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1. Summary

This project investigated biodiesel combustion and soot processes using four complementary
approaches including computational modelling based on high performance computers, laser
diagnostic experiments in an optically accessible diesel engine, direct in-flame soot particle sampling
and structure analysis, and engine performance and emissions testing. The work is motivated by the
need to clarify biodiesel combustion, harmful effects of soot on health and the environment, and
implications of soot for infrared signatures of ships. Empirically it is known that biodiesel usually
results in reduced soot emissions but the mechanisms behind this were virtually unexplored. Also,
how this reduction is correlated to the flame development of biodiesel was not fully understood. This
project has bridged these gaps by successfully developing a transported probability density function
(TPDF) model for numerical simulations of soot. Moreover, we performed laser-based imaging
diagnostics for detailed understanding of soot formation/oxidation processes, which led to major
findings such that not only the soot is less for biodiesel but also soot formation is delayed; and
biodiesel soot is surrounded by hydroxyl radicals resulting in enhanced oxidation. From the in-flame
soot particles sampling, biodiesel soot structural details are discovered such as smaller particle size,
more fragile structures, and more reactive nanostructures, all of which suggest easier soot oxidation
for biodiesel. Finally, engine performance tests show significantly reduced engine-out smoke/NOXx
emissions as expected; however, to maintain diesel power output, biodiesel should be blended in
diesel at up to 40%. These new findings provide a clear motivation to further investigate the
influence of key biodiesel molecular structure parameters such as carbon chain length and the degree
of unsaturation of carbon double bonds, as summarized in the concluding remarks section.

2. Background

According to the U.S. Navy’s Energy Goals, a half of total energy consumption should come from
renewable sources, including biofuels, by 2020. One of the action items is to deploy a “Great Green
Fleet”, a carrier strike group fuelled by alternative sources of energy by 2016. For instance, during
the 2012 Rim of the Pacific exercise involving 22 nations, warships running on a 50-50 mix of diesel
and biodiesel were successfully demonstrated.

In contrast to conventional biodiesel fuels from food-crop-based feedstocks, next generation
biodiesel fuels can be produced in large amounts from dedicated energy crops and micro-algae [1-3].
These feedstocks are domestic resources and therefore help protect national security by reducing the
dependence on the volatile global oil market. It is important to understand however that there is no
single biofuel production solution that can provide sufficient fuel to cover all of the needs. In
addition, fossil fuels will increasingly come from alternative feedstocks, leading to greatly increased
diversity in the fuel supply.

This diversification presents an opportunity and challenge for the control of diesel combustion. The
use of biodiesel, in particular, has been studied in commercial diesel engines in pure and blended
formulations, with the majority of these studies reporting a reduction of soot, carbon monoxide (CO),
and unburned hydrocarbon (UHC), while emissions of oxides of nitrogen (NOx) and fuel
consumption increase [4-5]. These emissions trends are the result of complex interactions between
physical and chemical processes occurring inside the engine cylinder. Biodiesel has significantly
different physical properties compared to regular diesel fuel, including a higher boiling-point
temperature, viscosity, and density. In addition, it has a significantly different chemical structure -
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notably, biodiesel is an oxygenated fuel, affecting air-fuel mixing stoichiometry as well as chemical
kinetics and pollutant formation.

Even between different biodiesel fuels there are significant variations in molecular structure which
impact performance and emissions, for example depending on the type of algae, fuels having from
10 to 20 atoms in the carbon chain can be produced, with varying degrees of saturation [6]. Folding
in the increased diversity of fossil fuels as well as other biofuel options such as furanic fuels, it is
clear that it will be critical to the Navy to have the ability to match new-generation feedstocks, new
production process, new fuels, and compatible engine technology that will lead to the most practical
and sustainable alternatives to petroleum. A crucial element of this will be the clear understanding of
combustion that can lead to the prediction of engine performance and emissions when a wide variety
of alternative fuels are used.

Among pollutant emissions, soot is arguably the most important to the US Navy. Soot particles are
very small and can therefore penetrate deep into the respiratory system. They have a very high
surface area that is structured at the molecular level, which enables them to bind with other toxins
and to interact with organic molecules. These features can lead to a number of health issues [7]. In
the short term, exposure can present problems of immediate operational concern such as dizziness,
headache, and shortness of breath, while in the long term there are serious cardiopulmonary risks.
Soot as a solid particle is also an extremely efficient radiator which if present in an exhaust plume
contributes significantly to a ship or other vehicle's infrared signature. It absorbs radiation strongly
even at low concentrations, which is thought to contribute to climate change [8]. Finally, soot in
large amounts is visible to the eye, potentially contributing to the public's perceptions of the
environmental cleanliness of Navy ships and vehicles.

Therefore, the need to predict and reduce soot exhaust emissions from the Navy's diesel engines is
clear. As earlier explained, these emissions are fuel dependent. Past studies investigated the effect of
biodiesel on in-cylinder soot concentrations (e.g. [Error! Reference source not found.]) and
reported a consistent reduction of soot emissions when biodiesel is injected instead of conventional
diesel; however, little was understood about the mechanism of this reduction.
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3. Project Objectives
This project aims to uncover the mechanisms of soot reduction in biodiesel-fueled engines by:

1) Developing and validating a detailed modeling approach which can predict soot
formation/oxidation in diesel engine-like high-pressure and high-temperature ambient gas
conditions and its impact on radiation heat transfer;

2) Performing high-speed visualisation of visible flames and laser-based imaging diagnostics in
an optically-accessible diesel engine to obtain in-cylinder distributions of high-temperature
reaction zones and soot within the biodiesel flame;

3) Conducting innovative in-flame soot particles sampling in a working diesel engine to provide
size and structure information of soot aggregates and primaries; and

4) Evaluating the engine performance and emissions of biodiesel fuels blended in regular diesel
to find practical operating conditions.

The outcome is a more complete understanding of the mechanisms behind biodiesel combustion and
soot, and greater confidence for the ability to predict fuel effects on combustion and soot emissions
in general.

4. Approach

Numerical Simulation

A detailed numerical simulation approach has been developed and applied to model soot formation
and oxidation for a surrogate fuel (n-dodecane), as shown in Figure 1. This modelling approach
improves our ability in predicting soot production and provides a greater level of insight into the soot

Ly

mechanisms and how these depend on the fuel's oxygen | .,‘;'m % e
moieties. Following recent work in the group, the approach N _-i}:;,“ ORR "":,‘. 2,
was based on the composition transported probability iy ' X 'jx;gf,;a‘ J‘:fi R '*
density function (TPDF) method. This approach solves for T stas T A e T B 3 T e

the joint statistics of the chemical species concentrations ;‘ R S
and temperature, which has the distinct advantage S 2 E ‘3‘ e
compared with other methods in that the chemical reaction " . A e -

rates appear in closed form. The approach employed a 54 S

species n-dodecane chemical mechanism and an acetylene-
based two-equation soot model coupled with a time- Figure 1. Transported probability density
dependent Reynolds-averaged k—¢ turbulence model and @ fynction (TPDF) modelling approach
Lagrangian discrete phase model for the liquid spray.

Optical/L aser-based Imaging Diagnostics

Two laser-based imaging diagnostics have been performed in an optically-accessible diesel engine
(Figure 2) for regular diesel and a selected biodiesel surrogate fuel. Methyl decanoate was used for
this purpose as it is an oxygenated fuel with a long stretched carbon chain structure of fatty acid
methyl esters (i.e. biodiesel). Its cetane number of 52 is similar to regular diesel (51) and the fuel
molecular structure is similar to n-dodecane used for the development of soot modelling. A high
pulse-energy (>100 mJ) Nd:YAG laser at 1064 nm was used to induce soot incandescence signal, i.e.
planar laser-induced incandescence (PLII). Two-dimensional distributions of PLII signals help
understand the soot distributions within diesel/biodiesel flames. In addition, planar laser-induced

4
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fluorescence of hydroxyl (OH) radicals was performed to visualise spatial and temporal evolution of
high-temperature reaction zones, i.e. OH-PLIF. By putting together the PLII and OH-PLIF signals,
not only the soot formation but also the soot oxidation process was analyzed. Three additional line-
of-sight integrated imaging of cool-flame chemiluminescence, excited OH (OH¥)
chemiluminescence, and hot soot luminosity were also performed to provide complementary
information to planar laser images.

In-flame soot sampling and structure analysis

At the same operating conditions of laser-based imaging diagnostics, soot particles were sampled by
exposing transmission electron microscope (TEM) grids directly to diesel/biodiesel flames inside the
cylinder of the engine. Soot particles were sampled via thermophoresis between hot soot particles
within the flame and the cool TEM grid stored in the sampling probe that was fixed on the cylinder

Biodiesel flame

Quartz bowl piston

Nd:YAG laser beam to induce

OH fluorescence (284 nm)and .~ A- T Quartz liner window

sootincandescence (1064 nm) |~ - |
pl .

g .‘____'\ |

" «— Sheet making optics

Intake Air Heater

Quartz Window - Heated Coolant Passage
: ,f
LaVision —
ICCD Camera: '
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T ~ Cylinder Liner
I
|
| | JENOPTIK Coastal Optics ' : i
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[see text)

Figure 2. Optical diesel engine used for laser-based imaging diagnostics and soot particles sampling.
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liner. Two different types of 3-mm diameter TEM grids were used to collect soot particles for the
morphology analysis and nanoscale internal structure analysis using 400-mesh, carbon-coated copper
grids (Emgrid CF400-Cu) and 300-mesh, 150-um-thick lacy grids (Emgrid LC300-Cu), respectively.
The grids were held at a fixed location in the bowl-rim cut-out region (see Figure 2) while they were
exposed to sooting flames. The collected soot samples were imaged using two TEMSs: one with the
accelerating voltage of 120 kV and the point resolution 0.38 nm (JEOL 1400) and the other with the
accelerating voltage of 200 kV and the point resolution 0.25 nm (Philips CM200). The digitised
images were then post-processed to obtain key morphology parameters such as primary particle
diameter, aggregate radius of gyration and fractal dimension as well as nanostructure parameters
such as carbon fringe length, tortuosity and fringe-to-fringe separation.

Engine performance tests

Fundamental research performed using surrogate fuels was supported by engine performance and
emissions testing conducted using biodiesel produced using trans-esterification of triglycerides. Two
different production methods were used: one through a chemical catalytic conversion process using
NaOH based on methanol moiety and the other through an enzyme catalytic conversion process
using a commercial lipase (Novozyme 435) and ethanol. The oxygen concentration in these neat
biodiesel is estimated at 14.04% by mass, which means 12.55% and 1.49% less carbon and
hydrogen, respectively, compared to regular diesel. The calorific value of these neat biodiesel (39
MJ/kg) was much lower than regular diesel (41.66 MJ/kg); therefore, the neat biodiesel was mixed
with regular diesel to produce three different biodiesel blends including B10, B25, and B40 for
engine performance and emissions testing. As shown in Figure 3, a single-cylinder “non-optical”
diesel engine was used for these tests. The single-cylinder diesel engine shares the production engine
head and common-rail fuel injection system of a four-cylinder small-bore engine, widely available in
the global market. The engine was operated at fixed speed of 2000 revolutions per minute (RPM) at
which the referred production engine generates the maximum torque. A piezo-electric pressure
transducer (Kistler 6056A) was used to measure the in-cylinder pressure traces. The pressure data
were recorded for 100 cycles for each engine operating condition and then used to obtain an average
pressure trace, indicated mean effect pressure (IMEP), and the coefficient of variation of IMEP (CoV
of IMEP). The apparent heat release rate (aHRR) was also calculated from the in-cylinder pressure
trace. From the aHRR trace, the ignition delay was

estimated by reading the time between the start of Datascquisitionbgard ?;:@”'”'
injection (SOI) and the start of combustion (SOC). u f 0000 f:“ lnwreﬂ
The aHRR trace was also used to analyse burn A (S ﬂ vk
durations for both the initial burn (CA10 to CA50) — ETITERIEAY

and late-cycle burn (CA50 to CA90). For each Dynamometer ‘ =1 N
engine operating condition, engine-out emissions Pesssure senso niegtar
were measured. We used an opacimeter (Horiba Zl
MEXA-600S, accuracy: +0.15 m-1 light absorption X J
coefficient) to measure the smoke emissions, a ez |00 E::r‘”."\ ][ LTI,
chemiluminescence-type gas analyser (Ecotech O Analyser it [—{[_T 0|
9841AS, 1% accuracy) for NOx emissions, and a == 9] ; ]

non-dispersive infrared (NDIR) analyser (Horiba Lies 7 7 |HC/COAnalyser
MEXA-584L, 1.7% accuracy) for unburnt
hydrocarbon (UuHC) and carbon monoxide (CO)
emissions.

Figure 3. Schematic diagram of single-cylinder diesel
engine and diagnostic tools
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5. Results and Outcomes

The project has completed successfully according to the schedule of tasks and milestones as
summarized in the table below:

Months after contract award

Tasks
3 [ 6 | 9 [12]15]18]21] 24

Task 1: Numerical simulation of sooting flames

Subtask 1: The implementation of the soot model
into the existing TPDF code ‘
Subtask 2: Redevelopment of the reduced chemical
Kinetic mechanism ‘
Subtask 3: Validation of the resulting model
against existing data from a constant volume Q
chamber.

Subtask 4: Detailed analysis of the modeling. Q

Task 2: Laser-based imaging of in-cylinder soot
distribution
Subtask 1: Optical engine and fuelling system
setup

Subtask 2: Two-camera high-speed imaging of
natural luminosity

Subtask 3: Optics and laser setup

Subtask 4: OH-PLIF measurement

Subtask 5: Soot-PLII measurement

Task 3: Sampled soot particle morphology analysis

Subtask 1: In-flame soot particles sampling

Subtask 2: Transmission electron microscope m
imaging

Subtask 3: Image post-processing [ |

Task 4: Engine performance and emissions testing

Subtask 1: Effect of biodiesel production method

Subtask 2: Effect of biodiesel blending ratio

Review and report

Milestones:
4 _ Numerical simulation results and source code

® — Optical diagnostics results and images
B — Soot structure results and images
A - Engine performance results
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Milestone 1: Numerical simulation of sooting flames

The soot modelling work has produced five papers
(Publication 1-5) in which technical details and a
complete set of results are found. The work reports the
first soot modelling and also the first radiation modelling
using the TPDF framework for diesel engine conditions.
In this report, only a brief summary of major findings are
summarized.

Temporal evolution of a sooting flame

Figure 1-1 portrays the temporal evolution of the spatial
distribution of characteristic quantities involved in auto-
ignition and soot formation at different time instants: 0.5,
0.7 and 0.9 ms. From left to right: mean temperature,
mass fractions of CH20O, OH and C>H: and soot volume
fraction. The black line represents the mean
stoichiometric mixture fraction. The first time is selected
just after auto-ignition when the flame starts to develop.
At this early time, a discrete amount of acetylene is
present in concomitance with high temperatures and fuel
rich conditions. However, for soot, there is some delay
for formation. The CH2O and OH show the typical
complementary distribution where CH2O is depleted
when high-temperature reactions take place. The second
time instant coincides with the soot onset time. An
important observation is that, along the time instants 0.5,
0.7 and 0.9 ms, the distribution of CH>O and the flame
base location remain practically unchanged. This is
consistent with experimental studies reporting a rapid -
statistical - stabilization of the flame base after auto-
ignition. Figure 1-1 shows that after auto-ignition,
changes in the flame structure manifest downstream,
where an increase of the fuel rich volume close to the
spray tip is observed, leading to an enlargement of the
C2H> spatial extent downstream-wise.

g GO oy YICHYE sy (pom)

Axial distance [mm)

(@ 0.5ms

(b) 0.7ms

|
10

° L)
R [mm) R [mm) " (mm) R [rmm) R [mm)

o I B B e B
a0 70003 382004 V00002  SATeOV

(c) 0.9ms

Figure 1-1. Temporal evolution of flame and soot
structures at 0.5, 0.7 and 0.9 ms. From left to
right: temperature, mass fraction of CH,O, OH
and C,H, and soot volume fraction. The number
in the color bar indicates the maximal value.
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Figure 1-2. The ensemble-averaged KL maps (left side) comparison with numerical TPDF method (right side) at 1.5
ms, 2.0 ms, 2.5 ms. Experimental data from measurements performed in a constant-volume combustion chamber at
high-pressure, high-temperature ambient gas conditions relevant to diesel engine conditions.

Soot is first formed close to the tip at an axial distance of around
35 mm from the injector tip. Interestingly, the first soot is formed
slightly off-axis due to the high temperatures present there and
does not coincide to the current CoH> peak concentration. The
modelled spatial contours of the soot volume fraction are
compared with the available ensemble-averaged images of the
experimental optical thickness (KL) at different time instants as
shown in Figure 1-2 for 1.5, 2 and 2.5 ms. The diffused back
illumination measurement techniqgue employed in the
experimental results is a line-of-sight method which enables to
quantify the two-dimensional line-of-sight soot optical thickness.
Only during the quasi-steady period, enough samples are present
to perform a tomographic reconstruction of the optical thickness
and, therefore, a quantitative soot volume fraction can be
extracted as will be shown in Figure 1-3. During the first 3 ms
only a qualitative comparison can be performed and should
provide information only concerning the soot region in the form
of normalized quantities. Red dashed lines have been drawn to
facilitate the reader. It is clearly shown that the TPDF model is
able to reproduce the region of high soot concentration at different
time instants.

The iso-contours of different quantities related to the flame
structure at 2 (upper) and 4 ms (lower) are illustrated in Figure 1-
3. From left to right, mixture fraction, temperature, computed
mass fractions of Oz, OH and CHO are presented. The black line
represents the stoichiometric mixture fraction as a marker for the
high temperature region and discriminates the mean fuel rich from
the mean fuel lean region. The spray flame tip propagates with
time. The temperature contours show the overall location of the
flame. The oxygen is not completely consumed at the
stoichiometric iso-line and a certain amount of oxygen is present
9
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Axial distance [mm]
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(b) 4 ms
Figure 1-3: Spatial distribution of
relevant quantities for flame
characterization at 2 (upper) and 4
ms (lower). From left to right: mean
mixture fraction, temperature, mass
fractions of oxygen, OH and CH0.
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in the mean fuel rich region. This is a typical feature for models accounting for turbulence-chemistry
interaction (TCI). As expected, the location of peak OH mass fraction is aligned with the
stoichiometric line, while the cool flame structure (marked by CH-0) is present closer to the injector
and does not vary as described in Figure 1-1. Due to the strong axial gradient of mean temperature
and OH mass fraction, the flame base is clearly visible.

Figure 1-4 shows the temporal evolution of other soot-related quantities at 2 (upper) and 4 ms
(lower), from left to right: mass fraction of C2Hz, soot volume fraction (ppm), surface growth,
oxidation by O; and OH. The soot precursor (C2Hz) is present in the fuel rich region downstream of
the flame base. High concentrations axially begin at around 25 mm and extend up to 50-60 mm. The
peak value is located approximately at 35-40 mm. There is a clear spatial shift between C,H» and
soot due to the temporal history of soot formation, which requires C2H> as well as a certain inception
time to nucleate and to growth into larger soot particles. Interestingly, the peak C>H> location (35
mm) coincides with the axial soot onset at 4 ms but also to

the location of first soot appearance as shown in Figure 1- 100
1 (b and c). The axial extent of the soot surface growth "
lies between C2H; and soot. This is due to the dependence
of the surface growth rate on both, C2Hz and the particle
surface area. Therefore, high rates of surface growth are
obtained where considerable CoH> and soot are
simultaneously present.

YCH)E! svrippm] sufGro. 9294 OH oxd.

80

50

Axial distance [mm]

40

Soot oxidation by Oz and OH are displayed with a positive %
sign, although oxidation has a negative source term as it »
reduces the soot mass. Oxidation by Oz is mainly in the
outer part of the soot region whereas oxidation by OH is
more within the flame and the high soot concentration
region. Soot oxidation has a strong dependence O, and
OH distributions predicted by the model. For the tested
conditions of this project, the relative contribution of O
and OH to the soot oxidation is comparable with slightly
more oxidation by O.. The relative importance of the
oxidation by OH is expected to increase by increasing the £
ambient oxygen concentration. i
1

10

@ 2ms

-
=

In summary, the soot simulation employing the
transported probability density function (TPDF) method
shows a good agreement in lift-off length and the soot
peak location with the experimental values. In particular,

B ® k 2 R 3 E R

=

the soot volume fraction at quasi-steady conditions is very
well reproduced. The location of the peak acetylene
concentration approximately coincides with both the
quasi-steady axial soot onset as well as the location of the
first soot formation. The relative importance of soot
formation and oxidation with respect to acetylene, Oz, and
OH are clarified. Overall, it was shown that for the TPDF
model is a powerful method for the simulation of
combustion and soot formation for spray flames.
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Figure 1-4: Spatial distribution of mass
fraction of acetylene (C.H>), soot volume
fraction and chemistry related soot sources in
[1/s] (surface growth, oxidation by O, and
OH) at 2 (upper) and 4ms (lower). Numbers
in the colorbar indicate maximal values.
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Soot radiation heat transfer

Upon the successful development and implementation of soot modelling, the importance of radiative
heat transfer on the combustion and soot formation characteristics has been studied. Radiation from
both gas-phase and soot particles has been included and assumed as gray. Three different solvers for
the radiative transfer equation have been employed: the discrete ordinate method, the spherical-
harmonics method and the optically thin assumption. The radiation models have been coupled with
the transported probability density function method for turbulent reactive flows and soot, where
unresolved turbulent fluctuations in temperature and composition are included and therefore
capturing turbulence-chemistry-soot-radiation interactions.

Figure 1-5 depicts the spatial distribution of the three most radiative species (soot, CO2 and H20) in
conjunction with their respective Planck mean absorption coefficient obtained using the TPDF model
at 4 ms after start of injection. Note that these spatial distributions are comparable and only minor
differences are observed. The black lines represent the stoichiometric mixture fraction. Numbers
drawn at the color bars are the minima and maxima values of the respective quantity. Concerning the
radiative species, soot is present in the fuel rich region downstream from the lift-off location (here 16
mm), as expected. The maximal reported value for the soot volume fraction is 7 ppm and the
maximal mean absorption coefficient is 35.5 m™.

In the ambient gas before start of injection there is L, YOO, YHO e oo, “no
a considerable amount of CO; (mass fraction ] ] £ [(im]  [(An]  [thn]
Yc02~0.09) and H20 (YH20~0.03), which arise
from the premixed pre-burn of a CoHz-H2-O2-N2
mixture to enable the generation of the targeted
ambient pressure, temperature and oxygen mole
fraction at the start of injection. The CO2 mass
fraction peaks along the stoichiometric region. In
the fuel region, there is a considerable amount of
CO, which has not been converted to CO; yet. On
the other hand, a high concentration of H,O mass
fraction is homogeneously distributed within the
entire fuel-rich cross-section. It is observed that
the CO. mean absorption coefficient is much o

]

Axiel distance frm)]

B 8 8 3 3 3 58 8

s
=]

o 10 20
higher than the one of H20 and soot, in particular — e e .
in the fuel-lean region. This is due to the increase 0 7 006 02002 COOD 35 85 1M 4 B

. . Figure 1-5. Spatial distribution of flame structure
of the absorption ~coefficient for lower quantities using the TPDF model at 4 ms. From left to

temperatures. The peak magnitude of aco2 is 3_-7 right: soot volume fraction (ppm), mass fraction of
times higher and 1.4 times lower for amzo IN CO, H,O and their respective mean absorption
comparison with asoot. This means the radiation  coefficients, respectively.

effects of gas-phase species are more dominant

than the soot radiation.

Figure 1-6 shows spatial distributions of various quantities related to radiation obtained using the
discrete ordinate method (DOM) approach in conjunction with two different combustion models: the
well-mixed (upper) and the TPDF model (lower). From left to right: temperature, total absorption
coefficient (i.e. Osoot + Ogas-phase), radiative absorption and emission rate, net radiation source term
(defined as positive for a heat loss) and rate of temperature change induced by radiation
(Trate=Sqrad/(pCp)).
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The temperature contour shows the overall spread of the flame. The major difference between the
two combustion models is the thickness of the reaction zone. A comparatively thin layer has been
observed for the well-mixed (WM) model in comparison with the TPDF model where the reaction
zone is more distributed due to the consideration of turbulent fluctuations within a cell. For the WM
approach it results in an increase of the peak temperature by about 150-200K, which can have a
considerable influence on the radiation emission.

The total absorption coefficient (second from left) is essentially the sum of the soot, CO2 and H,O
contributions illustrated in Figure 1-5. The minimal value of around 40 m? is found along the
stoichiometric iso-line in conjunction with the maximal temperature. Higher values are encountered
in the oxidizer ambient and the peak value is located in the evaporation region due to the lower
temperature. Both combustion models qualitatively exhibit the same characteristics.

Radiation absorption (negative when radiation is absorbed)
shows a peak in concomitance with the soot region and
moderate values outside the sooty region with increasingly
smaller absorption towards the pure ambient composition.
The radiation emission rate (positive when radiation is
emitted) shows the high values along the stoichiometric
iso-line due to the high temperature — although the
absorption coefficient is minimal — which is dominating
due to the forth power dependence. However, the radiation
emission maximal values are in the soot region, where the
soot radiation is added to the gas-phase radiation emission.

——-__.-'
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The net radiation source term (positive when radiation is
emitted) is displayed together with the characteristic rate of
change of temperature due to radiation (denoted as Trate)
expressed in K/ms. The latter provides a feeling for the
impact of radiation on the flame temperature. The
distribution of these two quantities is practically the same,
apart from the local differences in pCp. Trate ShOWS its
maxima along the stoichiometric line. A gradual decrease
of the cooling rate is found in the fuel rich and lean
regions. Interestingly, the spray periphery — particularly
between 20 and 60 mm from the injector tip — is subjected
to a slight increase of the temperature (1-2 K/ms) due to
the strong absorption of radiation emitted from the flame.
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In summary, results show that the gas-phase (mostly CO>

and H2O species) has a higher contribution to the net
radiation heat transfer compared to soot. The effect of
radiation absorption was found to be important and the
typical radiation time scale is observed to overlap with the
long injection duration, leading to a moderate influence on
the temperature distribution. The flame lift-off length is
not affected by radiation and differences in soot formation
are perceivable but only minor.
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(b) Transported PDF Method

Figure 1-6. Spatial distribution of
temperature, total mean absorption
coefficient, radiative absorption, emission,
source term and temperature rate of change
at 4 ms for the WM (upper) and TPDF
(lower) models using the DOM method.
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Milestone 2: Planar laser-based imaging of hydroxyl and soot

The laser-based imaging diagnostics have been performed using methyl decanoate, a biodiesel
surrogate fuel, firstly to understand the overall flame and soot development inside the cylinder of the
engine. The same diagnostics were also repeated for regular diesel fuel in the same engine for a
direct comparison between a diesel flame and a biodiesel flame in terms of OH and soot. Full data
and detailed discussions are found in 4 papers (Publication 6-9) that this experimental investigated
has produced. Only a brief summary is provided in this report.

Development of a fuel jet, OH, and soot

Figure 2-1 displays the images
corresponding to the ignition delay
period. Shown in the top row are
the fuel-PLIF images taken at 7 10
mm below the cylinder head for 20
three different crank angles of -6, -
4, and -2°CA aTDC. The fuel-
PLIF images show that the methyl
decanoate jet penetrates freely

20§
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- o~

Fuel-PLIF

20

10 | 2°CA aTDC

f—
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20 Wall-jet head

upon the start of injection before it
impinges on the bowl wall at -

Fuel-PLIF

Distance form nozzle tip (mm)

20

4°CA aTDC. After the wall- 10
impingement, the fuel jet travels

along not only the bowl wall but ;Z Rifianie
also along the bottom of the piston chertivgliaagetice

20 10 0 10 20 20 10 O 10 20 20 10 O 10 20
Distance from nozzle tip (mm)

bowl as seen at -2°CA aTDC.

Shown in the mlddle. row of Fig. 8 Figure 2-1 Planar laser induced fluorescence (PLIF) signals and cool-flame
are the fuel-PLIF images at the chemiluminescence signals during the ignition delay period. Also shown on
same 7 mm laser plane from TDC  the bottom row are the cool-flame signals corresponding to the images on
to 4°CA aTDC. When these the middle row.

images are combined using yellow

for the offline signal and blue for the online OH-PLIF, however, they overlap in most of the jet area
and appear in white color. Therefore, the PLIF signals are interpreted as fuel-PLIF. The images show
that the fuel jet penetrates further along the bowl wall reaching half of the bowl circumference at
4°CA aTDC. At the same time, the fuel jet appears to bounce off the bowl wall and travels back
towards the nozzle. Figure 2-1 shows that the cool-flame signals first appear near the jet axis and in
the wall-jet head region at 2°CA aTDC before it grows quickly, matching the size of the fuel jet
region in just two crank angles.

Figure 2-2 shows the OH* chemiluminescence images that are pseudo-colored with light blue (top
row) and the combined online/offline OH-PLIF images at 7 mm below the cylinder head (bottom
row) for various crank angles of 5~9°CA aTDC. It is seen that the first OH* signal appears within
the cool-flame boundary and on the right to the jet axis, before they grow further in the radial
direction. Interestingly, the growth on the right side occurs at a faster rate than that on the left side.
This was due to the effect of in-cylinder swirl flow. This led to the delayed second-stage ignition on
the up-swirl side. The OH* chemiluminescence signals grow rapidly and by 7°CA aTDC, almost
half of the bowl area is filled up with OH* signals and at 9°CA aTDC, OH* is found throughout the
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bowl area. The OH* chemiluminescence signals are line-of-sight integrated and thus the information
they carry is limited. Therefore, the combined online/offline OH-PLIF images taken at 7 and 9 mm
below the cylinder head are shown in Figure 2-2. The PLIF image at 5°CA aTDC displays that the
signals are mostly yellow (as on the far left) or white (as on the left to the jet axis) in both laser
planes, suggesting that the fuel fluorescence is still dominant. However, from the 7 mm plane, it is
noticeable that the signals on the right to the jet axis are blue dominant with minimal or no yellow,
indicating that OH radicals develop in this region as the high-temperature reaction starts to occur.
This then explains that the first detected OH* chemiluminescence signal was not from the near
nozzle region but from the tip of the penetrating wall-jet. This is consistent with the location of first-
stage ignition such that the high-temperature reaction was originated from the head vortex region
where the mixing was locally enhanced. At later crank angles, signals from the fuel fluorescence
(i.e. yellow and white) diminish quickly and by 9°CA aTDC, mostly OH signals are found.
However, the yellow-colored fuel region is still observed near the wall-impingement point at both 7
and 9 mm below the cylinder head. It was noted that the end of injection occurred at 7.5°CA aTDC
and thus the fuel fluorescence signals near the wall were likely from the last portion of the fuel
injection where the injection rate declines. The low momentum fuel would induce slower penetration
and due to the limited air entrainment near the wall-impingement point, the mixtures in this region
could be relatively richer.

As the high-temperature reactions continue to occur, the fuel near the bowl wall seen in Fig. 2-2 is
consumed quickly. This is clearly noticed in the OH-PLIF images at later crank angles of 10 to
17.5°CA aTDC, as shown in Figure 2-3. In the top row, the online/offline combined OH-PLIF
images taken at 7 mm below the cylinder head are presented, in which the signals are purely blue
OH-PLIF. Since the injection ended at 7.5°CA aTDC and the aHRR continued to decline at this
imaging time, it was identified as the mixing-controlled burn phase. An interesting trend observed

OH*
Chemiluminescence
1277250

s"atDC

Wall-jet head
Y 9°caatnc

m t~

Distance from nozzle tip (mm)

20 10 0 10 20 20 10 0 10 20 20 10 0 10 20 20 10 0 10 20
Distance from nozzle tip (mm)

Figure 2-2. OH* chemiluminescence images (top) and corresponding planar laser induced fluorescence (PLIF)
signals of OH (online/offline combined) at 7 mm (middle) and 9 mm (bottom) below the cylinder head during the
premixed burn phase.
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from the OH-PLIF images is that strong OH signals persist for a long while. The downward
penetration of reacting wall-jet continued until the OH signals are found near the opposite side of the
bowl wall at 10°CA aTDC. Then, the overall flame structure based on OH distributions does not
change much until 17.5°CA aTDC. By contrast, marked variations are found in soot distributions as
shown in the PLII images taken at the same laser plane and at the same crank angles. The red-
colored images of PLII signals are presented in the middle row of Figure 2-3. It was noted that the
PLII imaging was performed at earlier crank angles but no signals were observed until the start of
mixing-controlled burn at around 10°CA aTDC. It should be considered that methyl decanoate used
in the present study is a very low-sooting fuel, which contributed to the delayed soot formation
despite no dilution conditions. The PLII images also show an interesting trend such that the soot
signals first appear in the wall-impingement point of the jet. As mentioned previously, this is the
region with limited mixing and thus locally rich mixtures are expected, explaining the high soot
formation. The soot signals near the wall-impingement point continues to grow between 10 and
13°CA aTDC with increasing numbers of soot pockets with various sizes and shapes. An interesting
trend observed from the PLII image at 13°CA aTDC is that the signals are stronger and take up
larger space on the right side of the jet axis. This should be explained by the swirl flow in the
clockwise direction such that relatively richer mixture on the down-swirl side led to higher soot
formation than that in the leaner mixture formed on the up-swirl side due to the wall-jet travelling
against the swirl flow. It is also noticeable that from 13 to 17.5°CA aTDC, the soot pockets appear to
be divided into two groups with each flowing along the bowl! wall in either up-swirl or down-swirl
direction. At 15°CA aTDC, the soot signals are absent near the wall-impingement point and the soot
pockets appear to shrink in size compared to those at 13°CA aTDC, suggesting that the soot
oxidation occurs while the pockets flow along the bowl wall. To further discuss the soot oxidation,
the OH-PLIF and PLII images are combined and presented in the bottom row of Figure 2-3. The
images clearly indicate that the soot pockets are surrounded by OH radicals at 10~13°CA aTDC.
However, at 15°CA aTDC, the OH signals start to disappear from the wall-impingement region
where the strong soot signals were found at earlier crank angles. This might suggest that the OH
radicals were consumed in the oxidation of soot particles, consistent with the modelling results.
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Figure 2-3. Planar laser induced fluorescence (PLIF) signals of OH (online/offline combined, top), planar laser-
induced incandescence (PLII, middle) of soot, and the combined image (bottom) during the mixing-controlled burn
phase.
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Comparison of flame and soot distributions between reqular diesel and biodiesel

Figure 2-4 shows the combined OH-PLIF and PLII images obtained during the main combustion
event for both regular diesel (left) and methyl decanoate (right). The planar laser images were
captured for three different planes of 7, 9, and 11 mm below the cylinder head. The line-of-sight
integrated images of OH* chemiluminescence are also presented at the top. The figure shows marked
variations of high-temperature reaction zones (i.e. OH) and soot between the two fuels. Firstly, the
OH* signals grow much faster for methyl decanoate, which is likely related to fuel molecular
structures such as long stretched carbon chain and the presence of O atoms. The disappearance of
OH* signals is also faster than that of regular diesel as OH is consumed to oxidize soot more
actively. The OH-PLIF/PLII images show a consistent trend such that the soot signals (colored in
red) of methyl decanoate diminish at a higher rate. It is obvious that regular diesel had a serious issue
of beam attenuation, i.e. much of the laser energy is absorbed by soot particles and therefore cannot
induce signals behind the wall-jet head region. This is evidenced by significantly reduced near-wall
signals (either OH-PLIF or PLII). The mismatch between OH* chemiluminescence and OH-PLIF
signal distributions is also due to the beam attenuation. However, the soot concentration is very high
in the wall-jet head region, and some near-wall soot signals are also observed, indicating higher soot
production and wide distributions of soot pockets for regular diesel. Importantly, the soot region of
methyl decanoate is less and the concentration is lower, causing the soot pockets to be surrounded by
OH radicals. In addition to lower soot formation of oxygenated biodiesel, this soot-OH distribution
characteristic promotes the soot oxidation, leading to much lower in-cylinder soot concentration.
Indeed, at the latest crank angle location, the remaining soot signal is stronger for regular diesel
despite the beam attenuation.

Based on laser-based images of diesel and biodiesel flame and soot distributions, a postulated
conceptual model of diesel/biodiesel combustion has been developed as illustrated in Figure 2-5. For
both fuels, during the ignition delay period, the injected fuel initially travels as a free jet before
impinging on the bowl wall to form a wall-interacting jet. Upon the wall-impingement, the fuel jet
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Figure 2-4. OH* chemiluminescence (top) and combined OH-PLIF and PLII images (bottom) for regular diesel (left)
and a biodiesel surrogate fuel (right).
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flows along the bowl wall while at the same time bounces off the bowl wall and travels back towards
the nozzle. The latter movement occurs below the free jet trajectory and along the bottom surface of
the bowl. The cool-flame region grows quickly, matching the size of the fuel jet in the head region.
Up to this point, both fuels show great similarity.

During the premixed burn phase, however, the transition from the low-temperature reaction to high-
temperature reaction occurs much faster for biodiesel. The OH first appears in the leading edge of
the penetrating wall-jet, which is followed by the wall-jet head region. The high-temperature reaction
expands throughout the wall-jet head region at which the peak rate of the apparent heat release is
measured. The OH coverage area grows at a higher rate for biodiesel due to long-stretched carbon
chain structure and the presence of O atoms in the fuel. As the injection ends in the middle of the
premixed burn phase, the apparent heat release rate declines and the mixing-controlled burn
commences. For regular diesel, the soot formation first occurs at the start of mixing-controlled burn
and from the fuel-rich region near the wall-impingement point. This occurs at much later timings for
biodiesel and the concentration is lower due to less soot formation in the oxygenated fuel. The soot
region continues to grow with the increasing number of soot pockets and various sizes and shapes.
For regular diesel, the signal is strong throughout the flame region whereas the biodiesel soot is
surrounded by OH radicals. For both fuels, the soot pockets shrink in size as the OH radicals are
consumed to oxidise soot particles. This OH-induced soot oxidation is much higher for biodiesel as
OH radicals trap soot pockets. As a result, the remaining soot signals are stronger for regular diesel,
which explains why the engine-out soot emissions are higher.

Vapour Jet Penetration High Temperature Reaction
[

I:] Fuel Vapour/Liquid
Soot Oxidation - Low T Reaction
- High T Reaction
B soo

Regular Diesel

Vapour Jet Penetration High Temperature Reaction

[:] Fuel Vapour/Liquid
- Low T Reaction
- High T Reaction
B soo

Injecter Nozle
—SootFormation
.' Biodiesel

Figure 2-5. lllustration of the development of fuel, low-temperature reaction, high-temperature reaction,
and soot of a single fuel jet in a small-bore diesel engine for regular diesel (top) and a biodiesel surrogate
fuel (bottom).

Soot Oxidation
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Milestone 3: In-flame soot sampling and structure analysis

In the same engine and operating conditions used for laser-based imaging diagnostics of OH and
soot, the direct soot sampling experiments from diesel and biodiesel flames has been conducted. This
soot sampling work has produced two high-quality journal papers (Publication 10-11) and currently
two more journal papers are in preparation using the data obtained from this project (unlisted). A
brief summary of soot sampling results for both regular diesel and biodiesel fuels is provided in this
report.

Figure 3-1 shows natural combustion signals (i.e. hot soot luminosity signals) obtained from the
cylinder of our optical diesel engine during this soot sampling experiment. The images on the top
and mid rows suggest that sooting flame develops on the fuel jet trajectory (illustrated by orange
dashed line directing 2 o’clock) and then penetrates along the piston-bowl wall. Shown at the bottom
for images through a cylinder liner window (i.e. side-view images) indicate that the sooting flame
breaks into two soot pockets upon the impingement on the bowl wall and then flows along the wall,
consistent with the “bottom-view” images above. The horizontal red bar indicates the sampling
location, suggesting that thermophoresis-based hot soot particle deposition on a cold TEM grid layer
can occur successfully.

Soot particle morphology

The sampled soot particles were imaged using transmission electron microscopes for the analysis of
size and structures. Figure 3-2 (left) shows example soot particle images of regular diesel, indicating
that the in-flame soot particles are complex aggregates with various fractal-like structures ranging
from long-stretched chain structures to compact agglomerates. The differences between regular
diesel and biodiesel soot structures are striking. The soot particle images shown in Figure 3-2 (right)

2"CAaEOQI §1386 '"CAaTDC

35.0 CA aTDC 25.6°CA aEOI 40.0 "CA aTDC 30.6"CA aEOI 45.0 "CA aTDC 35.6"CA aEOI 50.0 "CA aTDC 40.6°CA aEO!

Figure 3-1 Still images from two-camera-based high-speed movies showing hot soot luminosity of regular diesel.
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indicate that the size of biodiesel soot particles is much lower than that of regular diesel and has
simpler structures. In fact, the soot aggregates of methyl decanoate are so small that many of them
are monomer (single-primary aggregate) or dimers (two-primary aggregate). Such small soot
particles can easily be oxidized before they exit through the exhaust, which is consistent with the
lower soot LIl signals for methyl decanoate (see Figure 2-4). The quantitative analysis of particle
size was conducted as shown in Figure 3-3 for the probability density function (i.e. likelihood of
having certain soot aggregate size). The mean radius of gyration of methyl decanoate is only one
third of regular diesel due primarily to very many soot particles in the 10 nm range. By contrast,
diesel soot particles are primarily 40 nm in the mean radius or larger with some of them being 100-
nm radius particle or larger.

Figure 3-2 Thermophoretically sampled in-flame soot particles of regular diesel (left) and methyl decanoate (right)

0.06
o MD
% 0.05 mean R, = 13.9420.25 nm
c
 0.04
2
g 0.03
o
2
F0.02 Diesel
_§ mean R, = 36.50£1.56 nm
a 001 _—

0 :

Aggregates Radius of Gyration (nm)

Figure 3-3 The size of soot particles in radius of gyration for regular diesel (red) and methyl decanoate (blue).
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Soot particle nanostructure

In addition to soot particle size analysis, the nano-scale carbon fringe analysis has also been
performed for both regular diesel and biodiesel fuels. The results are shown in Figure 3-4. For the
visualisation of carbon nanostructures, it is necessary to use a lacy TEM grid for the particles
sampling so that the extruded portion of the soot particles attached to the breached carbon layers of
the TEM grid are used for the flat background imaging. This is illustrated in Figure 3-4. The highly
magnified TEM images show that soot particles comprise of many carbon fringes forming multiple
core sections surrounded by an outer shell section. The images show that the core fringes are
randomly orientated whereas the shell fringes are well aligned. Between diesel and methyl
decanoate, the fringe separation distance appears to be lower for the biodiesel surrogate. This means
biodiesel soot particles were further oxidized before they were sampled directly from the flame. The
higher oxidation status is once again consistent with the laser images (Figure 2-4) showing the soot
pockets surrounded by soot-oxidizing OH radicals.
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Figure 3-4 Sampled soot particles on lacy TEM grids for nano-scale carbon fringe analysis for regular diesel

(top) and methyl decanoate (middle). Shown at the bottom are the probability density function distributions of
carbon fringe-to-fringe separation distance based on over 10,000 carbon fringes for each fuel.
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Milestone 4: Engine performance emissions testing results

A metal engine sharing the same engine dimension and fuel injection system of the optical diesel was
used to conduct performance and emissions testing of diesel and biodiesel blended in diesel. This
engine performance and emissions testing has led to three papers (Publication 12-14). A brief
summary of major findings are presented in this report.

Effects of biodiesel production process

Two 10% biodiesel blends and regular diesel were tested for in-cylinder phenomena and engine-out
emissions. The selected biodiesels were 10% methyl-ester biodiesel using a chemical catalyst
blended (B10mc) and 10% ethyl-ester biodiesel

using a biological catalyst (B10e) blended 940
with 90% petroleum diesel. In addition to this
fuel variation, the injection timing was also . 920;
varied. o

%
Figure 4-1 shows that, despite similar in- &900
cylinder pressure and apparent heat release rate =

g

traces during the main combustion, the
indicated mean effective pressure (IMEP) of
B10 fuels are found to be lower than that of

. .. 18 13 8 3
diesel due to extended burn duration in the late Injection Timing [°CA bTDC]
stage of diesel combustion. Since the faster
burning improves the combustion by releasing
heat energy in short time and thereby
enhancing the subsequent reactions, the long
burn duration of B10 fuels causes the
decreased IMEP. Therefore, the tested B10
fuels of this study have drawbacks in the
indicated power.
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By contrast, figure 4-2 shows that the brake 18 13 8 3
mean effective pressure (BMEP) of B10 fuels Injection Timing [°CA bTDC]
appear to be higher than that of diesel. It Figure 4-1. Effect of injection timing on IMEP and burn
should be noted that the difference between  duration for diesel, B10n: and B10. fuels.
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IMEP and BMEP is friction mean effective 5-_:550 T ‘ T =T
pressure (FMEP), an important efficiency loss 1 > FIICHon MeP
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the joints and fuel pumps as well as a pumping o as0l

loss. In Figure 4-2, FMEP is very high due to -

the single cylinder engine operation of this 2 400t

study but the trends is clear for higher FMEP 2 Braka AP
of diesel than that of B10 fuels. Therefore, it is w 350

explained that the enhanced lubricity of § 200 ! ) ! :
biodiesel blends caused the decreased frictional = 18 13 8 3

. . Injection Timing [°CA bTDC]
loss, which outperformed the IMEP reduction. Figure 4-2. Effect of injection timing on BMEP and FMEP

This advantage is very evident for B10eb. for petroleum diesel, B10mc and B10g, fuels.
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Engine-out emissions were also measured for the same engine operating conditions. Figure 4-3
shows interesting trends CO/HC such as lower CO emission of B10 fuels than that of diesel due to
enhanced oxidation of oxygenated fuels but higher HC emissions due to the wall wetting and fuel
trapping in the crevice volume. However, their significance evaluated using the combustion
efficiency analysis is very low. The smoke emissions of B10 fuels show marked differences with
regular diesel with lower opacity levels for both B10 fuels. In particular, the ethyl ester biodiesel
blend (B10e,) achieves 62% smoke reduction compared to regular diesel. It is explained that
oxygenated biodiesel blends suppress the soot formation while enhancing the oxidation and this
effect was higher for ethyl esters compared to methyl esters. For NOx emissions, different trends are
observed for the two biodiesel blends. The B10e fuel shows reduced NOx emissions because the
flame temperature is reduced due to lower calorific value and shorter carbon chain length of the used
triglycerides. However, B10mc fuel exhibits the increased NOx emissions as the flame temperature
increases due likely to short alcohol chain lengths.
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Figure 4-3. Effect of injection timing on CO/HC and combustion efficiency (left) and opacity (smoke) and NOx emissions
for diesel, B10mc and B10g, fuels.
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Biodiesel blending ratio variations

Various blends of regular diesel and lipase-catalysed oil-
based ethyl ester biodiesel were tested for global in-
cylinder phenomena and engine-out emissions. The
specific goal was to identify the maximum biodiesel
blending ratio that can produce comparable brake power
of diesel combustion while still taking some advantages of
emissions reduction.

Figure 4-4 suggests that for higher biodiesel blends, the
lower calorific value of biodiesel and overall leaner
mixture cause the decreased diffusion flame temperature
and the extended burn duration during the mixing-
controlled phase of combustion. As a result, the reaction
becomes slower, leading to decreased indicated mean
effective pressure. Despite the decreased indicated mean
effective pressure of high biodiesel blends, the improved
lubricity of biodiesel contributes to reduce friction loses
and thereby maintaining similar brake mean effective
pressure of regular diesel. However, as shown in Figure 4-
5, for fixed total fuel energy conditions of this study, a
significant increase in the brake specific fuel consumption
(BSFC) is problematic for high biodiesel blends. The
advanced fuel injection timing up to 13 CA before TDC
can compensate the loss and can achieve up to 40%
biodiesel blending ratio to maintain similar fuel
conversion efficiency of regular diesel. Higher blending
ratio will likely cause unacceptably lower fuel conversion
efficiency and BSFC.

The emissions benefits are clearly present for high
blending ratio biodiesel fuels as shown in Figure 4-6.
Being oxygenated fuel, biodiesel has a high oxidation rate
of CO and thereby decreasing engine-out CO emissions.
However, the deteriorated atomisation due to high
viscosity and the lower fuel volatility are thought to cause
the over-penetration of liquid-phase fuel and wall wetting
issues, leading to increased unburnt HC emissions. While
these interesting trends are observed, the overall
combustion efficiency is estimated at over 98% regardless
of a biodiesel blending ratio in this study. Therefore, the
significance of CO and uHC emission trends is not high.

Due to a well-known effect of oxygenated fuel on
suppressed soot formation and enhanced soot oxidation as
well as reduced aromatic contents, the engine-out smoke
emissions are significantly lower for high biodiesel blends
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as shown in Figure 4-6. For the tested conditions of this study, over 70% smoke reduction is
achieved for B40 compared to petroleum diesel. A great advantage of the tested biodiesel blends is
found in decreased NOx emissions, which can be explained by decreased flame temperature
associated with lower calorific value and shorter carbon chain length of the used triglycerides. For
B40, over 10% decrease in NOx emissions is measured compared to petroleum diesel. When the
brake specific fuel consumption and smoke/NOx emissions are considered altogether, however, the
maximum biodiesel blending ratio is limited by 40%, suggesting that the full use of reduced emission
benefits of high biodiesel blends is not realistic but it has to be compromised for the acceptable brake
specific fuel consumption.
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Fig 4-6. Effect of biodiesel blending ratio and fuel injection timing on the emissions of carbon monoxide (CO), unburnt

hydrocarbon (HC), opacity (smoke level), and oxides of nitrogen (NOx). Shown below the HC emissions is the

combustion efficiency estimated using the CO and HC emissions.
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Concluding Remarks and a Proposal for Follow-up Research

In the current project, using n-dodecane and methyl decanoate as surrogate fuels, detailed modelling
based on transport probability density function (TPDF) methods and laser-based imaging diagnostics
of high-temperature reaction zones and soot regions in an optical diesel engine has led to enhanced
understanding of soot reduction mechanism in biodiesel combustion.

Motivation: It is now necessary to further develop this well-established methodology to address a
key question about the effect of biodiesel molecular structures on soot formation and oxidation. Two
excellent candidates are the carbon chain length and the unsaturation level, which, from previous
engine performance tests, are found to impact the tailpipe emissions significantly. For example,
biodiesel fuels with shorter carbon chain length lead to lower soot and NOx emissions; however, a
fuel consumption penalty is unavoidable. It has also been shown that higher unsaturation level of
biodiesel fuels causes reduced soot but higher NOx emissions. While these trends are known, there
are virtually no physical explanations available due to the lack of fundamental data either from
advanced diagnostics or numerical simulations.

Approach: We will address this issue by performing laser-based imaging of in-cylinder soot
together with another laser-based imaging of hydroxyl radicals in optical combustion facilities
including a constant-volume high-pressure vessel and an optically accessible diesel engine. The
hydroxyl radicals are a good marker of high-temperature reactions and hence can show the thermal
NO formation regions inside the cylinder of the engine. The experiments will be supported by
advanced modelling first to demonstrate predictive capability for fuel chemistry effects and second
to clarify the underlying physics and chemistry of biodiesel combustion. The engine modelling will
consider the full cycle including intake and exhaust geometry, complete with moving valves and
piston, while the chamber modelling will focus on advanced closures for turbulence-chemistry
interactions. Detailed comparisons between model and experiment will provide valuable guidance
for model selection and offer detailed interpretations of the in-cylinder phenomena.
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