conditions of Underground Mines

Ramakrishna Movla, Shivakumar Karekal and Ajit Godbole

Abstract

Diesel-operated vehicles are commonly used by personnel in underground
mines. Although these vehicles facilitate travel within the mine, their main disad-
vantage is that they generate diesel particulate matter (DPM), a known carcino-
genic agent. This calls for research to control the spread of DPM in underground
mines in order to ensure the safety of mine personnel. In this article, the flow
patterns of DPM generated by two types of diesel-operated vehicles are modeled
using computational fluid dynamics (CFD) simulations. The simulation results are
validated using field experimental measurements. The models show that if the
vehicle is stationary, DPM particles are dispersed towards the center of the gallery
and occupy the entire cross section of the road way. Vehicle movement induces air
currents that may result in the miners being exposed to high DPM concentrations.
The results show that if the DPM and the intake air counter-flow (flow in opposite
directions), the DPM spread occurs throughout the entire cross-section of the
roadway. This research is expected to contribute to the formulation of effective
DPM control strategies in underground mines.

Keywords: underground mines, DPM, diesel-powered man riding vehicle

1. Introduction

As underground mines go ever deeper and spread over larger areas in an attempt
to meet ever-increasing production targets, there is a correspondingly significant
increase in the usage of diesel-powered vehicles. Most of the mines in the world
have been using diesel-operated vehicles for transportation of men, material, ore,
waste rock, coal and for various other mining operations. The commonly used
diesel-operated vehicles in underground coal, metal and non-metal mines are
trucks, load haul dumpers (LHD), Jumbos, cable bolters, long hole drilling rigs,
man-riding vehicles, telehandlers, graders, water tankers, forklifts, articulated
wheel loaders, agitators, shotcrete sprayers, etc.

Diesel-powered vehicles offer greater flexibility than electric and battery-
operated vehicles because they can travel over longer distances and between work-
ing sections. The use of diesel vehicles is efficient, as evidenced by ease of
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maintenance, consistency and durability. Many nations have depended on these
vehicles for these reasons [1].

Diesel is a mixture of hydrocarbons. In a perfect diesel engine, oxygen (O,) from
the air converts all the hydrogen (H,) in the fuel to H,O and the carbon (C) to CO,,
while the nitrogen (N) in the air remains unaffected. But in the reality, the com-
bustion process is not perfect, and the engine emits several pollutants due to
incomplete combustion [2].

Fuel + Air — Unburned hydrocarbons + NOx 4+ CO; + CO + Water (1)

The diesel engine exhaust fumes mainly contain a mixture of diesel particulate
matter (DPM) and other pollutant gases such as nitrogen oxides (NOy), hydrocar-
bons (HC), including either total hydrocarbons (THC) or non-methane hydrocar-
bons (NMHC) and carbon monoxide (CO) [3].

Different nations recommend different safe occupational exposure limits (OEL).
Table 1 shows the OEL used in Australian underground mines.

The ventilation air requirement to dilute any of the gases (CO, CO,, SO,, NO
and NO,) or DPM emitted by a diesel engine to the targeted concentration level
(Qy) can theoretically be calculated for any given movement using the following
equation [2]:

Qglm?/s| X (Cy [ppm or pg/m?] — Cr [ppm or pg/m?) )
Cr [ppm or ug/m3] — Cg [ppm or pg/m?]

Qy [”"‘3/5] =

Where Qp, is exhaust flow rate, Cg is the concentration of the specific pollutant
(gas or DPM) in the exhaust, Cr is target concentration of the corresponding gas or
DPM and Cg is the concentration of the specific pollutant (gas or DPM) in the
dilution air.

As per the Australian Mines Regulations and Act [4-6], to minimize exposure of
mine personnel to diesel emissions, the mine operator must collect diesel engine

Contaminant OEL OEL OEL OEL
(TWAS8) (TWA10) (TWA12) (STEL)*
Carbon dioxide—CO, (ppm)** 5000 3500 2500 30,000
Carbon monoxide—CO (ppm)** 30 21 15 —
Nitrogen dioxide—NO, (ppm)** 3 21 1.5 5
Nitrous oxide—NO (ppm)** 25 17.5 12.5 —
Sulfur dioxide (ppm) 2 14 1 5
Diesel particulate matter—total particulate— 0.16 — — —

DPM (mg/m3)***

Elemental carbon—EC (mg/ m>)*** 0.1 — — —

Where, TWA 8 is 8-hour time weighted average and STEL is short term exposure limit.

*STEL vefers to the maximum concentration where personnel can work for a maximum of 15 minutes at a time. A
maximum of 1 hour per shift can be allowed provided that it is broken up into four 15-minute work intervals, with a
minimum 1-hour break in between work intervals.

**Gases are treated as acute hazards; therefore, reduction factors based on hours worked per shift can be applied to the
standard OEL (TWA 8). A 10-hour shift will have a reduction factor of 0.7 and 12-hour shift will have a veduction
Sfactor of 0.5 applied to the target gas.

***Particles are treated as chronic hazards. The OEL (TWA 8) needs to be adjusted according to the shift roster
worked by the work group. Reference can be made to the formula: Reduction factor = 170/x where x is the number of
hours worked per month.

Table 1.
Workplace exposure limits of diesel vehicle emissions [3].
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exhaust samples in underground mines and analyze the samples. The results of the
analysis are compared with the baseline exhaust emissions for the diesel engine. All
underground diesel engines are regularly maintained so that emissions from the
engine are as low as is reasonably practicable with respect to the base line exhaust
emissions. The mine operator must also maintain the standard fuel or fuel additive
quality and DPM filters.

1.1 DPM

The chemical composition of DPM depends on the compositions of the fuel and
the lubricating oil, engine technology, operating conditions, and the technology
used to treat the exhaust. The major contributors to the total particle mass emitted
by diesel engines include elemental carbon (EC), organic carbon (OC), inorganic
ions such as sulfates, nitrates, ammonia, sodium, chloride ions, and trace metallic
compounds [2].

EC and OC emissions, cumulatively known as ‘total carbon (TC)’, make up the
largest fraction of aerosols emitted by diesel engines. TC is generally considered to
make up about 70-90% of DPM. On an average, elemental carbon comprises 50—
70% of TC and greater than 45% of ‘total engine-out’ DPM emissions. The engine-
out organic carbon makes up between 10 and 80% of total carbon [2].

The EC fraction of DPM is a product of the pyrolysis of the fuel and the
lubricating oil in the combustion chamber. The OC fraction of exhaust emissions
from a diesel engine is a complex mixture of burned and unburned lubricating oil
and fuel compounds.

1.2 DPM size distribution

DPM particles are very small and are subdivided into three categories with
respect to size: Nano-particles less than 50 nm in diameter, ultra-fine particles less
than 100 nm in diameter and fine particles less than 2.5 pm in diameter. Figure 1
shows a typical DPM size distribution weighted by number, surface area, and
mass [7].

The DPM is composed of numerous small particles with very little mass, mixed
with relatively few larger particles, which contain most of the total mass. A small
fraction of diesel particles resides in the third, ‘coarse’ mode.
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DPM particles size distribution [7].
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The DPM particles of size ranging from 3 to 500 nm are more dangerous for
human health. These particles can get lodged in the alveolar regions of the longs
where gas exchange takes place [2].

Various research studies have been conducted to better understand the effects of
DPM on human health [1, 8-10]. These studies have concluded that exposure to
diesel exhaust may cause cancer in humans.

The effective density of DPM decreases sharply from 1.2 g/cm? for 30 nm parti-
cles to 0.3 g/cm? for 300 nm particles. The effective density of agglomerated diesel
particles varies from 1.1 to 1.2 g/cm>. The chemical composition of DPM has not
been observed to follow any trend and it mainly depends on engine oil and diesel
chemical composition [11].

1.3 Workplace exposure limits on DPM in underground mines

Different countries follow different workplace exposure limits and mine venti-
lation standards to deal with DPM. Table 2 shows a summary of DPM exposure
limits and ventilation requirements. The regulations in different countries are
outlined in the following sections.

Country DPM exposure Ventilation standards
limits ( pg/m3)
British 1500 (RCD) Ventilation as per CSA, minimum 0.06 m3/kWs
Columbia
Canada Alberta ACGIH Minimum air volume of 1.9 m%/s at active headings, and

minimum air velocity 0.3 m/s

Saskatchewan — Ventilation as per CANMET approval, minimum of
0.06 m*/kWs

Manitoba ACGIH Ventilation as per CANMET or MSHA approval, or
0.092 m*/kWs for non-approved engine
Ontario 400 (RCD) Minimum ventilation of 0.06 m3/kWs
Quebec 600 (RCD) Ventilation as per CANMET or MSHA approval, or
0.092 m*/kWs for non-approved engine
New Brunswick 1500 (RCD) Minimum ventilation of 0.067 m3/kWs
Nova Scotia 1500 (RCD) Minimum air velocity 0.33 m/s
Newfoundland ACGIH Engine approval is required from the Chief Inspector of
& Labrador mines minimum ventilation of 0.047 m3/kWs
Northwest, 1500 (RCD) Minimum ventilation of 0.06 m*/kWs
Yukon &
Nunavut
China — Minimum ventilation of 0.067 m*/kWs
South Africa N/A Minimum ventilation of 0.063 m3/kWs
USA 160 (TC) As per MSHA certificate
India 100 (EC) Minimum ventilation of 0.06 m*/kWs
Germany 100 (EC) Minimum ventilation of 0.06 m3*/kWs

MSHA: Mine Safety and Health Administration.

ACGIH: American Conference of Governmental Industrial Hygienists.
RCD: Respirable Combustible Dust.

CANMET: Canada Centre for Mineral and Energy Technology.

Table 2.
International DPM exposer limits and ventilation standards [12].
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As per the Australian Coal Mines Work Health and Safety (WHS) Regulations
2006 [6], WHS (mines) Act 2013 [5] and WHS (mines) Regulations 2014 [4], the
maximum allowable workplace exposure (mine atmosphere) for DPM in the ele-
mental carbon (EC) form when expelled from a diesel engine is 0.1 mg/m?>. This is
approximately equal to 0.16 mg/m? of TC or 0.2 mg/m?> DP.

As per Australian WHS mines act and regulations, the volume of air in each
place where a diesel engine operates must be such that a ventilating current of not
less than:

* 0.06 m*/s for each kilowatt of maximum output capacity of the engine, or
e 3.5m?/s,

The ventilation air flow is directed along the airway in which the engine
operates. If more than one diesel engine is being operated in the same ventilating
current, the engine kilowatts must be added, and the minimum ventilation require-
ment is 0.06 m>/s/kW or 3.5 m?/s, whichever is greater.

The minimum mine ventilation quantity to dilute diesel particulate exhaust
emissions to 0.1 mg/m3 (diesel particulate signature) Qppmin) can be calculated
using the following equation [3]:

ECiw

= p
QDP(mln) 3600])P(Exposure limit) wa (3)

where Qpp(min) is minimum mine ventilation quantity (m3/s), DP (gxposure limit)
is 0.1 EC (mg/m3), ECiw = sum of weighted average diesel particulate (EC) per
hour emitted from the diesel engine exhaust over the specified duty cycle (mg/h)
and PWA is sum of weighted average power for the diesel engine over the duty
cycle (kW).

1.4 Previous DPM field investigations in underground mines

The National Institute of Occupational Health and Safety (NIOSH) organized a
detailed DPM field study on the effectiveness of diesel-vehicle filters and bio-diesel
in isolated underground environment at the Nye Mine run by the Stillwater Mining
Company [13]. This study was conducted by a partnership formed by NIOSH, the
National Mining Association (NMA), the National Stone, Sand and Gravel Associa-
tion (NSSGA), the United Steel Workers of America (USWA) and the MARG
Diesel Coalition [13]. Two trucks and three load haul dumpers (LHDs) were used
for this experiment. The main aim of this study was to study the effectiveness of the
diesel particulate filter (DPF) systems. In this study, the tested DPF systems were
Engelhard DPX, DCL MineX, Clean Air System, DCL Blue Sky, Mac’s Mining
Repair/Donaldson P604516, ECS Cattrap and Biodiesel [13].

Subsequently, the effectiveness of the DPF systems to control DPM and gases
was assessed under the diesel emissions evolution program (DEEP). This study was
conducted at an isolated mine zone of Narannda’s Brunswick Mine in Bathurst. This
study involved the Burnswick mine, Natural Resources Canada, Canada Centre for
Mineral and Energy Technology (CANMET), National Institute of Occupational
Safety and Health (NIOSH), Andreas Mayer of VERT and DPF systems suppliers
[14]. Four 242 kW LHDs and two 278 kW haulage trucks were used for this study.
The tested DPF systems were ECS catalyzed filter, ECS octel filter, DCL catalyzed/
electric filter and Oberland Mangold octel filter [14].
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Recently, as a part of Ph.D. research, a DPM field study has been conducted at an
experimental mine at the Missouri University of Science and Technology. The aim
of the research was to study DPM dispersion in underground metal/non-metal
mines [15]. A 30 kW Skid-steer loader was used for this study [15].

A greater understanding of DPM flow patterns in different conditions will
help control the miners’ exposure to the high concentrations of DPM in the vicinity
of diesel-operated vehicles. This chapter describes a detailed study of DPM flow
patterns generated by diesel-operated man-riding vehicles and LHDs, using field
experiments and computational fluid dynamics (CFD) investigations. The field
experiments and CFD simulation studies were conducted in two stages: stage 1
with a man-riding vehicle and stage 2 with an LHD, both with different air flow
directions.

2. Experimental investigation
2.1 The experimental site

Field experiments were conducted in an Indian coal mine, ‘mine A’, in one of the
eight working seams in the mine. The mine has a number of bord and pillar and long
wall working sections. The mine uses diesel-operated man-riding vehicles, LHDs
and shuttle cars. The ventilation system of the mine consists of five intakes and two
return shafts with two main axial flow fans. The operating parameters of the two
fans are: air flow of 150 m®/s at 510 Pa pressure and air flow of 140 m?/s at 400 Pa
pressure respectively.

2.2 Details of field experiment 1

A calibrated ‘Airtec’ real-time DPM monitoring instrument was used for these
field experiments. This instrument measures the concentration of elemental carbon
(EC) or total carbon (TC) in real time. This instrument works on the principle of
laser diode absorption technique [16, 17]. This monitor uses technology developed
by the diesel particulate group at the NIOSH Pittsburgh Research Laboratory and
has been determined to precisely replicate results from their method 5040 test.
This monitor can help prevent safety non-compliances, ensuring increased miner
safety [18].

The flow rate and sampling time of the DPM monitor was adjusted to
2.83 x 107> m’/s (1.7 liters per minute) and 5 minutes respectively. Before the
experiment, the location of vehicle, smoke pipe (DPM source), sampling stations
were determined and marked on the gallery. During the experiment, the vehicle
position was not changed. An average of three 5-minute sample were taken at each
sampling station.

Figure 2 shows the locations and arrangements of sampling stations and
sampling points (a, b and ¢). During this experiment, the engine was run under a
‘no-load’ condition.

To ensure that the intake air was devoid DPM, the experiment was conducted in
one of the intake airways near the bottom of the shaft. The length, width and height
of the gallery were measured to be 100, 6 and 2.7 m respectively. During the
experiment, the intake air velocity was maintained at 1.26 m/s. The velocity and
temperature of the vehicle exhaust fumes were measured to be 29 m/s and 323 K
respectively.
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2.3 Details of field experiment 2

In this experiment, the LHD exhaust smoke was directed opposite to the venti-
lation air flow. DPM samples were measured downstream side of the LHD. In this
case, DPM samples were collected around the LHD and also at 6, 10 and 20 m
downstream of the LHD at a height of 1.2 m from the floor. At each sample station,
three samples were measured, each over a 5-minute duration. The average of the
three readings was considered as representative of that sample station.

Figure 3 shows the location and details of the sampling points. DPM was mea-
sured at 11 sampling stations, Figure 3. During this experiment, the air flow in the
experimental gallery was 20.4 m’/s.

As in field experiment 1, the flow rate and sampling time of the DPM monitor
was adjusted to 2.83 x 10> m?/s (1.7 liters per minute) and 5 minutes respectively.
Before the experiment, location of vehicle, smoke pipe, sampling stations were
measured and marked on the gallery. During the experiment, the vehicle position
was not changed. Average of three 5-minute samples were taken at each sampling
station.

smoke pipe
A

ﬁ ,E,I"‘ - g‘ g": -'-—l* Air flow direction 2.7m

Figure 2.
Locations of sampling stations and sampling points w.r.t DPM source (vehicle).

- F0m +
SLom LHD exhaust
B
10 m i
gallery _' "_ oo
width 6 m . :
Air flow k i :
* P . . -
| i fFd b
—_—
10m ;
Figure 3.

Locations of sampling stations and sampling points, top view.
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3. CFD modeling

CFD modeling techniques have been used to study the flow patterns of DPM
generated by 30 kW stir skid loaders in metal mines [15, 19-22]. More recently,
CFD simulations of the dispersion of DPM generated by diesel-driven man-riding
vehicles in coal mines have been reported [23, 24]. Here, we present simulations of
DPM generated by a diesel-operated man-riding vehicle and an LHD/loader/utility
vehicle in an underground coal mine. The commercially available CFD package
ANSYS Fluent (v. 19.1) was used.

3.1 Construction of computational domain and mesh for experiment-1

A 60-m long ventilation gallery was designed for simulations width and height
of the gallery were 6 and 2.7 m. Man riding vehicle was designed and imported from
the 3D CAD modeling. The overall dimensions of the man-riding were length
6.25 m, width 2 m and height 1.95 m. The location of the smoke pipe (DPM source)
was just behind the left front wheel on the opposite side to the vehicle operator. The
engine was equipped with a diesel particulate filter and the exhaust flow was a
mixture of DPM and air. Figure 4 shows the details of the constructed CFD model.

Figure 5 shows the details of the surface mesh on the man riding vehicle (a) and
man riding vehicle with gallery (b). To achieve accurate results, finer mesh was used
with half-million computational cells. The minimum size of the cells was 7.3 x 10> m,
minimum edge length of cells was 0.025 m and size function was ‘proximity and
curvature’. The program-controlled ‘inflation’ feature was used with seven layers was
used to generate finer cells in the boundary layers adjacent to solid boundaries.

. I/’ﬁxparhnenml gallery

505, .‘ Air outlet
b

Smoke pipe
[(DPM source)

\ l

1

Figure 4.
CFD model of man riding vehicle and experimental gallery. (a) Man riding vehicle—CAD model.
(b) Experimental gallery.

\;i 1-|'11_-u_.‘)-qi¢-.a-iv.i.. 3
T . 2,

vehicle

a h

Figure 5.
Mesh model of man riding vehicle and experimental gallery. (a) Surface mesh on man viding vehicle. (b) Mesh
for airway.
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3.2 Construction of computational domain and mesh for experiment-2

The computational domain is a 70 m long tunnel with a rectangular cross section
(width 6 m, height 2.7 m). A CAD model of an LHD vehicle was designed and
imported into the computational domain. The location of the exhaust is at the rear
end of the LHD. The exhaust flow is a mixture of DPM and air. Figure 6(a) shows
the CAD model representing the vehicle, and Figure 6(b) shows the experimental
gallery with LHD. Figure 7(a) shows the mesh generated for the complex surfaces
of the vehicle and (b) shows the details of the computational domain and mesh
made up of about half-million computational cells. Finer cells were used to capture
details of the flow in regions such as small gaps and adjacent to solid surfaces.

3.3 Setting up the flow conditions

Intake air was supplied through the inlet of the gallery with 1.26 m/s velocity for
experiment-1 and 2 m/s for experiment-2 at 300 K temperature. DPM was released
from the smoke pipe with a velocity of 29 m/s and temperature of 323 K. For these
investigations, DPM is treated as a gas, chemical reactions were not considered. The
Boussinesq approximation was used to simulate buoyancy and the effect of turbu-
lence was taken into account.

3.4 Governing equations

To model turbulent flow of mine air, Reynolds-Averaged Navier-Stokes
equation was used. In Reynold’s averaging, the solution variables in the exact

Figure 6.
CFD model of man riding vehicle and experimental gallery. (a) LHD—CAD model. (b) Experimental gallery
with LHD.

Figure 7.
Surface mesh on LHD ¢ mesh in gallery with LHD. (a) Surface mesh of LHD. (b) Surface mesh of LHD ¢

gallery.
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Navier-Stokes equations are consisting of time averaged and fluctuated components
for velocity components [25].

ui = ; +ui' (4)

Where 4; and %,/ are mean and fluctuating velocity components (i = 1, 2, 3).
Reynolds-averaged Navier-Stokes (RANS) equation was obtained by substitut-
ing time and average velocity in momentum equation:

dp 0
54'%(,074:) =0 (5)

d d op d ou;j Ouj 2 ou d

o)) + — (puu;) = — £ + L e s B Wuted 2 (- ww
ax(p”Haxj (puis) axierxj [” (6xj+0xl~ 37 ox +6xj( puE)
(6)

Where —p u;7up is Reynolds stress can be solved with Boussinesq hypothesis and
Reynolds stress models (RSM). In Boussinesq hypothesis, the Reynolds stress are
related to the mean velocity gradient [25].

Ou; Ou; 2 ouy,
—pwa = — ) 2 ok Zk s
purty =H <0xj " 0xi> 3 <p s dxk) / ?

To determine turbulent viscosity j,, k — € model was used.

2
Hy = /)C,l; (8)

Where C, is a constant, k is the turbulence kinetic energy and ¢ is the turbulent
dissipation rate and turbulent heat transport is modeled using the concept of the
Reynolds analogy to turbulent momentum transfer. The modeled energy equations
are as follows:

p) P P oy OT

0B+t +p) = o | (42 Lrul)g 45 ©
Where k is the thermal conductivity, E is the total energy and ()  is the

deviatoric stress tensor, defined as

ouj  ou; 2 ouy,
(TJ)q/f Hefy ((Bxi + dxj) 31 o, 5 (10)

The standard k-¢ model is based on the model transport equations for the
turbulence kinetic energy (k) and its dispersion rate (¢). The model transport
equation for k is derived from the exact equation, while the model transport equa-
tion for € was obtained using physical reasoning and bears little resemblance to its
mathematically exact counterpart.

In the derivation of the k-¢ model, the assumption is that the flow is fully
turbulent, and the effect of molecular viscosity is negligible. As the mine air con-
sidered as fully turbulent flow, k-e model is valid for mine air.

The turbulent kinetic energy, k, and its rate of dissipation, ¢, are obtained from
the following governing equations [25]:
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Where G, is the generation of turbulence kinetic energy due to buoyancy, Gy is
the production of turbulence kinetic energy due to the mean velocity gradient, Yu
is the contribution of the fluctuating dilation in compressible turbulence to the
overall dissipation rate, Cq¢, Cy. and Cs, are constants. Sy and S, are user defined
source terms.

4. Results and discussions
4.1 Experiment 1

Figure 8 shows the DPM cloud in top view. From the figure, high DPM concen-
tration is seen between the smoke pipe side of the vehicle and wall. No DPM
concentration is observed near the operator and passenger seat. Downstream of the
vehicle, DPM particles spread throughout the whole gallery.

Figure 9 shows the DPM concentration at 1 and 5 m downstream to the vehicle.
At 1 m downstream to the vehicle, Figure 9(a) shows that the maximum DPM
concentration is near the left half of the roof and the side. Traces of DPM are
observed in the blue-green band across the airway, and negligible concentration on
the right side. Figure 9(b) shows the DPM concentration at 5 m downstream to the
vehicle. The DPM is seen to flow towards the smoke pipe side of the roadway. The
maximum DPM concentration is near the middle of the roadway. Figure 9(c) shows
the DPM concentration at 10 m downstream to the vehicle. DPM concentration at the
middle of the road way is 110 pg/m> and the right side of the road way 57 pg/m’.

4.2 Experiment-1 model validation

Table 3 compares the field measurements with results of the CFD simulations.
The CFD results are seen to be in fair in agreement the field data, with the differ-
ence varying from —14.2 to +14%. In some cases, the simulated values are different

EC concentratiod

Mine.galfﬂry

vehicle

Figure 8.
DPM flow pattern—top view, 2D concentration contours in a plane near the ceiling.
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DPM concentration

(g/m?)

Figure 9.

DPM concentration at 1, 5 and 10 m downstream of the vehicle. (a) DPM concentration 1 m downstream of
the vehicle. (b) DPM concentration at 5 m downstream of the vehicle. (c) DPM concentration 10 m
downstream of the vehicle.

Sampling At sample station 1 m At sample station 5 m

point Experimental ~ Simulation  Difference Experimental Simulation  Difference
value (ug/m3) value ( ug/m3) % value (ug/m3) value ( ug/m3) %

a 185.8 176 =52 149.0 130 -12.7

b 50 46 -8.0 117 110 =59

c 0 0 0 16 16 0

At sample station 10 m

a 127.4 130 2.0

b 116.6 100 —14.2

c 50.0 57 14.0
Table 3.

Comparison of simulated vesults with experimental vesults.

from the measured data. This may be because the uneven texture of the gallery
surface was not considered in the CFD model.

4.3 Experiment-1 DPM model validation

Table 3 shows the compared results of base case simulations and field experi-
ments at 1, 5 and 10 m downstream of the vehicle and at the sample point a, b and c.
The simulated results were in fair agreement with the measured data at a number of
instances and such results which slightly deviated from the measured data can be
due uneven gallery walls surface were not considered while modeling. The differ-
ence varies from —14.2 to +14%.

4.4 DPM exposure levels for passenger during vehicle movement

DPM concentration was measured in the passenger seat during vehicle move-
ment. The vehicle engine was assumed to run at full capacity so that the engine
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emitted maximum amount of fumes. DPM measurements were recorded as the
vehicle traveled from the pit bottom to the work place, a distance of 4 km. The
maximum speed of the vehicle on level ground is 25 km/h. During the experiment,
the average velocity of the vehicle was 10 km/h (2.7 m/s). Figure 10 shows the DPM
concentration at different time periods during 4 km travel distance. The concen-
tration changes with relative velocities between vehicle and air.

4.5 Changes of DPM concentration with intake air velocity

To understand the effect of intake air velocity on DPM dispersion, simulation
studies were conducted with the air velocity ranging from 0.5 to 3 m/s.

Figure 11 shows the DPM concentration in the vertical mid-plane of the mine
gallery when the intake air velocity is 0.5 m/s. The results show that high DPM
concentration of over 200 pg/m? is observed in almost the entire roadway. High
DPM concentration is also observed on the passenger side of the vehicle. Down-
stream of the vehicle, high DPM concentration spreads across almost the entire
cross-section of the roadway.

Figure 12 shows the DPM concentration corresponding to an intake air velocity
3 m/s. most of the DPM concentration is at the smoke pipe side of the gallery roof

250

200

—
L
=

DPM Concentration
(mg/m?)
=]
L=

0 5 10 15 20 2
Time (min)

W

Figure 10.
EC concentration at passenger seat (moving vehicle).

- Man-riding vehicle
DPM Concentratior

a (gf m?)

s -

e il

h

ng vehicle

Figure 11.
DPM distribution with 0.5 m/s air velocity, center section of the mine gallery. (a) DPM concentration at mine
gallery. (b) DPM concentration in vertical mid-plane of the gallery.
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DPM Concentratior
(g/ m?)

Figure 12.
DPM distribution with 3 m/s air velocity, top and center section view of mine gallery. (a) DPM concentration
at mine gallery, top view. (b) DPM concentration in vertical mid-plane of the gallery.

due to high air velocity. Negligible DPM concentration was observed at the middle
of the roadway up to 20 m downstream of the vehicle. Beyond 20 m downstream of
the vehicle, DPM concentration of 60 pg/m? is observed near the ceiling and con-
centration reduced to zero towards the floor.

5. Results and discussions—experiment 2
5.1 DPM and air flow in opposite directions

Figure 13 shows the results of CFD simulations in isometric view when DPM
and air flow are in opposite directions (counter-flow). Near the LHD, it can be
observed that high DPM concentration is at middle of the gallery and above the
LHD. At downstream side of the LHD, DPM particles spreads throughout the
gallery, with the maximum concentration is in the middle and at sides of the gallery.

Figure 14 shows the DPM concentration patterns at 2, 5 and 8 m downstream of
the vehicle rear end. Figure 14(a) shows the high DPM concentration near the top
and bottom portions of the vehicle. Figure 14(b) shows the maximum

DPM Concentration
F m!

Figure 13.
DPM flow pattern—isometric view.
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concentration is at top and bottom portions of the vehicle, concentrations also
spreads at left and right sides of the road ways. DPM concentration at LHD operator
is 125 pg/m”>. Figure 14(c) shows the DPM flow moved towards the roof and
bottom of the road way, DPM concentration spreads at towards left and right sides
of the road way.

Figure 15 shows the DPM concentration field at 6, 10 and 20 m downstream of
the vehicle. Figure 15(a) shows the DPM concentration at 6 m downstream of the
vehicle. Here, high DPM concentration is observed near the floor of the roadway,
and the concentrations gradually reduces towards the roof.

DPM Concentration
(efm?)

Figure 14.

DPM concentration at 2, 5 and 10 m downstream of the vehicle. (a) DPM concentration at 2 m downstream of
the smoke pipe. (b) DPM concentration at 5 m downstream of the smoke pipe. (c) DPM concentration at 8 m
downstream of the smoke pipe.

DPM Concentration
(g/m")

Figure 15.

DPM concentration at 2, 5 and 10 m downstream of the vehicle. (a) DPM concentration at 6 m downstream of
the vehicle. (b) DPM concentration at 10 m downstream of the vehicle. (¢) DPM concentration at 20 m
downstream of the vehicle.
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Figure 15(b) shows the DPM concentration field at 10 m downstream of the
vehicle. Here, the maximum concentration is at middle of the gallery and left and
right sides of the road ways.

Figure 15(c) shows the DPM concentration field at 20 m downstream of the
vehicle. Here, the DPM is found to spread throughout the entire roadway. The DPM
concentration at the center of the road way is 34 pg/m? and similar concentrations
observed at left and right sides of the road way.

5.2 Experiment-2 DPM model validation

Table 4 compares the experimental results (ER) and simulation results of
spot values of DPM concentration results at downstream side of the vehicle at
different sampling points. From the table it can be observed that the simulated
results were in fair agreement with the measured data, the difference is varies
from —21 to +21%.

5.3 DPM flow pattern when air flow and DPM in the same direction

Figure 16 shows the results of CFD simulations in isometric view when DPM
and air flow are in the same direction (co-flow). High DPM concentration is
observed in the middle of the gallery. At 50 m downstream of the vehicle, DPM
particles are seen to spread over most of the middle gallery.

Sample point ER SR Difference % Sample point ER SR Difference %
2 m to source (a) — 125 — 6 m to vehicle (g) 14 17 21

2 m to source (b) 70 55 -21 6 m to vehicle (h) 42 48 14

5 m to source (c) 56 60 7 6 m to vehicle (i) 26 25 -3

5 m to source (d) 55 43 =21 10 m to vehicle (j) 42 48 14

8 m to source (e) 42 35 -16 20 m to vehicle (k) 28 34 21

8 m to source (f) 27 27 0

Table 4.

Comparison of simulated vesults (SR in ug/m?) with experimental vesults (ER in pg/m?).

DPM Concentration
(g/m?)

Figure 16.
DPM flow pattern for co-flow (flows in the same direction,).
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6. Conclusions

In this study, field measurements and CFD simulations were used to map con-
tours of diesel particulate matter (DPM) generated by a man riding vehicle and an
LHD located in the gallery of an underground mine. CFD models were validated
against the field experimental data, and simulation results were found to be in fair
agreement with the measured data. Studies with a man-riding vehicle showed that if
the vehicle is stationary, high DPM concentration tends to flow moves towards the
center of the gallery. At 20 m downstream of the vehicle, DPM particles spread
throughout the entire roadway. Studies also shows that DPM concentration levels
reduce with increase in ventilation air velocity. Experiments showed that during
vehicle movement, the passenger may be exposed to higher DPM concentration due
to airflows induced by the vehicle movement.

The LHD studies show that if the DPM flow and ventilation air co-flow (are in
the same direction), the DPM is confined predominantly to the middle of the road
way. If the DPM flow and the ventilation air flow are in counter-flow (opposite
directions), the DPM spreads throughout the entire cross-section of the roadway. In
this case, the vehicle operator will be more susceptible to exposure to high concen-
trations of DPM.
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Nomenclature

ACGIH American Conference of Governmental Industrial Hygienists
CANMET Canada Centre for Mineral and Energy Technology
CFD computational fluid dynamics

CO carbon monoxide

DEEP diesel emissions evolution program

DPF diesel particulate filter

DPM diesel particulate matter

EC elemental carbon

ER experimental results

HC hydrocarbons

LHD load haul dumper

MSHA Mine Safety and Health Administration

NIOSH National Institute of Occupational Health and Safety
NMA National Mining Association

NMHC non-methane hydrocarbons

NOx nitrogen oxides
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NSSGA
oC
OEL
RCD
STEL
TC
TWA
USWA
WHS

National Stone, Sand and Gravel Association
organic carbon

occupational exposure limits

respirable combustible dust

short term exposure limit

total carbon

time weighted average

United Steel Workers of America

Work Health and Safety
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Chapter 6

Major Chemical Elements in Soot
and Particulate Matter Exhaust
Emissions Generated from In-Use
Diesel Engine Passenger Vehicles

Richavd Viskup, Christoph Wolf and Werner Baumgartner

Abstract

In this research we apply a sensitive laser optical technique for the measurement
of main chemical elements present in the exhaust emissions generated from different
in-use Diesel engine passenger vehicles. We use the laser-induced breakdown spec-
troscopy (LIBS) technique for diagnostics of miscellaneous Diesel particulate matter
(DPM) formed from combustion Diesel engine exhaust emissions. Here we analysed
particulate matter (PM) extracted from exhaust manifold part, from 67 different
passenger vehicles of major brands from European car producers, that are used in daily
life environment. The aim of this study is to develop LIBS technique for measurement
of PM and to compare the emission matrix composition and major chemical elements
within the Diesel particulate matter from exhaust manifold part. The presence of these
elements in PM is linked with various processes inside the Diesel combustion engine.

Keywords: laser-induced breakdown spectroscopy, LIBS, particulate matter, soot,
emissions, emissions standards, diesel, diesel engine, diesel vehicles

1. Introduction

Problems with Diesel emissions and control failures [1-3] are well known to
anyone in the world. Breathing of clean air is very important for a healthy human
body—mainly for the brain and nervous system. Therefore, it should be in our first
priority to find a new technique to successfully solve these issues. The current exist-
ing emission standards in Europe, like European emission standards Euro [4, 5], or
in the US, like Tier [6] or LEV [7], for Diesel engine passenger vehicles are the norms
for hydrocarbons, carbon monoxide, nitrogen oxides, and particulate matter (PM)
from Diesel exhaust emissions. Currently, there are no specific emission standards
for additional compounds or chemical elements contained in the exhaust vapour
[8], particulate matter [9, 10], or soot, formed by the Diesel combustion engine [11].
But in fact, the composition of chemical elements and extra carbon corresponds to a
very important fraction of the total PM or black soot emission contents from Diesel
engine-driven vehicles. Figure 1 shows the black cloud of Diesel exhaust emissions
emitted from the tail pipe of on-road Diesel engine passenger vehicle.

One of the early pioneering groups in measurement of particulate trace emissions
from vehicles was the group of Schauer et al. [9], where they used comprehensive
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Figure 1.
Black cloud of particulate matter and soot exhaust emissions from the tail pipe of on-road diesel engine
passenger vehicle.

dilution source sampler, organic chemical analysis, and X-ray fluorescence for fine
particle mass and chemical composition measurements. Other groups [8, 10-12]
used ICP-MS and XRF for characterisation of metals and other components from
on-road motor vehicles. They found the following trace elements: Al, Ba, Be, Ca, Cd,
Co, Cr, Cu, Fe, K, Mg, Mn, Mo, Na, Ni, Pb, Pt, S, Sr, Ti, V, and Zn in the particles.

In this research we apply the laser-induced breakdown spectroscopy (LIBS)
technique [13-15] for diagnostics of DPM, formed from combustion Diesel engine
exhaust emissions, mainly concerning the comparison of major chemical compo-
nents present in various DPM matrices.

Laser-induced breakdown spectroscopy is an emerging measurement technique
[16] for rapid qualitative [17] and sensitive quantitative compositional analysis [18,
19] of various forms of materials like solids [20], liquids [21], gases [22], powders
[23], or nanoparticles [24].

2. Materials and methods
2.1 Experimental procedure

An experimental setup, used to obtain LIBS spectra from various materials,
generally consists of a high-intensity pulsed laser system, with nanosecond laser
pulse duration, an experimental chamber, a collection optics, and a high-precision
optical spectrometer. Plasma is generated by focusing the high-intensity laser
pulses into the material; usually a Nd:YAG laser is applied at its fundamental laser
wavelength of 1064 nm or its second harmonic 532 nm with different repetition
rates from 1 Hz to a few kHz [25-27]. A schematic of the experimental LIBS setup is
shown in Figure 2.

2.2 LIBS setup

For laser-induced breakdown, a Nd:YAG solid-state laser from Quantel was used. It
was operated at the fundamental laser wavelength 1064 nm with 8.5 ns pulse duration
and a laser energy of 300 m] per pulse. The laser radiation was focused into the plane
solid target surface, using a 10 cm focusing lens, to create the plasma. Optical emission
from the plasma was collected perpendicularly via optical telescope, into the high-
resolution Echelle spectrograph (model Aryelle Butterfly from LTB Berlin), equipped
with an ICCD detector. Optical emission from plasma has been collected from UV as
well as from VIS parts; thus the total spectral window from 190 to 800 nm wavelength
has been recorded. The spectral resolution capability is from 3 to 7 pm for the UV
range and from 4 to 8 pm for the VIS range, thus providing spectral information of a
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Figure 2.
Layout of the laser-induced breakdown spectroscopy experimental setup [28].

broad range with very high resolution and variability. The delay time for LIBS spectral
signal was set to 1 ps and the time window for spectral acquisition to 2 ps. In early
delay time, less than 1 ps, the black body radiation is dominating in the laser-produced
plasma, while in later delay time, 3 ps, the atomic, ionic, and molecular emissions are
more pronounced. The laser-induced plasma has been created in open air atmosphere
under the normal atmospheric pressure and at room temperature.

2.3 Diesel particulate matter (DPM) collection and sample preparation

Sixty-seven different PM samples, extracted from exhaust manifold part from
in-use Diesel engine passenger vehicles of major brand car producers in Europe,
have been analysed by LIBS. Passenger vehicles selected for the DPM sample collec-
tion were from our daily life environment, as anyone is using to drive to work, etc.
No special driving test cycles, neither test vehicles nor engine test bench systems,
were used during these LIBS measurements. Diesel particulate matter has been
collected and extracted from the exhaust manifold part tail pipe at the end of the
exhaust manifold. Selections of the vehicles were performed randomly, and no
company was given preference. The results presented here are from a selection of
eight different DPM matrices with respect to the LIBS signal variation. The reason
is to compare the elemental composition of these different DPM matrices by LIBS
technique. A special emphasis is given to observe the individual spectral lines that
are mostly dominating in the UV and VIS optical emission from the DPM, thus
influencing the overall LIBS spectrum. The collected DPM from Diesel engine
vehicles’ exhaust has been mechanically pressed into pellets with a flat disc shape.
Each displayed spectrum has been averaged over 12 laser shots.

3. Results and discussion
3.11dentification of the main chemical elements in different DPM matrices

For an elemental understanding of the laser-induced breakdown spectroscopy
signal from DPM in the first stage, we selected from 67 different samples only
3 LIBS optical emission spectra. Signals from these measurements are shown in
Figure 3. Obtained LIBS spectra have characteristic features with strong atomic and
ionic lines and also molecular bands in the signal.
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Pressed solid samples of DPM were irradiated by high-power laser pulses to cre-
ate a plasma above the surface. The optical emission from laser-induced plasma has
been measured, and the raw spectral signal from 200 nm to 800 nm is plotted in the
Figure 3. The major signal that is present in the LIBS spectrum is characterised by
strong optical emission lines from the elements carbon, calcium, iron, chromium,
sodium, zinc, aluminium, magnesium, oxygen, and hydrogen. These chemical
elements show up in the spectrum as high-intensity lines. The relative intensity and
broadening of the spectral lines are correlated with the chemical concentration of
the elements. That means with higher intensity of atomic and ionic lines, we can
expect a higher concentration of the studied chemical element.

In the next section, we will focus our study on the chemical elements and
spectral lines that are most abundant in the LIBS spectra under investigation.
Optical emission spectra of C, Ca, Fe, Cr, Na, Zn, Al, Mg, O, and H measured from
67 different Diesel particulate matter samples are shown in Figure 4. Spectra shown
here are selections of the most dominant lines in the signal. PM were collected from
67 different in-use Diesel engine passenger vehicles.
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Figure 3.
LIBS spectra from three selected Diesel Particulate Matter samples, with high content of a) Ca, Mg, Zn; b) Ca,
Cr, Fe, H, Mg, Na and c) Al, C, Ca, Cr, Mg, O.

3.1.1 Carbon spectral line

In Figure 4a a comparison of the atomic carbon spectral line C I at 247.85 nm
optical emission from different particulate matter matrices measured by LIBS is
shown. One can easily observe that the peak intensity, peak shape, and peak width
vary for each obtained spectrum. Samples with high content of iron particles pos-
sess an additional iron peak Fe II at 248.015 nm interfering with the carbon signal
line C I at 247.85 nm. Here, it is obvious that the line emission from carbon is not the
only dominant spectral line in the LIBS signal.

3.1.2 Calcium spectral line
An important major chemical component of the DPM is calcium. A compari-

son of LIBS signals from calcium (atomic spectral line Ca I at 422.67 nm) is shown
in Figure 4b. Calcium emission shows to be always present in DPM samples, and
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due to its strong optical emission, it can be assumed as one of the main compo-
nents of the DPM matrix.

3.1.3 Iron spectral line

In Figure 4c comparisons of the ionic optical emission from iron spectral line
Fe IT at 238.20 nm are shown. Additional four iron spectral lines are also visible in the
graph: Fe IT at 237.92 nm, Fe II at 238.07 nm, Fe Il at 238.32 nm, and Fe IT at 238.43 nm.
From the shown optical iron spectra, one can clearly see that the iron content is quite
high in many PM samples. Iron is one of the components that is often present in
the Diesel particulate matter and plays an important role in PM composition. High
concentrations of iron are responsible for the transition of the DPM matrix.

3.1.4 Chromium spectral line

In Figure 4d comparisons of the optical emission from atomic chromium triplet
lines CrIat 520.44 nm, Cr I at 520.60 nm, and Cr I at 520.84 nm obtained from
different DPM samples are shown. The presence of chromium is significant in most
of the samples and therefore plays an important role in PM composition.

3.1.5 Sodium spectral line

Comparisons of the optical emissions from sodium atomic doublet spectral line
(NaTlat588.99 nm and Na I at 589.59 nm) are shown in Figure 4e. Sodium is one of
the elements that are perpetually present in the DPM matrix. The sodium atomic
line intensity is relatively high and is dominating in the optical infrared spectrum.
Thus it also plays an important role in the DPM content.

3.1.6 Zinc spectval line

Comparisons of the zinc ionic spectral line (Zn II at 202.54 nm) are shown
in Figure 4f. Optical emission from zinc is usually present in all DPM samples.
However, the intensity of Zn-induced emission is quite high in some individual
samples, which is related to a high zinc content. It is therefore expected that the
element Zn also influences the DPM matrix.

3.1.7 Aluminium spectral line

In Figure 4g optical emissions from atomic aluminium, Al T at 309.27 nm line,
are shown. Aluminium-induced optical emission is strongly present in a few DPM
samples, and this high peak in the LIBS signal is indicating higher concentrations of
Al in these matrices.
3.1.8 Magnesium spectral line

In Figure 4h, emissions from the doublet of ionic magnesium spectra lines
(Mg II at 279.55 nm and Mg II at 280.27 nm) are shown. From these spectra it is pos-
sible to observe that magnesium lines are present in most of the particulate matter.

3.1.9 Oxygen spectral line

Strong signal from the atomic oxygen line (O I at 77719 nm) in Figure 44 is visible
from all DPM samples. This signal is partially due to laser-induced breakdown in air
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Optical emission spectrum of (a) carbon, (b) calcium, (c) iron, (d) chromium, (e) sodium, (f) zinc,
(g) aluminium, (h) magnesium, (i) oxygen, and (j) hydrogen, measured by LIBS from 67 different diesel
particulate matter samples.

atmosphere; nevertheless the other contribution in the signal is from residual oxygen
present in the particulate matter. In some cases, this signal is very intense, indicating
rather high concentrations of oxygen or different oxides in the sample itself.

3.1.10 Hydrogen spectral line

A very important indicator is the hydrogen H I at 656.27nm line profile in the
laser-induced plasma emission. From Balmer series H alpha line and from Stark
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broadening, the concentration of the plasma electron density can be calculated.
Further H alpha line intensity and width can be used for electron temperature
estimation. In Figure 4j one can observe that H(«) has enormous intensity and
broadening variations across different DPM matrices.

The chemical composition of individual DPM matrices varies considerably.
This is due to the different origins of each particulate matter, which is given by the
unique originality of the exhaust emission. In fact, the source of different elemental
compositions of this matrix is the combination of the Diesel fuel, fuel additives,
composition of the intake air, quality of the combustion process, type and perfor-
mance of the Diesel engine, lubrication oil, erosion on the piston rings, or cylinder
liner. Other parts that influence the matrix composition are applied pretreatment
and after-treatment devices, like Diesel particle filters (DPF) or catalysts like
selective catalytic reduction devices. All of them are involved in the final chemical
composition of DPM.

3.2 Calculation of the LIBS signal

To process LIBS spectral signals, we integrated the spectral peak area for each
atomic or molecular line shown in Figure 4. With numerical integration, we
obtained relative qualitative information about concentration variations of major
chemical elements inside the different Diesel particulate matter matrices. Results
from these calculations are shown in Figure 5. In the bar graph, individual columns
represent the calculated integral values of accumulated signal responses obtained
for each particular wavelength, after the signal background correction and the
fitting of spectral signal curve. Integral calculated values are for 67 DPM samples
and for 10 major chemical elements. These are carbon, calcium, iron, chromium,
sodium, zinc, aluminium, magnesium, oxygen, and hydrogen.

The carbon signal (Figure 5a) in individual Diesel particulate matter samples
varies substantially, and these variations influence the entire matrix composition.
In some samples, the signal from carbon dominates, which indicates carbon as a
major element in these matrices, while in other samples, the influence of carbon is
much lower. From an integral calculation, carbon has been detected in all 67 DPM
samples. Very high carbon content was measured in samples # 45, 44, 39, and 42,
while very low content was detected in samples # 67, 3, and 8.

The calcium (Figure 5b) concentration in PM can be quite high. This is visible
in Figure 5 where the integral values are shown. High content of calcium is present
in samples # 66, 67, and 25. The minimum content of calcium was found in samples
# 55, 11, and 39. Calcium has been detected in 66 of the 67 samples.

The most significant contribution to the entire PM composition comes from iron
(Figure 5¢). Iron has been detected in 66 out of 67 different DPM samples. From
Figure 5, maximum content of iron was found in samples # 55, 12, 58, 59, and 34.
Minimum content has been measured in samples # 37, 13, 2, 53, 30, 11, and 3.

Chromium (Figure 5d) content also plays a major role in DPM matrices. Its
presence has been measured in 60 from 67 different DPM samples. Its maximum
concentration has been measured in samples # 59, 4, 12, 28, 34, and 50. Minimum
concentration of Cr has been measured in samples # 9, 13, 17, 24, 30, 55, and 58.

Sodium (Figure 5e) can reach relatively high values in some samples, mainly in
# 54, 59, 27, and 12. Minimum concentration of Na was found in # 39, 11, 48, 30,
and 15. Overall, sodium has been detected in almost all samples (66/67).

Zinc (Figure 5f) is another important major element in various Diesel par-
ticulate matter matrices. Its concentration can be quite high, as we can observe in
samples # 44, 37, 18, 35, 33, 41, 52, and 5. On the other hand, low concentrations of
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Qualitative comparison of (a) carbon, (b) calcium, (c) iron, (d) chromium, (e) sodium, (f) zinc,

(g) aluminium, (h) magnesium, (i) oxygen, and (j) hydrogen content in DPM from 67 different in-use diesel
engine passenger vehicles measured by LIBS.

Zn were measured in 51, 11, 30, 55, 42, and 39. Zinc content has been detected in all
67 different DPM samples.

Three samples of DPM possess higher content of aluminium (Figure 5g), par-
ticularly samples # 51, 58, and 55. Lower content of Al has been measured in # 1, 2,
3,6,9, 11,13, 15, 18, 30, 53, 60, and 62. Aluminium has been detected in 54 samples.

A major fraction in the DPM composition consists of magnesium (Figure 5h).
Its high concentrations were measured in samples # 57, 31, 56, 27, 51, and 25. Lower
concentrations of Mg were found in # 1, 3, 11, 2, 23, and 55. Magnesium has been
ascertained in all 67 DPM samples.

Oxygen (Figure 5i) contribution in DPM is meaningful, and its content forms
a major part in matrices. Oxygen has been detected in all samples, with high
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concen-trations in # 46, 9, 59, and 57 and with lower concentrations in samples #
53, 67, 66,2, and 4.

Hydrogen (Figure 5j) content is likewise very substantial in DPM. It is a major
chemical element of DPM and it has been detected in all samples. High concentra-
tions were measured in samples # 31, 30, 35, 18, 3, 24, 9, 54, and 37; while low
content in samples # 53, 67, 4, and 2.

3.3 Quantitative diesel particulate matter analysis

Every knowledge about the qualitative and quantitative atomic composition
of the studied material is contained in the LIBS spectrum. This originates from
excited atoms, ions, and molecules, in the laser-induced plasma. Different meth-
ods exist to extract quantitative information from LIBS spectra. One technique
determines the concentration of chemical elements by calculation of the line
spectral emission from transition probabilities and from absolute measurements
of the line intensities. A different strategy is to calculate, from the obtained signal,
the integral of the emission line relative to the integral of a spectral line from the
abundant element. Quite often approaches to get quantitative results are the spec-
tral intensities in relation to known calibration standards or certified reference
materials. By assuming the optical emission line intensity to be proportional to
the concentration of the emission inducing species, the ratio of the concentrations
of two species A and B can be expressed as a function ratio of the line intensity
of species A to the line intensity of species B. Considering that the concentration
ratio is directly proportional to the ratio of corresponding line intensities, it is
possible to establish a calibration curve. This curve is basically a plot of relative
concentrations of an element obtained by LIBS measurements versus the known
relative concentrations of this element in the samples. Calibration curves can then
be used for the quantitative determination of unknown concentrations in the
examined material.

Special concern has been given to the quantification of the LIBS spectral
signal and to the calibration curves from selected main matrix elements of
DPM. The calibration function for carbon, iron, magnesium, aluminium, chro-
mium, zinc, sodium, and calcium was constructed, to understand the complex
composition of DPM.

3.3.1 Preparation of the calibration samples

To obtain quantitative information from the LIBS signal, calibration samples
with various concentrations of expected chemical elements were prepared. We
selected the elements carbon, iron, magnesium, aluminium, chromium, zinc,
sodium, and calcium that form the major part of DPM matrix. Based on our previ-
ous qualitative LIBS measurements of different DPM matrices, we produced similar
matrices, in our laboratory. These have been compounded by preparing different
mixtures of selected elements in various concentrations and pressing them into
pellets, exactly like the original DPM samples. All calibration samples have been
prepared from certified nano-powders bought either from Carl Roth GmbH or from
Sigma-Aldrich Inc. Company.

3.3.2 Measurement of calibration samples by LIBS
The calibration samples were measured under the same experimental conditions

as the DPM samples. Consistent experimental parameters as optical setup, laser
energy, spectrometer detector settings, particularly spectral window, and delay
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Figure 6.

Calibration curves including regression parameter R, limit of detection (LOD), 95% confidence limits, and
prediction bands for (a) carbon, (b) iron (medium concentrations), (c) iron (high concentrations), and
(d) magnesium calibration samples.

time remained unchanged. Experimental LIBS measurements were performed in air
atmosphere at normal atmospheric pressure. Obtained calibration curves (together
with calculated regression parameter R?, limit of detection (LOD), 95% confidence
limits, and prediction bands) for (a) carbon, (b) iron (medium concentrations),

(c) iron (high concentrations), (d) magnesium, (e) aluminium, (f) chromium,

(g) zinc, (h) sodium, and (i) calcium, in the laboratory-prepared PM calibration
samples, are shown in Figure 6(a—-d) and Figure 7(e-i).

In these figures, the calculated ratios are denoted in the graphs as black squares,
linear fit by solid line (red), 95% confidence limits by dashed lines (green), and
prediction bands by solid lines (blue). It is important to mention that the LOD for
elemental carbon is relatively high. This is due to the fact that we assume DPM as
a carbon-dominated matrix. Therefore, this calibration protocol is not intended
to be applied to low carbon concentrations. The obtained calibration curve will
yield the possibility to predict the level of carbon concentrations in various Diesel
particulate matrices.

Selected spectral lines used for calculation of LIBS signal, obtained regression
parameters R? together with LOD, and calibration functions for different chemical
elements are summarised in Table 1.

3.4 Quantitative composition of eight different DPM matrices
By means of calibration functions and the DPM-LIBS signal, it is possible to
obtain the quantitative information and distribution of major chemical elements

in Diesel particulate matter from different in-use Diesel engine passenger vehicles.
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Calibration curves including regression parameter R?, limit of detection (LOD), 95% confidence limits,

and prediction bands for (e) aluminium, (f) chromium, (g) zinc, (h) sodium, and (i) calcium calibration
samples.
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Table 1.
Selected spectral lines of chemical elements, vegression pavameter R?, and limit of detection (LOD) from
calculated calibration functions.
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In this case, we only present the results from eight of the most diverse DPM matri-
ces with respect to the LIBS spectrum, to demonstrate the quantitative comparison
of elemental compositions of DPM using laser-induced break-down spectroscopy
technique. From qualitative LIBS measurements, these eight samples were char-
acterised to have high content of certain chemical elements: sample #1 with high
content of Cr, sample #2 with high content of Ca, sample #3 with high content of
Zn, sample #4 with high content of C, sample #5 with high content of Na, sample
#6 with high content of Fe, sample #7 with high content of Mg, and sample #8 with
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Figure 8.

Quantitative determination of major chemical elements in particulate matter collected from in-use Diesel
engine passenger vehicles. The bar graph shows the average concentrations of major element in wt % of

(a) carbon, (b) Iron (c) magnesium, (d) aluminium, (e) chromium, (f) zinc, (g) sodium and (h) calcium in
eight different DPM samples.
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high content of Al. These quantitative determinations of major chemical elements
in DPM samples from eight in-use Diesel engine passenger vehicles are shown in
Figure 8(a-h).

In the bar graph (Figure 8(a—h)), each individual bar represents the average value
of calculated concentrations. These average values were obtained from three different
position measurements by LIBS at the same DPM sample. The quantitative concentra-
tion of each element has been determined from spectral line ratios by means of cali-
bration curves, obtained for each element. The quantitative determination of major
chemical elements is shown in weight percent (wt%) in each sample. From the bar
graphs, it is possible to obtain quantitative information about the major chemical ele-
ment concentrations and variations of the DPM chemical composition. The following
information can be read by either horizontal or vertical reading of Figure 8(a~h):

From horizontal reading of the bar graph (Figure 8(a-h)), it is possible to
observe that the carbon concentration (a) is not constant for all DPM samples;
instead it is changing rather extremely in between individual samples, ranging
from maximum concentration (approximately 64 wt%) to minimum concentration
(22 wt%), in different DPM matrices. Iron (b) concentration also varies significantly,
from as high as 55 wt% to as low as 8 wt%. Magnesium (c) content is maximum
7 wt% and minimum 1 wt%. Some DPM shows higher value of aluminium (d)
with more than 6 wt%, meanwhile for some samples, the Al concentration can be
zero. Almost all (except for one) samples contain chromium (e) with minimum
concentration below 1 wt%, while maximum can be more than 6 wt%. The zinc
(f) content is playing a dominant role within the DPM matrices with concentrations
from 1 wt% up to 7 wt%. The sodium (g) concentration also influences the DPM
matrices with its concentrations reaching 12 wt%. Calcium (h) concentrations are
substantial and can be more than 13 wt%.

From vertical reading of Figure 8, one can gain information about average
concentrations (due to LIBS measurements at different sample position and averag-
ing) of chemical elements in each DPM sample.

Sample #1: contains in average iron ~54 wt%, carbon ~23 wt%, sodium ~8 wt%,
chromium ~6 wt%, magnesium ~5 wt%, calcium ~3 wt%, and zinc ~2 wt%.

Sample #2: contains carbon ~25 wt%, iron ~8 wt%, calcium ~6 wt%, zinc ~6
wt%, magnesium ~1 wt%, sodium ~1 wt%, chromium ~1 wt%, and other elements.

Sample #3: contains carbon ~63 wt%, iron ~14 wt%, sodium ~9 wt%, zinc
~7 wt%, magnesium ~3 wt%, chromium ~1 wt%, calcium ~1 wt%, and other
elements.

Sample #4: contains carbon ~61 wt%, iron ~16 wt%, chromium ~3 wt%,
sodium ~2 wt%, magnesium ~2 wt%, zinc ~1 wt%, calcium ~1 wt%, and other
elements.

Sample #5: contains carbon ~31 wt%, iron ~12 wt%, sodium ~11 wt%, calcium
~6 wt%, magnesium ~6 wt%, zinc ~3 wt%, chromium ~1 wt%, and other elements.

Sample #6: contains iron ~32 wt%, carbon ~27 wt%, aluminium ~5 wt%,
sodium ~2 wt%, zinc ~1 wt%, calcium ~1 wt%, magnesium ~1 wt%, and other
elements.

Sample #7: contains carbon ~46 wt%, iron ~18 wt%, magnesium ~7 wt%,
calcium ~2 wt%, zinc ~2 wt%, chromium ~1 wt%, sodium ~1 wt%, and other
elements.

Sample #8: contains carbon ~22 wt%, iron ~43 wt%, calcium ~13 wt%, sodium
~7 wt%, aluminium ~6 wt%, magnesium ~6 wt%, zinc ~2 wt%, and chromium ~1
wt%.

In this research we performed qualitative and quantitative composition of major
chemical elements contained in DPM by means of high-resolution LIBS technique.
However, further research is necessary to obtain a detailed picture of additional
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major and minor chemical elements also present in DPM, for which our current
LIBS setup does not have the spectral resolution, particularly sulphur and chlorine.

All these qualitative and quantitative LIBS studies were performed on DPM
collected from in-use Diesel engine passenger vehicles and nonspecial driving test
cycles; neither test vehicles nor engine test bench systems were used during the
LIBS measurements. Therefore for future measurements of particulate matter and
soot emissions, it would be important to perform LIBS qualitative and quantita-
tive measurements on dynamic engine test bench system. The focus should be
to study static exhaust emissions at different Diesel engine operating points like
power, torque, engine speed, fuel injection, brake specific fuel consumption
BSFC, etc. and thus perform engine static map measurements. With these engine
data and LIBS analytical results from DPM, it would be possible to establish
respective correlations.

All acquired knowledge about Diesel particulate matter can help to better
control the engine, as well as combustion process, and thus reduce unwanted emis-
sions generated by Diesel engine-powered vehicles in real driving situations to meet
future strict emission standards.

4, Conclusions

In this study we present qualitative and quantitative analytical studies of Diesel
particulate matter collected from 67 different in-use, Diesel combustion engine-
powered, passenger vehicles. DPM samples have been analysed spectrochemically
by means of a high-resolution laser-induced breakdown spectroscopy technique.
Selections of Diesel passenger vehicles have been performed randomly, from daily
life environment and from major brand car producers in Europe. We found that
Diesel particulate matter from in-use vehicles does not consist solely or at least
mainly of pure carbon particles. Instead it consists of many chemical elements with
diverse concentrations. The high-resolution LIBS technique can instantly measure
major chemical elements within the Diesel particulate matter matrix. From qualita-
tive LIBS measurements, we found that the major compounds of DPM are carbon
(C), iron (Fe), magnesium (Mg), aluminium (Al), chromium (Cr), zinc (Zn),
sodium (Na), and calcium (Ca).

We have shown that the composition of DPM matrices is not fixed but rather
variable for particular in-use Diesel engine passenger vehicles. We have shown
3 optical emission LIBS spectra from VUV to VIS spectral region and 67 different
spectra from major chemical elements contained in different Diesel particulate
matter samples.

We qualitatively compared the carbon, calcium, iron, chromium, sodium, zinc,
aluminium, magnesium, oxygen, and hydrogen distribution in DPM from 67 differ-
ent in-use Diesel engine passenger vehicles by LIBS.

Special concern has been given to the quantification of the LIBS signal obtained
from the different DPM matrices. With this intent calibration samples, containing
selected major matrix elements with different concentrations, have been prepared
from certified nano-powder materials in our laboratory. This way, it was possible to
construct calibration curves for C, Fe, Mg, Al, Cr, Zn, Na, and Ca.

By applying calibration curves, we quantitatively characterised eight differ-
ent Diesel particulate matter samples and their major chemical compositions.

We found that the carbon concentration in DPM matrices varies extremely from
64 to 22 wt%. The iron concentration is alternating from 55 to 8 wt% for differ-
ent DPM samples. Magnesium concentrations rise up to 7 wt%, and aluminium
content can be more than 6 wt% in different Diesel particulate matter matrices.
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Chromium concentration can reach 6 wt% and zinc concentration 7 wt%. In some
samples sodium and calcium concentrations are up to 12 wt% or more than 13 wt%,
respectively.

In this study we have assessed the qualitative and quantitative compositions of
major elements within the various DPM matrices using a high-resolution LIBS tech-
nique. However, further research is necessary to obtain a detailed picture of addi-
tional major elements also present in DPM, for which our current LIBS setup does
not have the spectral resolution, particularly sulphur and chlorine. Understanding
the chemical composition of Diesel particulate matter can help to better control the
engine, as well as combustion process, and thus reduce unwanted emissions gener-
ated by Diesel engine-powered vehicles in real driving situations, to meet future
emission standards.
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