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ARTICLE INFO ABSTRACT

Keywords: This study examines glycerol as an additive to diesel fuel to demonstrate it has the potential to suppress the
Glycerol formation of soot/PM. The investigation of a diesel/glycerol emulsion included an engine trial, high-speed im-
DieSEl-el{giﬂe aging in an optical combustion chamber and a fundamental chemical kinetic study examining soot precursor
Sg;‘b“smm formation. The emulsion had a longer ignition delay but higher AHRR with increasing load. There was no impact

on the brake thermal efficiency. CO and THC were higher with the emulsion at the lower engine loads. The
emulsion emitted a smaller number of particles with diameters greater than 25 nm, with a significant drop in the
number of particles at 60 nm. The number of particles with diameters greater than 25 nm is reduced by 61% at
20 Nm, by 56% at 80 Nm, and by 11% at 140 Nm. A large peak of sub 10 nm particles, 2 orders of magnitude
greater than with diesel alone, was observed, hypothesised to be semi-volatile organic compounds that have
started to condense. A thermogravimetric analysis supported a larger semi-volatile content. Ignition delay time,
determined from the OH* flame emission, was always longer for the emulsion at all conditions. In-flame soot was
always lower with the emulsion at all conditions. Flame lift-off length decreased with increasing temperature and
pressure of the ambient gas whilst soot increased. The concentration of known soot precursors, C2H2 and C2H4

Particulate matter
Fuel-additives

was reduced but the concentrations of C3H6 and PC3H4 were not significantly affected.

1. Introduction

Particulate matter (PM) emissions from compression ignition (CI)
engines pose a considerable environmental and public health problem.
Whilst PM emissions from the latest CI equipped vehicles are effectively
controlled using diesel particulate filters (DPF), their application on
heavy duty vehicles introduces additional maintenance schedules, costs
associated with over-sizing and their introduction to larger CI engines (i.
e locomotive or marine) is moving at a slower pace [1]. Soot emissions
represent the main portion of PM and can be reduced using oxygenated
fuels; the presence of oxygen in the fuel aids the soot oxidation process
and changes the structure of the soot in a way that facilitates oxidation
[2,3]. This means it is worth while to investigate potential oxygenated-
fuel-additives for use in large CI engines with the goal to reduce soot
emissions. Such additives should reduce soot, be inexpensive, environ-
mentally benign and be readily available to the fuel producer or end
user.

* Corresponding author.
E-mail address: david.r.emberson@ntnu.no (D.R. Emberson).
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European pump diesel, meeting the standard EN590, allows for up to
7 w% first generation biodiesel (often referred to as B7), in the form of a
fatty acid methyl ester (FAME), usually made from rapeseed oil (Europe
only). FAME is an oxygen containing fuel and is referred to as an
oxygenated fuel. The use of oxygenated fuels in CI engines has been
studied extensively and shows a general trend of reducing PM emissions,
usually attributed to the oxygen content in the fuel [4]. This effect has
been observed in studies examining in-flame soot production [5-7] and
engine out emissions [4,8-10], though size distribution of the PM in the
exhaust is not commonly reported [11]. There is some evidence that the
use of FAME may reduce PM mass but lead to a change in the size dis-
tribution [12]. If there is an increase in the smaller sizes of PM, which
are more harmful to human health, the perceived benefit of PM mass
reduction may be negated.

FAME is produced by the transesterification process where vegetable
oil feed-stock is reacted with an alcohol (often methanol) in the presence
of a catalyst, producing a mixture of fatty acid esters and roughly a 10%
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yield of glycerol (1,2,3-Propanetriol). This glycerol is refereed to as
crude glycerol and will contain many impurities associated with the
transesterification process [13]. Glycerol is the pure chemical com-
pound 1,2,3 propanotrial, while “glycerin” usually applies to a purified
commercial product with contents of higher than 95% glycerol. Many
grades of glycerin are commercially available; obtained after removal of
salts, methanol, and free fatty acids. In most commercial applications
the quality of glycerin must be improved until it has an acceptable purity
that is completely different from those obtained in biodiesel facilities
[14].

With the increase in the volume of FAME production over the last
decade, the production of crude glycerol has also significantly increased
and now exceeds the demand [15,16]. Glycerol/glycerin has several
industrial uses but its use as a fuel additive, given its high oxygen con-
tent and the advantage of a short closed product cycle is considered in
this study. Glycerol has been shown to be usable as a combustion fuel
directly [17] but is most likely to be considered as an engine fuel in the
form of blend with a standard fuel; however, in its pure form it is
immiscible with diesel and has a much higher viscosity. There are
studies examining upgraded products of glycerol: glycerol carbonate;
solketal and; triacetin, to use in fuel blends [18-22] to bring the vis-
cosity within diesel range and to improve their miscibility with diesel. In
previous studies examining glycerol as a fuel additive, the glycerol was
utilized by forming diesel (or biodiesel) and glycerol emulsions.

In Sidhu et al. [23] CI engine trials with diesel-biodiesel blends and
glycerin emulsions, using biodiesel and glycerin produced from a
laboratory-scale biodiesel production, with glycerin purification, were
examined. Emulsions were produced using a high-shear force blender
and a surfactant mixture of Span 80 and Tween 80 with hydrophilic-
lipophilic balance (HLB) of 6.4. Viscosity measurements shown that by
using glycerol in the form of an emulsion the issue of its very high vis-
cosity can be avoided. NOx emissions increased with increasing the
biodiesel percentage in the blends but reduced with the increase in the
percentage of glycerin in the emulsions. The largest reduction in NOx
was observed at the highest engine load tested, with the average NOx of
the biodiesel 10% glycerin emulsion being 18% lower than that of pure
biodiesel and more than 10% lower than pure diesel. A decrease was
seen in the “smoke” levels (measured with a SMART 2000 opacity
meter) with the addition of glycerin. The biodiesel 10% glycerin emul-
sion reduced the observed smoke by 53% compared with the pure bio-
diesel. Carbon monoxide and total unburned hydrocarbon (THC)
declined with the increase in biodiesel but increased in the case of
glycerin emulsion. The pure biodiesel emitted 16% lower CO than the
pure diesel and there was no change in the CO emissions with up to
biodiesel 5% glycerin emulsion. Pure biodiesel emitted 40% lower THC
than pure diesel; biodiesel 5% glycerin emitted 10% lower THC than
pure diesel.

Eaton et al. [24] conducted engine trials with diesel/glycerol emul-
sions. Based upon the stability tests conducted, a 10 vol% and a 20 vol%
diesel/glycerol emulsion was prepared using a surfactant mixture of
Span 80 and Tween 80 (HLB = 6) at a concentration of 1 vol%. The
emulsions were made using an ultrasonic homogeniser with the earliest
complete emulsion separation occurring after 42 h. Combustion testing
was conducted in a naturally aspirated engine at 900 rpm with no
adjustment to combustion phasing. A nominal combustion delay was
observed with the emulsions which was accounted for by the lower
cetane rating compared to the pure diesel. The emulsions increased
thermal efficiency at the high engine loads with reductions in NOx and
PM emissions of 5-15 and 25-50%, respectively. PM reductions were
most pronounced at high load, where fuel-rich zones become prevalent
in the cylinder. At the lower loads the PM emissions were equivalent for
all fuels. CO and THC were prevalent during low-load operation with CO
emissions elevated for glycerol fuels at low engine loads.

McNeal et al. [25] conducted trials of pure glycerol in a CI engine,
the work concluded that a heated intake of 90 °C is required to promote
ignition inside the combustion chamber, due to glycerol’s high ignition
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energy. The engine also emitted higher quantities of CO due to incom-
plete combustion, resulting in a lower engine efficiency. Whilst there are
some indications diesel/glycerol emulsions may have positive effects,
there is a lack of work examining their combustion in a CI engine and
their emissions, especially the size distribution of the PM and the in-
cylinder soot production.

This study aims to explore the combustion characteristics of a diesel/
glycerol emulsion in compression ignition conditions. Analysis is con-
ducted using; an instrumented engine fitted with an emissions analyzer
and a differential mobility spectrometer, an optically accessible
compression ignition combustion chamber (OACIC) for in-cylinder soot
formation examination and; a chemical kinetic study using Chemkin to
examine effect of glycerol addition on soot precursors.

The work stems from the hypothesis that glycerol could be used as an
oxygenated fuel additive to reduce soot, that it is low cost, environ-
mentally benign and finds a use for the over-supply of glycerol from
biodiesel production and reduces soot. The authors do not consider the
development of diesel/glycerol emulsions as a drop in fuel to replace
diesel fuel in light and medium duty vehicles but as an on board, in situ
method to introduce an additive that reduces soot and PM under certain
conditions for heavy duty, large CI engines; thus reducing the loading on
the DPF or maybe introducing soot and PM that is useful for a DPF
regeneration cycle. To truly represent the glycerol produced as a
byproduct from the biodiesel industry, crude glycerol, containing a
mixture of glycerol, water, salt and methanol should be used, or at a
minimum, a moderately processed crude glycerol (glycerin). The use of
crude glycerol would impact the combustion, emissions and engine
components. i.e higher levels of corrosion. At this initial stage of testing
of the hypothesis, the main goal was to examine the efficacy of glycerol
(alone) as a fuel additive; its impact on soot and an attempt to use a basic
chemical kinetic study to support some of the observations, therefore,
refined glycerol was used, to remove the impact of other components
that would be present in real crude glycerol.

2. Methods
2.1. Fuels

Glycerol is immiscible with diesel, hence diesel/glycerol emulsions
were prepared using a mixture of the surfactants Span 80 and Tween 80
with a lipophilic-hydrophilic balance of HLB = 6.4, as suggested by
Sidhu [23]. A 15 w% glycerol emulsion (G15 hereafter) with a surfactant
fraction of 1.14 w% was produced. An EN 590 reference diesel (Coryton
Fuels) was used for the emulsion diesel fuel and as the baseline fuel for
comparison, DRef hereafter. The relevant fuel properties are shown in
Table 1. The glycerol used was food grade, 99% pure (Sigma Aldrich,
CAS-56-81-5).

Due to the design and operation of the common rail injection system
installed on the engine there is a very high fuel flow rate to high pressure

Table 1

Reference diesel and glycerol properties.
Property Ref Diesel Glycerol
chemical formula C11-14Haz 28 ° C3HgO3
oxygen ratio” [%] 0 30
specific gravity [g/ml] 0.823" 1.26°
kinematic viscosity [cSt] 2.53° 270¢
lower heating value [MJ/kg] 43.3" 1_6.06“
cetane number 60.4" 5'
initial boiling point [°C] 212° 290°¢
flash point [°C] 90.5" 177¢

2 reference diesel analysis, supplied with fuel,

b Described in [61,

¢ glycerol data sheet, supplied from manufacturer,
4 measured,

¢ from Sidhu [23],

f from Setyawan [26]
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pump, the common rail and the injectors that is unused and returned to
the tank, via a water cooled heat exchanger. Hence the fuel in the tank is
subject to continuous, very high shear mixing in the engine’s fuel sys-
tem. For engine testing, approx. 12 liters of fuel was required. The
emulsion was made by first mixing the diesel, glycerol and surfactant in
approx 4 liter batches using a magnetic stirrer. Ultrasonic mixing of
these larger volumes was not possible due to the limited size of the ul-
trasonic mixer available. This initial emulsion was then added to the
engine fuel tank where the final emulsification was done by the fuel
circulating, high shear mixing fuel system. Samples of the emulsion were
taken for stability and viscosity measurements.

For the OACIC testing, no such fuel return flow is present in the
system due to the difference in the high pressure injection system used.
The OACIC required approx. 300 ml of emulsion for a complete test. The
emulsion for the OACIC testing was produced with ultrasound [27]
using a Hielscher UP200Ht for a period of 5 min at a rate of 200 W. To
ensure that emulsions for engine and OACIC were comparable, the two
emulsions were initially compared visually and their viscosity’s were
measured; visually the emulsions looked identical and the measured
viscosity for each emulsion was also the same, hence the emulsions were
determined to be very similar for each test. The stability was assessed by
placing a small volume of the emulsion in a 10 ml measuring cylinder.
Both emulsions exhibited similar stability, with the emulsion starting to
break after approx 30 min. This was much shorter time than that
experienced in the works by Sidhu and Eaton [23,24] but long enough
for the test in the OACIC to be conducted. Separation was not a problem
in the engine test due to the continual mixing. This difference is most
likely due to the reference diesel used in this study.

The oxygen ratio is chosen in order to compare different oxygenated
fuels regarding their oxygen content, introduced by Mueller et al. [6]. Q¢
represents the percentage of oxygen required for complete combustion
that is already supplied by the oxygen bound in the fuel and is defined as
the ratio between the oxygen present in the fuel and the amount of
oxygen needed to convert all the carbon and hydrogen in the fuel into
carbon dioxide and water (Eq. 1). Unlike the oxygen weight or molar
percentage, this parameter takes the fuel composition into account as
hydrogen and carbon demand oxygen differently.

no

- 0 1
2nc + 0.5ny M

&
The glycerol content was selected with regard to the properties of bio-
diesel which has an oxygen ratio of approximately Q = 3.7%. The G15
features a heating value and an oxygen ratio comparable to a 70%
biodiesel diesel blend. The glycerol concentration was also chosen with
consideration to functional combustion conditions given then ignition
character of glycerol. Table 2 shows the composition of the fuels used,
Table 3 shows some important properties of the fuels.

Table 2

Fuel composition.
Component DRef G15
Reference Diesel [w%] 100 84.60
Glycerol [w%] 0 14.2
Surfactant Mixture [w%)] 0 1.14

Table 3

Fuel properties.
Property DRef G15
specific gravity [g/ml] 0.823° 0.867"
kinematic viscosity [cSt] 2.534° 3.55°
lower heating value [MJ/kg] 43.33° 39.40°
oxygen ratio d [%] 0 2.46
@ Supplied
b estimated
¢ measured
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2.2. Test engine and instrumentation

The engine used for experimentation was a 6 cylinder, 3.2 liter
Mercedes OM613, detailed in [28,12]. The engine gaseous emissions
were measured with a Horiba Mexa and the particulate was measured
with a Cambuston DMS 500. The engine was operated at a fixed speed of
1800 rpm and 5 loads, specified by the brake torque: 20, 50, 80, 110 and
140 Nm (140 Nm is 35% of maximum torque of the engine, limited by
the dynamometer at this speed). The engine is fitted with a variable vane
turbocharger which was set at minimum boost for these experiments to
maintain intake pressure at atmospheric pressure. Fuel injection pres-
sure was maintained at 650 bar with one single injection. The injection
timing for each condition and fuel was changed so as to maintain a 50%
cumulative heat release (CA50) at 1 crank angle degree (CAD) after top
dead center. This application of constant combustion phasing differs
from previous works [24,23,29] where fixed SOI has been used. This
combustion phasing is quite early and would not be practical for an
engine in real world operation; it was chosen as a balance between the
measured PM, NOx and CO; the CO level was very high at lower loads
when using the G15.

2.3. The OACIC

Details of the OACIC and measuring techniques are reported in
previous works [30]. The OACIC is based on a single cylinder CI engine,
with the head redesigned to provide line-of-sight optical access of 50
mm in diameter, see Fig. 1 and Table 4. The OACIC is driven by an
electrical motor running at a constant speed of 500 rpm. The intake air is
compressed by a Roots compressor and heated by an electrical heater.
The intake pressure and temperature are controlled according to a
calculated set point.

The thermodynamic conditions in the OACIC were chosen such that
the ambient gas density at TDC was constant for all conditions by
varying the inlet air temperature and pressure. The thermodynamic
conditions were calculated based on a first law model together with
ideal gas law including the effect of heat transfer. This allowed the
ambient gas conditions to be determined; the ambient gas refers to the
trapped air mass that is in the chamber at the start of injection i.e. is
ambient to the fuel spray. Based on a first law model, the inlet tem-
peratures and pressures needed to get a varying ambient gas tempera-
ture for a constant density of ~16.7 kg/m°, were found. Table 5 shows
the thermodynamic state of the three conditions (Cond.1, Cond.2 and

—
In-cylinder pressure transducer
5 Inject
Air intake/Exhaust HJ]C or
Ii=
1.4
z ™~ Chamber volume
4
3
3 Piston
8 A=
N

Fig. 1. The OACIC.
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Table 4
Specifications of the OACIC.

Engine type 4-stroke, single-cylinder,
indirect injection

Bore/Stroke 130 mm/140 mm

Displaced volume 1.85L

Compression ratio 15.9

Injector Bosch CR second generation

Injector nozzle Single hole,
DSLA124P1659
62° central axis

Hole diameter 0.12 mm

Injection pressure 1000 bar

Injection duration 4.48 ms

Injection timing 2.7° before TDC

Table 5
Thermodynamic conditions used in the OACIC.
Cond.1 Cond.2 Cond.3

P Inlet [bar] 1.242 1.406 1.550
T Inlet[K] 328 365.5 408
P TDC [bar] 38.62 41.67 44.63
T TDC [K] 808.0 871.9 933.7
p TDC[kg/m°%] 16.65 16.65 16.65

Cond.3) used in this study.

Fuel was injected at 1000 bar, with the start of injection 4 CAD bTDC,
which resulted in ignition occurring around TDC for the Cond.1 and at 2
CAD bTDC for Cond.3. The injection duration was 4 ms (12 CAD) which
resulted in a steady spray flame being captured. For each fuel and
condition, 30 injections, split into three runs of 10 injections each were
recorded. A skip-fire mode with 10 non-combustion cycles was used to
avoid influence from previous cycle residual gases.

The injected fuel mass and the injected energy was not constant
when varying the fuel. To ensure that differences in soot behaviour was
not caused by considerable differences in injected energy, the fuel mass
injected (for 1000 injections) for each fuel was measured to determine
the difference in injected energy. The difference in energy injected for
the G15 compared to the reference diesel is —2.9%.

2.4. Optical diagnostics

2.4.1. Diffuse back-illuminated extinction imaging

In-flame soot is determined using diffuse back-illuminated extinction
imaging (DBIEI). The technique is based on the principle of light
extinction where incident light is absorbed or scattered by particles in
the optical path. The resulting transmitted light intensity is therefore
lower than the incident light intensity, where transmittance is defined as
the ratio between transmitted and incident light intensity. The tech-
nique is defined by Beer-Lambert Law, Eq. 2.

0

- } - exp< - /L k(x)dx) — exp(— KL) @)

where 7 is the transmittance, I; is transmitted light intensity, I, is inci-
dent light intensity, L is the path length through the soot particle cloud
and K is the path averaged dimensional extinction coefficient; KL is the
optical depth. Using optical and physical properties of soot, the soot
volume fraction, the volume of soot and the soot mass can be deter-
mined; full details of this calculation are included in [30] but briefly
described here. Soot volume fraction is given by Eq. 3.

K

. 3

f

where f, is the soot volume fraction, 4 is the wavelength of the light and
k. is the dimensionless extinction coefficient. K is calculated from the
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light extinction measurement and the path length L.k, is given as k., =
67E(m)(1 + as), where E(m) is the imaginary part of the refractive
index function (m is the complex refractive index of soot) and a, is the
scattering-to-absorption ratio for the soot measured. For diesel com-
bustion, a5, is often assumed to be zero. The Engine Combustion
Network (ECN) recommends k. = 7.2 for light extinction measurements
of soot in the wavelength of 628 nm. The recommendation is valid for a
diesel-like spray combustion during the quasi-steady period. The esti-
mated uncertainty of k. is £20%. Based on Eq. 3, the volume of soot can
be calculated by knowing the total measured volume. Since the mea-
surement is performed using a CMOS sensor, KL is measured by a grid of
pixels, each having a projected pixel area AA,,. The projected pixel area
times the optical path length through the soot cloud results in the total
volume LAA,. Multiplying the total volume with the soot volume
fraction, yields the soot volume, where the soot mass (M) can be
calculated from knowing the density of soot (py,,)-

A-KL
Moot = pmmk— AAm’ (4)

The density of soot varies within the flame, where nascent soot is lighter
than mature soot, Choi et al. [31] measured the density to be close to 1.8
g/cm? which has been used in this study.

2.4.2. Optical setup

The DBIEI optical setup is shown in Fig. 3 and described in more
detail, along with the techniques used in [32,30]. The light source was a
pulsed, red light-emitting diode (LED). The LED was pulsed with a
duration of 1.3 ys. The light from the LED was collimated via a focusing
lens on to a large engineered diffuser (diameter of 100 mm) with a
spreading angle of 15°. Beam steering effects related to the spatial and
angular light intensity distribution from the engineered diffuser are
addressed in [32] for the current setup.

The incident (Ip) and the transmitted light intensity distribution (I;)
were measured using a Photron FASTCAM SAS high speed camera fitted
with a Nikkor 50 mm f/1.2 and a 500D close-up lens, a narrow bandpass
filter (centered at 630 nm with 10 nm FWHM) and neutral density filters
operated at a rate of 100,000 frames per second (fps), with an exposure
duration of 1 us. Iy was measured with no flame present, i.e. a motored
cycle prior to the combustion cycle. During the combustion cycle, the
measurement of the backlight (I,) is strongly influenced by the flame
luminosity () as it is collecting the sum of the two, i.e. Iy = I; + I;.
Since it is the I, that is of interest, the flame part of the total radiation
intensity must be extracted from the recorded data. In this study, this
was achieved by measuring I only, using alternating frames with no LED
pulse. A detailed description of the technique can be found in Bjgrgen
et al. [32].

Random signal noise (none zero intensity level) is overlaying all
intensity signals and can not be distinguished from the real intensity. In
high-sooting conditions, the transmitted intensity I; is close to zero but
the noise can cause negative values for the measured transmitted in-
tensity. This effect is illustrated by the shaded area in Fig. 2, on the left
side and can occur for a nominal KL value greater than 3.1 with the
present setup. If the measured transmitted intensity is negative, a KL
value, i.e., a soot concentration can not be determined and the pixels are
assigned not-a-number (NaN) in Matlab. An example image is displayed
on the right side where KL cannot be calculated and there are dark spots
in the middle of the combustion plume, this is referred to as KL
saturation.

Instantaneous chemiluminescence from short-lived exited-state OH
(OH*) is indicative of high temperature and stoichiometric combustion
conditions in the flame [33]. A high speed measurement of the OH*
distribution gives a measure of when and where high temperature
combustion starts, and the instantaneous flame lift-off length (FLOL).
The latter is closely related to in-flame soot formation [33]. The OH*
distribution was measured using a Lambert Instruments gated intensifier
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Fig. 3. Experimental optical arrangement around the OACIC.

(1125) fitted to a Photron FASTCAM SA-X2 with a spectral filter centered
at 310 nm (BW 10 nm) and a quartz 105 mm UV-Nikkor objective lens.
The measurement was synchronized to half the speed of the DBIEI
camera, i.e. 50 kfps, in order to match the light extinction measurement
frame rate. The same field of view as the DBIEI setup was captured by
using a dichoric mirror, reflecting light with shorter wavelength than
480 nm and transmitting longer wavelengths to the DBIEI measurement
setup.

2.5. Chemical kinetic analysis

To gain a kinetic understanding of glycerol as a soot mitigating
agent, a fundamental approach to elucidate diesel engine combustion, as
earlier implemented by Westbrook et al. [34], utilizing homogeneous
constant pressure ignition calculations, was conducted. Homogeneous
constant pressure reactor cases were run with both the fuels to observe
the evolution of soot precursors such as ethene (C2H4), ethyne (C2H2),
propene (C3H6) and propyne (PC3H4) during the combustion process
and the concentrations of these species long after the ignition event.
During simulations, n-heptane was chosen to represent diesel as a sur-
rogate fuel and for cases with glycerol, 15 w% glycerol is added to the
n-heptane, similar to the experiments. The soot precursor concentra-
tions were analyzed comparatively for cases with and without glycerol.
The hypothesis behind this approach is to simulate the chemical pro-
cesses leading to ignition, starting from the point where the gas phase

reactions start after the evaporation and mixing of fuel and air, and then
observe the suite of species which then promote soot inception. The soot
precursors were outlined by Westbrook et al. [34] and were originally
identified from Frenklach and Wang [35]. The condition at which the
simulations were conducted are representative of TDC conditions in
OACIC, i.e 40 bar, 770 K, and equivalence ratio of 4 (typical value at
flame lift off length [30]). The mechanism used for the study is gener-
ated by merging the glycerol mechanism from Hemings et al. [36] and
with n-heptane mechanism from Curran et al. [37].

3. Results and discussion
3.1. Engine results

The mean in-cylinder pressure for a minimum of 30 combustion
cycles is illustrated in Fig. 4, which shows in-cylinder pressure along
with the apparent heat release rate (AHRR) vs. CAD. The solid vertical
lines show the start of injection (SOI) for the two fuels. The heat release
rate is calculated based on the engine’s geometric specifications and a
constant ratio of the specific heats of y = 1.28. At high engine loads, due
to the CA50 timing chosen, the initial heat release advances beyond
what would usually be accepted in the operation of an engine (noise and
efficiency standpoint) but this does not affect the comparison analysis
made between the fuels. The G15 fuel is injected earlier at the lower
loads. As the load is increased, G15 injection time approaches the DRef
injection time; at the highest load, the G15 is actually injected slightly
after the DRef. Also with increasing the load, the G15 fueling resulted in
a retarded initial heat release, but a fast heat release (steeper pressure
rise). As previous works examining glycerol emulsions in engines did not
apply any combustion phasing adjustment [23,24] there is no direct
comparison to be made to previous works. Yang et al. [38], when using
an emulsion containing some glycerin, observed a later heat release
(increased ignition delay) and higher heat release rate when a constant
SOI was applied.

This result is highlighted in Fig. 5 which shows the time (in CAD)
between the start of injection (SOI) and the CAD of 10% cumulative
release (CA10, the ignition delay) and the CAD of 50% cumulative
release (CA50). This shows that as the load increases, the ignition delay
decreases for both fuels, due to the higher temperatures present, and
with increasing load the time to CA50 increases with DRef, which is to
be expected as the volume of fuel injected is increasing but this time to
CAS50 for the G15 reduces, signifying the burn rate of the G15 increases
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are the SOL

with the increase in load (and therefore temperature). This could be due
to the longer ignition delay present with G15, hence longer mixing time
available, hence large pre-mixed burn fraction with higher AHRR. This
result is thought to be due to the lower volatility and lower cetane
number of the glycerol.

As shown in Fig. 6, there was no significant impact on the brake
thermal efficiency (BTE), with absolute deviations being less than 0.8%
across all conditions. Improved brake thermal efficiency of 2% as

reported by Sidhu [23] could not be confirmed. The previously detected
improvement is assumed to be caused by differences in combustion
timing which was not adjusted.

The main difference in engine related measurements between the
fuels was the observed CO, THC (see Fig. 7) and the PM emissions. The
G15 increased both CO and THC, which matches the behaviour that is
observed in previous studies [24,23]. There was twice as much CO
emission at the lowest load but the ratio between CO emitted between
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Fig. 6. Engine break thermal efficiency with engine load for DRef and G15.

the fuels decreased with increasing load. The increase in these emissions
associated with incomplete combustion is attributed to the low reac-
tivity of glycerol, which has a more profound impact at the lower load
conditions where temperatures during the combustion were lower.

The PM size distribution, Fig. 8, includes a very narrow, large peak in
the diameter range of 5 to 10 nm for the G15 which is 2 orders of
magnitude larger than the number of particles detected in this range for
the DRef. No such peak was observed with DRef. The height of this G15
peak increases with engine load, Fig. 8a.

Further investigation of the PM was conducted. PM was sampled
onto glass fibre filters at the same location in the exhaust as the DMS was
installed with the engine operating at 50 Nm load. The DRef soot
collected on the filter was the usual black colour associated with soot,
whilst the G15 sample was a mixture of black and brown. This was an
early, visual indication that the G15 PM contained a larger fraction of
non-soot particles. Both samples were subjected to a thermogravimetric
analysis (TGA). The samples were prepared in such a way that the
sample placed in the TGA also included some of the glass fiber filter,

TGA results are shown in Fig. 9 with the weight normalized to the initial
value.

The samples were initially heated under an inert atmosphere
(devolatilisation), followed by a cool-down phase, then heated in an
oxidant atmosphere (oxidation), full details in the works by Emberson
et al. and Rodriguez-Fernandez et al. [28,39]. The largest weight frac-
tion of the sample were glass fibres, which were found to have a weight
loss of less than 2% during the thermogravimetric analysis. During
devolatilisation, the DRef and the G15 samples lost similar mass until
the temperature reaches 100°C, likely caused by moisture evaporation.
During devolatilisation the G15 sample mass decreased faster than the
DRef sample, leading to a difference in mass loss during the stationary
phase at 550°C. This is indicative of a higher semi-volatile (SVOC)
organic content in the G15 sample. As the sample loaded into the TGA
contains both soot and glass fibre filter and the ratio of soot to filter in
each sample is unknown, the mass difference at the end of the devola-
tilisation phase cannot be used as an indicator of the total difference in
SVOC. With the oxidant atmosphere the G15 sample lost mass faster,
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meaning the soot present oxidised at a faster rate than the DRef soot,
suggesting it is more reactive.

To compare the samples regarding their SVOC, the ratio between the
devolatilisation percentage mass loss (100°C to 550°C) and oxidation
percentage mass loss was determined and shown in Table 6.

The higher value for G15 is interpreted as a larger semi-volatile to
soot ratio. The large peak of small diameter particles observed in the
DMS (Fig. 8a) for G15 is likely to be SVOC nucleation mode particles
caused by condensing SVOCs. Another hypothesis is that the small
particles may be a result of impurities in the glycerol (technically
speaking glycerin), resulting in the glycerol having a higher ash content
which would produce a large ash nucleation mode in the same size
range. An elemental analysis of the soot and/or glycerin would be the
only way to distinguish this and is recommended as further work. In the
work [17] crude glycerol was utilised as a boiler fuel with considerable
PM emission observed, where the small amount of soluble catalyst left
from production was assumed to be responsible. The increase in height
of the peak, i.e the increase in the number of the small particles observed
with engine load, indicates that the higher temperatures present during
combustion do not reduce the number but increase with increasing fuel
mass injected. This supports that the higher volume of glycerol being
injected at higher loads increases the amount of SVOC through incom-
plete combustion due to low volatility. If the particles are not
condensing SVOCs but small solid soot particles, they are especially
harmful due to their penetration ability [40].

By changing the scale of the y-axis (number of particles) of the DMS
plot, Fig. 8b the particle numbers in the larger, accumulation mode can
be compared. The small particle peak and the accumulation count for
G15 are separated, with few particles detected between them. This is
highly indicative that the peaks are from a different origin. G15 emits a
much smaller number of particles with diameters greater than 25 nm,
with a significant drop in the number of particles at around 60 nm. This
results in a very different size profile of the accumulation mode G15
compared to the DRef. The reduction in 60 nm PM is largest at low
engine loads. The number of particles with diameters greater than 25 nm
is reduced by 61% at 20 Nm, by 56% at 80 Nm, and by 11% at 140 Nm.
Examining the DMS results, the soot filters and the TGA results shows
the G15 has drastically changed the exhaust out PM in quantity, char-
acter and size profile. This is most definitely a result of the oxygen
content, the low reactivity, lower volatility and the physical fluid
properties of the glycerol in the G15.

Brake specific CO and PM emissions are highest at the lowest load
condition and decrease with increasing engine torque. Comparing the
emissions for each condition, the diesel/glycerol emulsion yields a
reduction in PM while increasing CO emissions. While the PMgp- 25:m
reduction is most effective at low load conditions, the CO increase is
likewise. This trade-off is thought to be due to glycerol’s low reactivity.
As the engine torque is increased and temperatures during combustion
increase, the lower reactivity of the glycerol has less of an impact on CO
formation. The higher temperatures during the higher torque conditions
will also lead to higher rates of soot oxidation in the combustion
chamber. If glycerol is reducing soot through its oxygen content, this
would be expected to be most evident at the lowest loads where later
cycle soot oxidation will be lower. The increase of CO emissions of
around 20% at the higher load conditions may be regarded as a minor
concern as the absolute value of CO concentrations is very low. In
contrast, the increase in CO concentration at the low load condition is
critical as the CO concentration is much higher, hence the large
PMgp-~25nm reduction has to be put into perspective to the significant CO

Table 6
TGA ratios.
Parameter DRef G15
AWinert,100-500° 3.05% 3.73%
e EE— =0.56 =0.79
AWosxidation 5.41% 4.7%
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increase.

3.2. OACIC results

The ignition delay time (IDT) in the OACIC was determined from the
time between the initial OH* emission and SOI. SOI was determined
from the DBIEI to remove trigger and hydraulic injection delay from the
measured IDT. Fig. 10 shows the ignition delay time for both fuels. The
error bars represent the 95% confidence interval of the true mean. The
ignition delay of G15 was longer than DRef’s for all conditions, and the
difference did not decrease with rising ambient temperature. This sup-
ports the ignition delay times observed in the engine (Fig. 5) where the
G15 exhibit longer delay (time to CA10) which did not reduce with
increasing temperature (i.e increasing engine load, hence higher tem-
peratures in the combustion chamber, even during injection) apart from
at the highest engine load (140 Nm). Whilst the spray, fuel volume
injected, and the mixing (due to the engine piston bowl squish zone) is
very different in the engine to the chamber, where there is no spray wall
interaction, the fuel trend remains. This increased ignition delay time is
a consequence of the glycerol high flash point, boiling point and auto
igniting temperature.

Ignition delay indicates the time available for fuel and air mixing
prior to the premixed combustion phase; the flame lift-off length (FLOL)
is an indicator of fuel and air mixing during the mixing-controlled
combustion phase. To analyse the behaviour during the mixing-
controlled combustion period, the instantaneous FLOL was determined
from the integrated OH* intensity in each pixel column. The integrated
intensity is calculated in an area close to the centre-line as represented
by two white lines in Fig. 11. The instantaneous flame lift-off length is
then determined passing a threshold of 0.13 (Fig. 11).

As the slope of cross-sectional integrated OH* intensity is similar for
both fuels, the threshold value had little impact on the differences be-
tween the fuels. Fig. 12 shows the temporal FLOL averaged over all in-
jections with the coloured shade indicating the 95% confidence interval.
After ignition and the premixed period, the FLOL stabilises at a constant
level before the end of the injection period. Whilst the fuel sprays ignite
downstream of the stable level for Condition 1, they ignite slightly up-
stream at Condition 3. Increasing ambient temperature results in a
decrease of the FLOL for both fuels with differences in FLOL between the
fuels becoming very small. Compared to the DRef, the G15 has a 2.5 mm
longer FLOL at the low temperature condition, whereas at the high
temperature condition both fuels show a very similar FLOL. Based on
this FLOL interpretation, the quasi-steady period is identified, beginning
at 2.5 ms and ending at 3.8 ms after SOI.

Pickett et al. [41] showed that the ignition quality of a fuel affects
lift-off length. In the case of fuels with a big difference in cetane number,
fuels with shorter ignition delays generally produced shorter lift-off
lengths. However, fuels with a small difference in cetane number and/
or containing oxygen do not necessarily show the same trend, as shown
by Park et al. and Manin et al. [7,5]; it may be different depending on
fuel properties resulting from the components of fuel blends, mixture
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Fig. 10. Ignition delay times for each fuel at each condition.
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ratios or injection velocities. The similarity in the FLOL at Cond.2 and
Cond.3 for the two fuels suggest similar upstream mixing is available for
both fuels.

The DBI, light extinction measurements are divided into a pre-mixed
and quasi-steady phases as the tip of the combustion plume travels
outside of the observable area of the OACIC, thus the peak KL value from
the total soot in the spray flame may not be determined. As the evalu-
ation of the total soot mass formed was not possible, the soot behaviour
is assessed as a spatial soot gradient (SSG) during the quasi-steady
combustion period at a fixed distance either from the injector or the
FLOL position. A similar technique was previously used by the authors in
[30], assuming that the speed of the combustion plume is similar for all
fuels, the SSG is an indicative parameter of the soot formation in the

flame. To determine the SSG, KL is integrated in each pixel column and
plotted over the distance from the injector nozzle. Fig. 13 illustrates the
average over all 30 injections of this cross-sectional integrated value as a
solid line with the shaded area representing the 95% confidence interval
for each fuel. Describing the plot from the injector nozzle on-wards, the
initial increase in KL is the light extinction caused by the spray liquid
fuel core, which is increasing in the beginning because of the divergence
of the spray and decreasing further downstream due to fuel evaporation.
It is evident that the G15 has a larger KL spray value at Cond.1 and
projects slightly further from the injector tip than the DRef, with the
difference reducing at Cond.2 and, by Cond.3 the difference has almost
disappeared. This is a direct influence of the higher boiling point of the
glycerol present in the G15. Progressing away from the injector tip
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Fig. 13. Integrated KL per pixel column (solid line) and number of saturated KL values per pixel column (dashed line) during the quasi-steady phase for condition 2,
with the star representing the FLOL and the vertical line showing 19 mm after FLOL.
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results in a reduction in the KL after the spray liquid fuel core peak, with
a minimum, that is also positioned further from the tip for G15 at
Cond.1, less so at Cond.2 and at the same position for Cond.3. The in-
crease after the minimum indicates the increasing soot concentration
with increasing distance from the injector nozzle. KL saturation occurs,
which is indicated by the dashed line that illustrates the number of KL
saturated pixels per column. DRef and the G15 at Cond.3 are not reliable
after 32 mm from injector nozzle. The drop in the cross-sectional inte-
grated KL at the end is caused by the circular chamber wall reducing the
observable area.

With rising temperatures, soot is observed closer to the injector and
the spatial gradient increases for both fuels. For all conditions the DRef
has the biggest increase. A single value metric, the spatial soot gradient
(SSG) is the maximum increase of soot mass between the FLOL and 19
mm after the FLOL (19 mm chosen to remove erroneous data due to KL
saturation).

By relating the SSG to the FLOL instead of the injector nozzle, the
variation of the flame location is taken into account. In Fig. 13 the FLOL
is marked with a star and the location of 19 mm after the FLOL is
indicated by the vertical line. The change of soot mass is calculated over
Ax = 1.63 mm, in order to smooth out large pixel to pixel fluctuation
(see Eq. 5).

M0 (X) = Mypor (X — Ax))

SSG = max< Ax

6))

Fig. 14 shows the averaged KL image over the quasi-steady period
with the SSG being displayed at the bottom. Pixels with KL saturation
are omitted in the construction of the averaged image.

Fig. 15 shows the SSG plotted against the FLOL. The bars represent
the 95% confidence interval of each quantity. For both fuels, the SSG
increases with shorter FLOL. A more significant difference between the
G15 and the DRef is observed at Cond.1. The G15 has an increased flame
lift-off length and a significantly lower SSG. The decrease in SSG is
consistent over all conditions, although the differences in FLOL decrease
with rising ambient gas temperatures. This indicates that the soot
reduction effect of the glycerol is not only physically (mixing) driven as
even when the FLOL are similar at Cond.3, the G15 SSG is smaller.

For G15 at Cond.2and Cond.3, the FLOL is similar to the DREf at
Cond.1 and Cond.2. The SSG for the two fuels is similar when the FLOL
for each fuel is similar, however the ambient gas temperature and
pressure and not the same. The higher temperature, Cond.3-G15 and
lower temperature, Cond.2-DRef have similar SSG and FLOL. The
Cond.3-G15 is producing less soot (lower SSG) likely to be caused by the
oxygen content of the glycerol.

The relationship between the OACIC conditions and the engine are
not straight forward. The in-flame soot for the G15 can be summarized
as being lower than the DRef. The engine out soot, i.e particles measured
in the DMS above 10 nm, was reduced with the G15 as well. So the
OACIC and engine results are supportive of each other in terms of the
soot. The very large sub 10 nm peak seen with G15 in the DMS results, if
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mainly an effect of low fuel volatility, would be expected to be observed
in increased liquid length; this does in fact occur at Cond.1, less so at
Cond.2 and not at all in Cond.3. Volatility effects on FLOL are difficult to
fully distinguish due to other ignition effects on FLOL but it is likely
partially the reason for the longer FLOL of the G15 at Cond.1.

3.3. Chemical kinetic results

The combustion chemistry of glycerol has not been studied in great
detail; some aspects of its oxidation and pyrolysis were investigated by
Hemings et al. [36], Fantozzi et al. [42] and Yuan et al. [43]. The initial
steps of soot formation during the combustion process is the production
of soot precursors and inline with the hypothesis of this study, glycerol
addition to diesel should also exhibit a reduction in their concentration.
To this end, zero dimensional constrained pressure ignition calculations
with and without glycerol addition to n-heptane, which is chosen to
represent diesel fuel in kinetic simulations, were conducted. In here,
n-heptane is not meant to represent EN590 rather a general diesel like
fuel with high reactivity. There are several studies which have identified
these precursors as C2H2, C2H4, PC3H4, C3H6 and have explained in
detail how they lead to the eventual inception of soot particles
[44,45,35,45]. In addition to these precursors, we have also analyzed
the concentrations of CO and CO2 as they were measured during the
experiments and are an indicator of progress of the combustion process.

It must be made clear that the chemical kinetic analysis presented in
this study is not meant to replace detailed reactive flow analysis
considering fuel volatility and diffusion effects, rather it is provided to
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Fig. 14. Averaged KL plots during the quasi-steady period with the bottom value indicating the soot gradient between the white lines.
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Fig. 16. Results from chemical kinetic simulations (a) CO and CO2 concentrations with time, (b) soot precursor concentrations with time.

explain the effect of glycerol addition on gas phase chemistry. For the
initial conditions of simulation, both the mixtures exhibit an onset of
ignition at the same time (0.7 ms) and attain roughly the same final
temperature. Since the simulations were at such rich conditions, the
burnt gases final temperature is much below the adiabatic flame tem-
perature. The concentrations of CO and CO2 emanating from these cases
are shown in Fig. 16.a, where the concentration of CO emission is higher
in the cases with glycerol present in the fuel, which is consistent with
experimental observation shown in Fig. 7. The higher presence of CO
indicates towards incomplete combustion due to lower Cetane number
or higher octane number of glycerol. This observation is supported by
the presence of higher total unburned hydrocarbon concentration in the
case of diesel/glycerol emulsion in Fig. 7.

The concentration of soot precursors was also observed during the
ignition process and is presented in Fig. 16.b. The species presented in
Fig. 16.b are ethene (C2H4), ethyne (C2H2), propyne (PC3H4) and
propene (C3H6). These species are shown to be critical to PAH growth
and hence contribute significantly towards soot inception. Among these
species ethyne is known to be highest contributor towards soot growth
[44,45,35,45]. In Fig. 16.b shows the evolution of the species starting
with the onset of ignition and peaking shortly after the ignition event.
The concentration of these species then reduces slowly with time. The
concentrations at the end of the simulation time are taken as the final
concentration of these precursors. The results of the simulations indicate
that the reduction in concentration of C2H2 and C2H4 is due to the
glycerol addition to diesel, however the concentration of C3H6 and
PC3H4 were not significantly affected. As earlier explained by West-
brook et al. [34] the oxygenated additives reduce soot by introducing
species containing carbon atoms bonded to oxygen atom into the system
which do not contribute to PAH chemistry and secondly they also
introduce additional oxygen atoms which increase the oxidation of
species pool including the soot precursors.

4. Conclusions and summary

This study explores the combustion of diesel and a diesel/glycerol
emulsion in two compression ignition combustion systems with multiple
diagnostic techniques. Combustion feasibility in a six cylinder CI engine
was first conducted. This established that the diesel/glycerol emulsion
could be used as a fuel in the engine. Performance, cylinder pressure,
AHRR and emissions were observed at different loads at 1800 rpm with
combustion phasing so CA50 occurred at 1 CAD aTDC. The PM/soot was
measured and analyzed using a DMS 500 and TGA to gather under-
standing of size distribution. The fuels were also tested in an optically
accessible compression ignition combustion chamber to study in-flame
soot formation, lift-off length and ignition delay. Three ambient gas
conditions (Cond.1, Cond.2 and Cond.3) were used, with constant
density; increasing pressure and temperature. To further understand the
combustion, a fundamental chemical kinetic study of the diesel/glycerol
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emulsion, examining the effect of glycerol addition on soot precursor
formation was conducted. The collective observations from these studies
include:

Glycerol is not readily miscible with diesel and has to be used as
emulsion, a surfactant mixture of Span 80 and Tween 80, with
overall HLB of 6.4 was used, according to previous works. The
emulsion shown limited stability compared to previous works and
started to break after 30 min.

Emulsions made with ultrasound and the engine fuel mixing were
comparable and very similar in visually appearance and viscosity.
Diesel/glycerol emulsion had longer ignition delay (time SOI to
CA10) but higher AHRR with increasing load (time SOI to CA50).

e There was no impact on the brake thermal efficiency with the diesel/
glycerol emulsion.

CO and THC were higher with diesel/glycerol emulsion but the dif-
ference became very small as the load, hence temperatures, were
increased.

Diesel/glycerol emitted a smaller number of particles with diameters
greater than 25 nm, with a significant drop in the number of particles
at 60 nm. The reduction in 60 nm PM is largest at low engine loads.
The number of particles with diameters greater than 25 nm is
reduced by 61% at 20 nm, by 56% at 80 Nm, and by 11% at 140 Nm.
A large peak of sub 10 nm particles, 2 orders of magnitude greater
than with diesel alone, is observed in the DMS results for diesel/
glycerol emulsion. This is hypothesised to be semi-volatile organic
compounds that have started to condense in the exhaust and DMS.
These SVOCs are present in the exhaust gas due to the low volatility
of the glycerol in the emulsion.

The larger fraction of SVOC in the exhaust is supported by the TGA
analysis of the soot collected on a filter which has a ratio between the
devolatilisation percentage mass loss (100°C to 550°C) and oxidation
percentage mass loss of 0.56 for diesel fuel and 0.79 for diesel/
glycerol emulsion, interpreted as a larger semi-volatile to soot ratio.
Ignition delay time, determined from the OH* flame emission, was
always longer for the diesel/glycerol emulsion at all conditions.
In-flame soot, as indexed by the spatial soot gradient (SSG) was al-
ways lower with the diesel/glycerol emulsion at all conditions.
Flame lift-off length decreased with increasing temperate and pres-
sure of the ambient gas whilst SSG increased. Flame lift-off length of
the diesel/glycerol was longer at the lower temperature condition.
e The concentration of known soot precursors, C2H2 and C2H4 was
reduced due to glycerol addition but the concentrations of C3H6 and
PC3H4 were not significantly affected.
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