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ARTICLE INFO ABSTRACT
Keywords: Overall ignition delay (IDgyer) recorded in Compression-Ignition engines (CIEs) is caused by physical and
Biodiesel chemical processes. Those processes lead to physical and chemical ignition delay times (IDphys and IDchem,

Chemical ignition delay
Physical ignition delay
Atomization
Evaporation

respectively). IDover could be understood as the sum of IDppys and IDchem, although some overlap could exist
between them. Knowledge on diesel and biodiesel ignition delay times is quite mature, however, the role of
physical and chemical processes on the times is not quite clear and this requires additional studies to further
examine these important processes. This paper investigates the contribution of physical and chemical processes
into IDppys, IDchem, and IDgyer of a wide-range of biodiesels and their blends with fossil-diesel in CIEs. IDoyer is
measured here using a cooperative-fuel-research engine and a 6-cylinder engine. A shocktube is used to measure
IDchem While physical processes including atomization and evaporation are experimentally examined. It is found
that size and distribution of drops derived from the atomization process of the fuels are somewhat similar while
the evaporation rate of biodiesels is much slower compared to that of diesel and this could cause their longer
IDphys. IDchem is characterised by chemical reactions that could be initiated at high temperature coefficient - HTC,
negative temperature coefficient - NTC or low temperature coefficient — LTC regimes. ID¢pem Of fuels tested under
HTC is identical while IDcheyy under NTC and LTC regimes is determined by the fuel molecular structure.
Compared to diesel, IDchem Of common biodiesels is shorter and this could be attributed to their faster rates of
reactions under NTC and LTG; their IDppys is longer and this is mainly due to their longer evaporation rate; but in
overall, their IDyye, is shorter.

pressure conditions [2]. Physical processes mainly comprise of pene-
tration, atomization, heating, vaporization, and mixing while chemical
processes include preliminary exothermic chemical reactions [4].

In auto-ignition engines, the chemical processes are the pre-major-
heat-releasing reactions leading to auto-ignition [5]. Generally, each
chemical reaction occurs when a sufficient amount of energy to break
the molecular bonds causing the reaction to take place, this energy is
well-known as activation energy. Auto-ignition event is kinetically
described by chemical reaction mechanism. Reactions could be occurred
under different mechanism such as thermal ignition, chain branching
reactions, oxidation of hydrogen and of carbon monoxide, and chain-
thermal interactions [6]. Thermal ignition involves chemistry without
chain branching and represents systems in which thermal feedback oc-
curs. In complex chemically reacting systems like heat engines, the
actual chemical mechanism consists of a large number of chain reactions
or simultaneous and independent reactions and steps [5]. In such chains,
the initiating reaction produces highly reactive intermediate species or

1. Introduction

Ignition delay (ID), known as the first phase of combustion process
occurring in compression ignition engines (CIEs), has crucially signifi-
cant effects on CIEs’ performance and pollutants. Controlling ID time
could be a clue to improve engine efficiency and to decrease fuel con-
sumption and exhaust emission [1]. For example, decreasing ID in an
engine was found to be an effective approach to reduce NOx in modern
CIEs [1]. Shorter ID of a fuel generally leads to longer combustion
duration and lower peak in-cylinder pressure [2,3]. In the ID period of
CIEs, the liquid undergoes complex physical and chemical processes
toward the auto-ignition event and as such ID is well-known as an in-
dicator of fuel auto-ignitability. The period is measured from the start of
fuel injection (SOI) to the auto-ignition event or start of combustion
(SOCQ). ID is attributed to physical and chemical processes which are
occurring simultaneously under complex in-cylinder temperature and
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Nomenclature
ID Ignition delay
IDphys  Physical ignition delay

IDehem ~ Chemical ignition delay

CIE Compression ignition engine

CR Compression ratio

CN Cetane number

SO1 Start of injection

SocC Start of combustion

HTC High temperature coefficient
NTC Negative temperature coefficient

LTC Low temperature coefficient
CFR Cooperative fuel research
DCA Degree of crank angle

IQT Ignition quality tester

BTDC Before top dead centre

FAME  Fatty acid methyl esters
OR Oxygen ratio

OFR Oxygen fuel ratio

AFR Air fuel ratio

A Air-fuel equivalence ratio
HRR Heat release rate

radicals. This is followed by propagation and termination reactions. In
those processes, there is a chain-branching reaction where the number of
radicals is sufficiently rapidly increased. The reactions and steps could
be occurred under high temperature coefficient — HTC, negative tem-
perature coefficient — NTC or low temperature coefficient — LTC regimes
[7-9]. HTC, NTC and LTC mechanisms are reported in details in [9]. The
reader could also be directed to ref. [5] for further details on the auto-
ignition chemistry terminologies (e.g. cool / hot flames, two-stage
ignition, single-state ignition, and so on).

Studies on overall ID (IDgyer) time in CIEs could be found in the
literature. Those studies could be classified into two groups: (i) exam-
ining the influence of isolated physical or chemical process (e.g. atom-
ization, evaporation, or reaction mechanism) on ID and (ii) directly
exploring ID,ye, in engines. Good reviews on ID of diesel and biodiesel in
engines are provided in refs [10-13]; a review on spray of biodiesels in
CI engines can be found in [14]; and the reader is directed to [15] for
information on biodiesel spray morphology, combustion and emission.
However, ignition delay is a very complex phenomenon and the roles of
physical and chemical processes on ID need to be further explored. This
is particularly true with the advent of alternative fuels like biodiesels
investigated in this current study. Our effort provided here aims to
investigate the impact of important physical and chemical processes
affecting the IDyyer Observed in CIEs fuelled with biodiesels having
different molecular structures (see Table 2) and their blends with fossil
diesel (D). This may link with current studies on chemical reaction ki-
netics (e.g. [9,16-18]), atomization (e.g. [14,19-21]), and evaporation
(e.g. [19,22,23]) in the current literature to provide better knowledge on
the influence of physical and chemical processes on ID of biodiesels and
their blends.

Although combined studies on IDyyer, physical and chemical ID are
quite limited, some notable reports can be found in the literature. In the
old days, ID in CIEs has been assumed to the sum of physical ID (IDppys)
and chemical ID (IDchem) [24,25], IDgver = IDphys + IDchem. Although
IDphys and IDeper are not consecutively occurring as there exist some
overlap between these two periods. The arbitrary separation between
IDphys and IDchem allows the chemical reaction kinetics to be distin-
guished from all the other factors that determine the physics of the fuel
injection process [2]. In this context, IDyys Was understood as the time
between the SOI (needle lift) and to the initial point where the mixture
fraction and in-cylinder temperature conditions are reached for chemi-
cal reactions to begin, then, the ID ey, period will take place.

Numerically, ID time (t) of a fuel can be computed using the well-
known Arrhenius correlation as shown in Equation (1) [26]:

E
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where, E,: activation energy; ¢: fuel-air equivalence ratio (¢ = 1/A,
where ) is air-fuel equivalence ratio); T and p: ambient temperature [K]
and pressure [bar], respectively; R: universal gas constant; m, k and A:

adjustable constants. Kinetically, m and A are normally determined as
the reaction order and pre-exponential factor, respectively.

In CIEs, Hardenberg and Hase [27] have developed a quite well-
known numerical correlation shown in Equation (2). The correlation is
based on fuel cetane number, temperature, pressure, engine speed, ki-
netic parameters (activation energy, apparent activation energy), and
some adjustable coefficients.
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where, S,: mean piston velocity; n: engine speed. E, = 618,840/(CN +
25), where CN is the fuel cetane number. In CIEs, determining kinetic
parameters and adjustable constants are very challenging.

The Arrhenius, Hardenberg and Hase correlations have been
extended to include the influence of different factors such as (i) fuel
type; (ii) fuel properties (e.g. viscosity, density, surface tension, and
boiling point); (iii) engine characteristics (e.g. swirl conditions, and
compression ratio); and (iv) engine operating conditions (e.g. temper-
ature and pressure at injection, speed, load, stoichiometric mixture
conditions) [2-4,28-30]. This leads to quite a few numerical correla-
tions available in the literature. However, ID time computed using those
correlations is varying in a wide range [31-34] and this is due to chal-
lenges in determining suitable kinetic parameters and adjustable con-
stants as mentioned earlier. This evidence also expresses the complex
phenomenon due to physical and chemical processes that are simulta-
neous occurring toward the auto-ignition event. Further studies there-
fore are required to provide further knowledge on this issue.

Due to the complex physical and chemical phenomenon happening
in the IDyyer period, scientists have been busy around the world to
develop different experiment systems along with numerical and simu-
lation models [3,28] to examine this special period from different an-
gles. Some laboratory tools developed for this purpose are shocktube
[35], ignition quality tester and constant volume chambers [4,29], rapid
compression machines [3], laboratory atomizers / burners [36], and
evaporating systems [23] along with single cylinder engines and multi-
cylinder engines [37-39].

Ignition delay was measured as a function of temperature in a
constant-volume chamber under simulated diesel engine conditions
[30]. A multi-step auto-ignition model was developed by Halstead and
co-workers [40] and this model has been further extended to predict
diesel spray combustion in [41] to include turbulence and spray atom-
ization sub-models. It is notable that the ID times observed in [30] are in
good agreement with the simulated results obtained in [41], the ID time
increases almost linearly with the average core temperature during this
time lag period.

In present mechanism, auto-ignition is derived in a systematic
approach by taking into account the most important elementary re-
actions’ steps (e.g. from unimolecular decomposition, atom abstraction,
radical decomposition / isomerization, formation of ketohydroperoxide
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and OH, to decomposition of ketohydroperoxide to form oxygenated
radical species and OH) [42]. Shocktube is a well-known system to study
combustion kinetics purely gas-phase phenomena, it can also be
employed to investigate aerosols [18]. Conventional shocktube is
proven equipment to test gas-phase chemical kinetics. Fuels used in heat
engines, however, mainly in liquid phase. Pre-heating and mixing the
fuel and air prior to the ignition chamber is normally done in some
shocktubes like the pre-heated one employed in this study. Challenges
with shocktube measurements regarding non uniformity in the spatial
distribution of aerosols and liquid-phase decomposition of lighter
components in practical fuels are reported elsewhere [43]. Aerosol
shocktube has been developed to avoid the above difficulties. In this
technique, micron size droplets could be directly injected behind the
incident shock and reflected shock. The micron droplets quickly trans-
forms to gas-phase and from fuel-air mixture. Methods of prepare and
supplied aerosols to this shocktube type can be found in [43]. The reader
can be found further information regarding shocktube method, chemical
reaction kinetics of biodiesels in some of the best reviews provided in
[9,16].Physical and chemical ignition delay times of ultralow sulphur
diesel, JP-8, and two synthetic fuels (Sasol IPK and FT-SPK, respectively)
have been investigated using an ignition quality tester —IQT (similar toa
constant volume chamber) under a temperature range of 778-848 K and
a constant pressure of 21 bars [4]. In their study, reacting and non-
reacting conditions were established in a constant volume chamber
using air and nitrogen, respectively. These two conditions are corre-
sponding to IDppys and IDgyer. It was found in [4] that IDppys fraction is
significant, however, it is noted here that IDppys observed in an IQT is
normally longer compared to that in CIEs due to the differences in the
injection process, the charge pressure, and turbulence in IQT and CIEs.

IDovers IDphys, and IDchem times of n-heptane and iso-octane under
IQT conditions were computed using different simulation models
[29,44]. It was found that D,y results of shorter ID fuels like n-heptane
are significantly sensitive to the selected spray models while longer ID
fuels like iso-octane are mainly determined by temperature and pressure.
The Kelvin Helmholtz — Rayleigh Taylor (KH-RT) model was also sug-
gested as a good model representing fuel spray at all pressure and
temperature conditions [44]. The sensitivity mentioned above, again,
expresses the complex physical and chemical phenomenon happening
toward the auto-ignition event.

A single cylinder engine was adopted in [45] to investigate the in-
fluence of fuel chemical profile on ID of pure component fuels. In gen-
eral, longer ID times were observed for fuels with lower liquid fuel
density, kinematic viscosity, and liquid-air surface tension. Longer ID
was also observed for component fuels with higher fuel volatility, as
measured by boiling point and vapor pressure. Although it is hard to
evaluate IDppys and ID¢per contributions into IDgyer, higher boiling point
may worsen the fuel evaporating and this ultimately shortens the fuel’s
IDphys. Experimental data show two regimes of operation: For a Carbon
chain length of 12 or greater, there is little variation in ID for the tested
fuels. For shorter carbon chain lengths, influence of fuel molecular
structure on ID is significant.

A model has been developed in [37] based on a global-mechanism to
investigate IDppys and IDchem in @ modern diesel engine operating under
multi-injection modes (pilot and main). The model is validated with
IDover measured in the engine testbed. It is shown that IDp,ys depends on
the charge, fuel thermodynamic conditions, the injector nozzle charac-
teristics and injection pressure. The ID¢hem has been modelled by means
of an Arrhenius-like expression that takes into account the effects of the
charge density, total injected fuel quantity, temperature and oxygen
concentration evaluated at the end of the physical delay period.

Number of studies on physical and chemical ID is quite limited and
the roles of physical and chemical processes on IDy.r are not quite clear
in the literature, according to the authors’ knowledge. This study aims to
provide further information on the contributions of the physical and
chemical processes interact towards the auto-ignition event in CIEs.
However, due to the complexity of this issue as mentioned, this work
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could not come up with a formulation to directly compute physical,
chemical, and then overall ignition delay times. This work limits to
estimating for time scales for important physical and chemical
phenomena.

Data for selected biodiesels having a wide range of molecular
structure and fossil diesel are analysed to investigate the relative
magnitude of different physical and chemical phenomena influencing
auto-ignition event. Within the reason, different fuels manufactured
from different feedstock are selected. The fuel auto-ignitability is tested
in a cooperative fuel research (CFR) engine and a 6-cylinder engine to
measured IDgyer. Chemical ID is evaluated here using a preheated
shocktube in comparison with some other results taken from literature.
The preheated shocktube employed in this work can only quantify
ID¢hem under HTC regimes and this along with results taken from other
published items for IDcpem under NTC and LTC may provide useful in-
formation on the chemical processes. Physical ID is examined through
evaluating important physical processes including atomization, thermal
condition in the combustion chamber that affecting the fuel heating and
evaporation. Secondary atomization was experimentally investigated in
an air-cross system while evaporation rate was measured for stationary
fuel drops located in a PID-controllable furnace.

2. Experiment setup, fuels selection and testing conditions
2.1. Experiment setup

Overall ID times of the selected fuels (see Section 2.2) are measured
using two different engines: a cooperative fuel research (CFR) engine
and a 6-cylinder engine that are schematically shown in Fig. 1a and 1b,
respectively. A preheated shocktube used earlier in [35] is adopted here
to measure ID¢pey, under HTC regimes. A fundamental study on drop
atomization has also been done using an air-cross system similarly to the
one reported in [36] while evaporation rates of the fuels are experi-
mentally examined using a PID-control furnace. This section shows only
the specifications of the two engines. Information about other experi-
ment systems adopted in this work will be provided in corresponding
sections and/or in relevant refs [35,36]. The observations obtained from
the experiment tools allow to quantify the IDyyer times in CIEs and to
evaluate the influence of physical and chemical processes on the ignition
lag behavior.

Fig. 1a shows the Cooperative Fuel Research (CFR) engine used in
this study and the engine specifications are shown in Table 1. This
special tool is a single-cylinder and variable compression ratio (CR)
engine initially used for examining fuels but now used worldwide for
examining the combustion characteristics of research fuels [46]. Model
CFR F-5 engine used in this study is a complete system for measuring the
CN of diesel-like fuels, conforming to the ASTM D613 standard. This
approach is a standard accepted worldwide for determining the diesel-
like fuel auto-ignitability. The capability of varying CR makes the en-
gine special, especially for observing the auto-ignition event of new fuels
under different compression temperature (T;) and pressure (P;) like
biodiesels and their blends with diesel tested in this study. The stan-
dardized operating condition of the engine to measure liquid fuel CN
[47] is 900 rpm of engine speed and a CR of 13:1. However, the SOI and
CR are variable and this as such allows studying the influence of tem-
perature and pressure at SOI on auto-ignitability characteristics. The air-
intake temperature is well-controlled at 65 °C for all testing conditions.
Further details of this special engine can be found in [48].

The range of data obtained from the CFR F-5 engine is quite useful to
isolate the influence of Tj, P;, and loading conditions on IDy.;. However,
it is notable here that the combustion chamber is more like a constant
volume chamber located above the cylinder head and separately from
the chamber formed by the cylinder, piston by a small hole located in the
piston’s centerline [48]. Owing that special combustion chamber, the
CFR F-5 engine is quite different from typical compression ignition en-
gines. The injection system equipped in the CFR F-5 engine is
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Intake
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a. Cooperative Fuel Research (CFR-F5) engine

8 ]

§ Common-Rail Cummins

kS

5 OOOOOO HH oo |
o

o o —

L [ \

Pressure transducer

Encoder Recording in-cylinder

pressure / DCA / inj. timing

i
Output: peyl,
HRR, ID

Fuel-rail pressure sensor

b. 6-cylinder CommonRail engine

Fig. 1. Experiment setup: (a) Schematic of CFR F-5 engine; (b) the 6-cylin-
der engine.

Table 1
Specifications of the CFR F-5 engine and 6-cylinder engine.
Parameters, [Unit] CFR F-5 6-cylinder
Speed, [rpm] 900 + 9 Variable
Injection timing, [DCA BTDC] 8-20 DCA TDC + 2 DCA
BTDC
Injection type Mechanical CommonRail
Injection pressure, [bar] 103.0 £+ 0,2 1,000 at 2,000 rpm full
load
Compression ratio 8 +~ 36 17.3
Coolant temperature for injector, 38+3 N/A
[°cl
Lubricant pressure, [bar] 1.75 + 2.10 N/A
Lubricant temperature, [°C] 57 +8 N/A
Engine coolant temperature, [°C] 100 + 2 90 + 2
Intake air temperature, [°C] 65 + 0.5 20 +£0.5

mechanically driven and the fuel injection pressure is 103 bars. Injection
timing is mechanically controlled and determined using a system to
quantify the needle starting lift-up. Due to the characteristics of this CFR
F-5 engine, a modern 6-cylinder CommonRail engine was used to further
investigate the IDyyer period. The fuel injection pressure in this multi-
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cylinder engine can be up to 1,000 bars at 2,000 rpm.

Fig. 1b schematically shows the modern 6-cylinder inline engine
testbed while the engine specifications can be found in Table 1. This is a
turbocharged, intercooled, CommonRail engine [36,38]. The engine
was coupled to an electronically controlled hydraulic dynamometer. A
Kistler pressure transducer was used to measure in-cylinder pressure.
The fuel injection timing was measured using the signals of fuel rail
pressure. Cooling system and intake air temperature are well controlled
to remain the engine thermal conditions. This engine testbed has been
used in previous studies and further engine specifications could be found
in [36]. The 6-cylinder engine was operated in this study under two
engine speed conditions (1,500 and 2,000 rpm, respectively) and four
engine loading conditions (a quarter, half, three quarters and full load,
respectively). Those testing conditions allow examining the influence of
fuel properties along with engine operating conditions on IDgye,. Further
specifications can be found in Table 1.

It should be noted here that controlling injection timing and fuel
quantity could have influence on results obtained. In the mechanical
injection systems, the influence of fuel bulk modulus and therefore
compressibility on injection timing is quite clear. A common method
used in most of published articles to measure injection timing for me-
chanical injection system is to use the position of high-pressure throttle
lever and this definitely leads to errors in injection timing indicated.
Employing the needle lift-up signal in mechanical injection systems
(adopted in this CFR engine as noted earlier) is one of approaches to
eliminate the above mentioned issue. This problem is, however, not
happened to commonrail injection systems thanks to their high injection
pressure. Regarding fuel quantity, the amount of fuel volume supplying
per one engine cycle could be different due to different viscosity
amongst tested fuels. The difference in fuel volume may not be signifi-
cant but the energy quantity due to different heating values of tested
fuels. The latter issue is beyond the research scope of this work, the
reader could be directed to refs. [48,49] for further information.

Shocktube employed in this study is a preheated one and has been
reported elsewhere [35]. Results obtained in experiment campaign re-
ported in [35] now further explored in this work. Deliver gas used in this
shocktube is a varying blending ratio mixture of He and N5 and supplied
to the driver section after evacuating to a pressure below 0.02 Pa.
Conditions of temperature and pressure in the shocktube are initiated by
combusting Hy/CO/CO2/Ny/Oy/Ar mixture [50]. OH* is measured and
used to quantify ID. Details about the shocktube calibration and setup
can be found in [50].

An experiment system is developed in this study to examine evapo-
ration rate of stationary drops. Due to different tools used in this study,
descriptions of this evaporating experiment system will be shown latter
in Fig. 8a where evaporation characteristics are analysed. Briefly, this
system includes a heat-controllable furnace, a wire system to carry the
tested drop and place it in the measuring probe under desired temper-
ature conditions. A CCD camera along with a light source is setup to
observe the drop evaporation process based on the backlit technique
reported in [51]. A specialized lens is used to have a partial resolution of
5.5 um. Images are then processed using an in-house develop Matlab
script to output droplet diameter according to the their resident time.
This data processing have been proven previously using different vali-
dating approaches [36].

2.2. Measurement of ID,yer

As mentioned, measuring IDyyer in CIEs could be done by deter-
mining SOI and SOC. SOI could be experimentally measured using
nozzle lift profile, fuel-line pressure signal, or electronic pulse signal
(drive injector, electronic injection systems). SOC could be isolated by
observing zero value of heat release rate (HRR) when it changes from
negative to positive during the ID period [52]. Fuel injecting and
vaporizing cause negative values of appearance HRR prior to the auto-
ignition event [52]. Due to fuel auto-ignition, HRR increases
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significantly and exceeds zero value, the location that is commonly
described as auto-ignition or SOC.

As mentioned earlier, a CFR F-5 engine and a 6-cylinder engine are
used to investigate IDyyer times of biodiesels and their blends with the D.
Fig. 2 shows examples of how the auto-ignition event is isolated. Fig. 2a
is shown for the CFR engine while Fig. 2b is shown for the 6-cylinder
engine.

Fig. 2a provides an example of in-cylinder pressure and corre-
sponding HRR versus degree of crank angle (DCA) obtained for biodiesel
PB100 (that will be detailed in Section 2.3) under a CR of 17:1 and two
different injection timings (tiyj = 10 DCA before top dead center (BTDC)
—blue and solid curves & ti;j = 14 DCA BTDC - black and dashed curves,
respectively). Overall ID is the duration measured between the SOI and
SOC. The auto-ignition event is isolated here using the HRR signal. It is
noted here that the in-cylinder pressure was measured using a fast
response pressure transducer. The in-cylinder pressure is adopted as the
main input in the first-law of thermodynamics model provided in [52] to
compute HRR. After SOI, the fuel absorbs some heat from the in-cylinder
charge for evaporating and this causes negative values of HRR as clearly
shown in Fig. 2. SOC is then isolated as the location that the HRR locally
becomes zero and reverses direction.

Similar to Fig. 2a, Fig. 2b shows an example of in-cylinder pressure
and corresponding HRR obtained for the 6-cylinder engine. This
example is shown for biodiesel BF3 that will be detailed in Section 2.3.
Using the characteristic of HRR, quantitative information of the IDgyer
obtained from these two engines will be used throughout the paper. It is
notable here that SOI in the CFR F-5 engine can be varying in a wider

—P,: PB100-CR17-t,_10

_ .P_:PB100-CR17-t_14 [|0.9
oyl inj

% ~e-HRR: PB100-CR17-4, 10| o

80y 1 -6-HRR: PB100-CR17-, 16

0.7

In-Cylinder Pressure [Bar]
HRR [J/DCA]

-20 -10 0 1

0 20 30 40 50 60
Degree of Crank Angle [Deg.]

a. Example of ID determining in the CFR F-5 engine

100 ‘ ‘ ‘ : 90
—P _of BF3
o By 80
-E-HRR of BF3
90 e |

80

70

60

In-cylinder Pressure [bar]
HRR [J/DCA]

50

40

30 . . . . . 10
340 350 360 370 380 390 400

Degree of Crank Angle [DCA]
b. Example of ID determining in the 6-cylinder engine

Fig. 2. Example of using pressure & HRR for determining SOC: a. CFR F-5
engine operating with PB100 at tinj = 8 DCA BTDC; b-BF3, 6-cylinder engine at
1,500 rpm, three quarter load condition.
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range (e.g. from 8 to 20 DCA BTDC used in this study) while SOI in the 6-
cylinder engine is managed by its original ECU. SOI in the 6-cylinder
engine (Fig. 2b) is around TDC (+3 DCA) [36].

2.3. Fuel selection

Five different biodiesels manufactured from different feedstock and
their blends with fossil diesel (D) were selected in this study to examine
IDover; IDphys, and IDchem. The first four interesting biodiesels (BF1, BF2,
BF3 and BF4, respectively) used earlier in our previous studies [36,53]
will be further examined in this study. Palmere and coconut based-oils
were the based feedstock to produce BF1 and BF2, respectively; BF3
was produced from pale based-oil while BF4 is a canola based-oil fuel.
BF1 and BF2 represent for saturated biodiesels. BF1 has a shorter C chain
length while BF2 has a medium C chain length-BF3 and BF4 have long
and similar C chain lengths but different saturation degrees-BF3 is
partially unsaturated while BF4 is almost fully unsaturated. These
characteristics make the fuel group special to study the influence of C
chain length and unsaturation degree on atomization, combustion and
emission [36]. Further information about the fuels could be found in
[36]. The fifth biodiesel, named PB in this study, is a novel biodiesel
made from residues of a palm cooking-oil production process by our
previous work [49]. Important properties of the selected biodiesels
along with fossil diesel are shown in Table 2. Properties of blends of the
first four biodiesels and diesel can be found in our previous work [36]
while properties of PB blends can be found in [49]. Compositions and
important properties of biodiesels shown in Table 2 have been carefully
tested using different measurement standards.

It is notable that each experiment in this work may not be conducted
to test all of those selected fuels, this is due to the large number of fuels
selected as well as experiments and as such the tests were conducted at
different time and different laboratories. IDyer of PB and its blends were
tested in the CFR F-5 engine while IDgye, of four biodiesels BF1 to BF4

Table 2
Constituents and important properties of biodiesels and D tested in this study.
BF1 BF2 BF3 BF4 PB D
CONSTITUENTS’ MASS FRACTION
C8:0 52.16 - - - - -
C10:0 46.38 0.17 - - - -
C12:0 1.38 47.8 0.1 - - -
C14:0 - 189 0.06 0.03 - -
C15:0 - - 0.03 0.02 - -
C16:0 - 10.2 21 4.45 28.09 -
Cl6:1 - - - 0.12 - -
C17:0 - - 0.06 0 - -
C18:0 - 2.55 9.47 2.53 9.53 -
C18:1 - - - 0.38 43.47 -
C18:1cis - 18.5 58.7 68.1 - -
C18:1trans - - - 3.96 - -
C18:2 - 1.76 9.98 18.7 18.02 -
C20:0 - 0.08 0.3 0.49 - -
C20:1 - - 0.24 1.03 - -
C22:0 - 0.03 0.03 0.17 - -
Glycerol 0.08 - - - - -
IMPORTANT PROPERTIES
BF1 BF2 BF3 BF4 PB D
Average C atoms 9.5 14.8 18.3 18.7 18.94 13.78
Average H atoms 19.7 28.3 35.3 35.3 36.03 26.42
Stoi. AFR, wt 11.12 12.05 12.50 12.48 14.5
Oxygen content, wt% 19.29 13.47 11.14 10.96 10.84
Flash point, K 60-80 93 101 120 183.5 68.5
Rel. density, at 20 °C, 0.877 0.871 0.873 0.879 0.871 0.848
[kg/m®]
Heating value, MJ/ 35.35 38.66 39.87 38.07 38.10 43.4
kg
Cetane value 42 69.8 65.4 59 66.9 48.4
Viscosity, [kPa.s] 1.71 3.81 4.32 4.65 6.16 3.2
Surface tension [N/ 26.1 28.4 29.9 29.96  24.82 23
m] *10° [55]
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and their blends were tested in the 6-cylinder CommonRail engine. High
temperature ID¢pem Oof PB was measured using a preheated shocktube
similarly to the one used in [35]. Evaporation of PB drops was experi-
mentally measured using a PID controllable furnace developed in this
study. Atomization characteristics of BF1 to BF4 were examined in a
laboratory atomization system developed earlier in [36].

It is interesting to note from Table 2 that cetane number of biodiesels
investigated here is varying in a wide range. This is mainly due to the
significant variations in carbon chain length and unsaturation degree of
these special fuels. Variations in carbon chain length and unsaturation
degree lead to variations in oxygen fraction of the fuels. In general,
oxygen available in the fuels could enhance fuel reactivity. However,
carbon chain length and number of double bonds (determining unsa-
turation degree) of fuel molecules also have significant effects on cetane
number. Fuels with shorter carbon chain length and / or higher unsa-
turation degree lower their cetane number [54].

Variations in those biodiesels carbon chain length and unsaturation
degree lead to their varying oxygen content. Different from fossil diesel,
oxygen content in biodiesels makes them special. Oxygen may leaner the
air-fuel ratio in the spray core where the entrance of intake air is quite
limited. As can be seen from Table 2 that the oxygen is varying between
10 and 20% amongst these biodiesels and this interesting feature will be
investigated in details in Section 3.1.

3. Results and discussion

3.1. Oxygen ratio: An useful indicator of mixture stoichiometry for
biodiesels

Oxygen contained in biodiesel molecules is one of the key features
making them different from fossil diesel counterpart and as such, in this
current study, an approach of using oxygen ratio (OR) given by Mueller
etal. [56] will be adopted to represent mixture stoichiometry. Oxygen in
the fuel can enhance the fuel auto-ignitability as the oxygen helps to
leaner the air-fuel mixture, especially in the auto-ignition zone where
the entrance of oxygen from the intake air is limited [17]. Before dis-
cussing the results in details, this section will summary Mueller et al.’s
approach.

Mueller et al. [56] proposed that the OR and oxygen fuel ratio (OFR)
are more appropriate measures of stoichiometry than the standard air to
fuel ratio (AFR). At the same air-fuel equivalence ratio (1), mixtures of
oxygenated fuel and air are always leaner compared to mixtures of hy-
drocarbon fuels and air [17]. The OFR and OR are defined, respectively,
as the ratio of total oxygen atoms in the fuels or fuels and oxidizers to the
total oxygen atoms required for stoichiometric combustion [17]. Higher
oxygen content in a fuel results in a higher OFR, and also a higher dif-
ference between the OR and A. OR can be calculated using Equation (3).
It is clear from Equation 6.1 that OR and A values of D (fuel oxygen
contained in D = 0) are the same and higher oxygen content in a fuel
results in a higher OFR, and also a higher difference between the OR and
A

OR = 1 + FOx (1 — 1) 3

where, FO is oxygen content by mass in the fuel.

Using AFR data obtained from experiments done the 6-cylinde en-
gine and Equation (3), the correlation of OR and AFR for BF1 to BF4 and
D is reported in Fig. 3. This is an example shown for one engine speed of
1,500 rpm but variable engine load fractions (a quarter, half, three
quarter and full load). It is clear from Fig. 3 that at the same AFR, D has
the lowest OR, followed by BF3, BF4, BF2, and then BF1. This is corre-
sponding with the oxygen fractions in these fuels as shown earlier in
Table 2. The OR is now adopted to describe mixture stoichiometry
conditions throughout this work.
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Fig. 3. Air fuel ratio (AFR, by mass) of biodiesels BF1 to BF4 and D versus OR
under 1,500 rpm of engine speed and different loading conditions (a quarter,
half, three quarter and full load).

3.2. Overall ID in compression ignition engines

3.2.1. Influence of blending ratio on IDyyer

Fig. 4 shows IDyye, times of three PB blends (D, PB40 and PB100,
respectively) obtained from the CFR F-5 engine under different loading
conditions, therefore, different OR. The left column (Fig. 4a & 4c) is
shown for CR = 15:1 while the right column (Fig. 4b & 4d) is for CR =
17:1. The top row (Fig. 4a & 4b) is for tj;j = 8 DCA BTDC while the
bottom row (Fig. 4c & 4d) is for tjy; = 16 DCA BTDC. It is noted here that
IDgyver shown here is the time duration in millisecond. This is for a
convenience to compare the IDyye, time observed in engines and the
ID¢hem time measured in a shocktube shown latter on in this work.

It is clearly observed in Fig. 4 that increasing the blending ratio
causes reductions in IDyye, as clearly shown in this figure. This outcome
confirms previously reported data [54]. Biodiesels are more reactive
compared to the fossil counterparts and the oxygen atoms available in
the fuel molecules could be one of the reasons behind this behavior [54].
Diesel-like sprays auto-ignite at a local rich fuel-air zone although the
overall mixture is lean and the oxygen available in biodiesel may leaner
the local zone to enhance the mixture auto-ignitability.

It is notable that, under similar t;; = 8 DCA BTDC (Fig. 4a and 4b), ID
is quite identical regardless CR, however, ID decreases with an increase
in CR when t;,; = 16 DCA BTDC as clearly shown in Fig. 4c and 4d. It is
observed that an increase in CR from 15:1 to 17:1 leads to approximately
15 K increase in the temperature at SOI (at similar t;y;). At tj;; = 8 DCA
BTDC, the temperature at SOI is probably high enough so that the fuel
blends are quickly heated, evaporated, mixed with the air and auto-
ignited and the influence of temperature difference due to increasing
CR in this case is minimal. Under tj,; = 8 DCA BTDC, fuel is injected
quite close to TDC and this may lead to high cylinder air velocity and
turbulence. The high air velocity and turbulence may minimize the
impact of compression temperature. At tj;; = 16 DCA BTDC, the tem-
perature at SOI is 55-65 K lower compared to that at tj,j = 8 DCA BTDC
and the fuel blends take longer time to evaporate, mix and get ignited.
This is probably the main reason explaining for the longer ID times
observed in Fig. 4c and 4d with respect to those shown in Fig. 4a and 4b.

It is quite interesting to note that slopes observed in the reduction
trends of ID are quite consistent regardless the CR and blends. In both
compression ratios investigated here, when OR increases from 1.4 to 2.2,
ID increases by 15% approximately and this is true for both CR = 15:1
and 17:1. It is noted that the intake air temperature is well controlled at
65 °C for the CFR F-5 engine and this means that IDgye, is determined
mainly by the physical and chemical profiles of the testing fuels and the
mixture stoichiometry conditions represented here as OR. The fuel
profiles will characterize the physical and chemical processes occurring
in CIEs which affect the IDyyer and this will be analyzed throughout this
work.

Regarding the correlation between IDyye; and OR, an increase in OR
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Fig. 4. IDyyer versus OR measured in the CFR F-5 engine operating with D, PB40 and PB100: a. CR = 15:1, tj5; = 8 DCA BTDC; b. CR = 17:1, tj5; = 8 DCA BTDC; c. CR

= 15:1, tjp; = 8 DCA BTDC; and d. CR = 17:1, tjp; = 16 DCA BTDC.

(leaner fuel-air stoichiometric mixture or lower engine loading frac-
tions) leads to longer IDgy., times. Ignition delay is mainly determined
by compression temperature and pressure, engine speed and loading
conditions. In this CFR F-5 engine, engine speed was fixed at 900 rpm,
compression temperature and pressure are identical under similar ty;.
Therefore, each curve shown in Fig. 4 indicates the impact of engine
loading on IDyyer- In spark ignition engines, higher engine load may lead
to higher air velocity, spray formation and faster mixture formation and
this helps to shorten the IDgyer. Diesel engines work under lean fuel-air
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mixture and load is regulated by the amount of fuel injection. The bigger
amount of fuel injected (lower OR) leads to richer fuel-air mixture and
this may be attributable to short ID,ye in the CFR engine as shown in
Fig. 4. Under the same SOI conditions, mixture formation becomes as
important as compression temperature and pressure [19].

It is also noted that decreasing OR means increasing fuel injection
quantity, it was found earlier that ID,ye, increases with injection quan-
tity in ref. [19] and misfiring occurring from about 2.5 stoichiometric
mixture onwards was also found in [19]. If it is assumed that the first
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Fig. 5. IDgye versus OR measured in the 6-cylinder engine operating with biodiesels BF1 to BF4 and D: a. for 1,500 rpm; b. for 2,000 rpm.
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part of the fuel injected will be atomized, vaporized and mixed with the
air to from pre-mixture to allow auto-ignition, the influence of subse-
quently injected fuel on the ID is minimal. However, the quantity
injected must be sufficient to form an ignitable mixture and maintain it
long enough for the ignition to take place before it is diluted by the air
motion to below the inflammable limit [19].

Fig. 5 shows correlations of IDyy; and OR obtained from the 6-cylin-
der engine when operating with four different biodiesels BF1 to BF4,
respectively, and D. Fig. 5a is shown for 1,500 rpm while Fig. 5b is
shown for 2,000 rpm of engine speed.

Fig. 5a clearly shows that IDgye time under the engine speed of
1,500 rpm significantly depends on fuel properties. It is clearly shown in
Fig. 5 that BF1 with its lowest cetane value (see Table 2) shows its
longest IDyyer time. On the opposite site, BF2 shows its shortest ID due to
its highest cetane number. Influence of OR (engine loading conditions)
on IDgy; is similar to observations in the CFR engine as shown earlier in
Fig. 4. The reader may find information related to influence of saturated
degree and C chain length on combustion characteristics of these fuels
from our previous studies [36].

Different from observations from Fig. 5a, when OR < 3.5 as shown in
Fig. 5b, IDgyer times of the biodiesels and D under 2,000 rpm of engine
speed are on the same set of windows. The high speed in combination
with higher loads (lower OR) help the mixture formed quickly and this
may minimize the influence of fuel properties on IDyyer as observed in
Fig. 5b. IDgyer in this case is probably determined mainly by high tem-
perature chemical processes.

It could be summarized for the relevant discussion provided in this
part that ID,y.r depends on fuel types, injection conditions (pressure and
temperature), engine speed and load. Higher cetane number fuels nor-
mally show their shorter ID,ye;. However, under some testing conditions
especially under high engine speed and loading conditions, IDgyer could
be identical regardless fuel types (e.g. the case investigated in Fig. 5b for
the 6 cylinder engine). The influence of loading, fuel properties and
compression pressure and temperature on IDgye, will be further inves-
tigated in Section 3.2.3.

3.2.2. Influence of temperature at SOI on IDgyer

In this work, injection temperature, Tj, is computed through in-
cylinder pressure measured at injection timing. Injection timing in the
CFR engine could be adjustable in a wide range as shown in Table 1 and
this leads to a wide range of injection temperature in this study. Fig. 6
shows Arrhenius correlations between IDgyer and 1000/T; for three PB
blends (D, PB40 and PB100, respectively) under CR = 15:1 (Fig. 6a) and
CR = 17:1 (Fig. 6b). As clearly shown in Fig. 6a and 6b, when 1000/T;
excesses 1.2, IDqyer significantly increases. However, prior to this point
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— 2 4 [0 PB100-Full load-CR15 O
2.
g22 O
%‘ 1o o 0 (@] %
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(when 1000/T; < 1.2 corresponding with T; > 833 K), IDgyer trend is
quite flat even slightly decreases with increasing 1000/T; (e.g. PB40 as
shown in Fig. 6a). This opposite IDyye, trends observed prior and after
1000/T; = 1.2 shown in Fig. 6a and 6b might be an evidence for a critical
zone separating HTC and NTC regimes in this engine and this will be
investigated further in the following part where chemical ID of PB and D
observed in a preheated shocktube in this study.

It is shown in Fig. 6a and 6b that, under similar SOI conditions
(1000/T;j is similar), increasing CR shortens IDgye,. Higher CR leads to
higher in-cylinder pressure at injection and this will speed up the
chemical kinetics and therefore shorten the IDgyer duration [57]. At
1000/T; = 1.2, for example, IDyyer of PB100 decreases by almost 20% as
shown in Fig. 6.

3.3. Physical and chemical ID

In this section, the IDyye, times discussed earlier in the previous
sections will be further investigated in terms of ID,pys and IDcpem. Please
note that the work does not aim to measure IDphys and ID¢per times but
to investigate the influence of physical and chemical processes on the
first phase of combustion process. Different from gaseous fuels, com-
bustion of liquid fuels like biodiesels and diesel involves physical pro-
cesses including liquid penetration, atomization, heating, evaporation
and mixing. In this section, two main physical processes including at-
omization and evaporation will be investigated while chemical pro-
cesses will be analysed using information related to IDcpen Obtained
under HTC, NTC and LTC regimes. In this study, only HTC ID¢hep, is
measured in a preheated shocktube but additional information of ID¢hem
under other conditions taken from literature will be included for a
comparison purpose.

3.3.1. Atomization characteristics of biodiesels and fossil diesel

Liquid fuel atomization encompasses a number of phenomena
including liquid jet primary atomization and secondary atomization
processes [58]. Primary atomization initiates the process where the bulk
liquid breaks up to form fragments near the liquid surface [21,59],
followed by secondary atomization where big fragments having a high
relative velocity to the surrounding environment deform and breakup
into smaller siblings [21,59].

During the primary atomization process, our previous studies [60]
observed that the structures of fuel fragments derived in the primary
atomization zone depend on the fuel viscosity [60]. Further downstream
of the atomizing zone where breakup has completed (approximately 5
nozzle diameters), the influence of fuel properties is minimal [60]. In
this current study, we re-visit secondary atomization characteristics of
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Fig. 6. 1D,y versus integrated injection temperature, Ti, obtained in the CFR F-5 engine operating with PB blends (D, PB40, and PB100): a. for CR = 15:1; b. CR

=17:1.
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droplets in a cross-air flow system similarly to the one used in [36] to
evaluate the population of fragments formed in the breakup zone. A
backlit imaging technique has been carefully developed [51] and is
adopted in this analysis. Fuels investigated here are BF1 to BF4 along
with D under different aerodynamics conditions covering a wider range
of breakup regimes (from bag, multi-mode, sheet striping, to cata-
strophic atomization mechanism).

Fig. 7 shows the probability of small drops formed in the downstream
location of x/D = 1.7 (where x is the cross-air stream nozzle center line
and D = 400 um is the initial drop diameter used in this study). In this
atomization system, x/D = 1.7 is the downstream location where
breakup process has completed. The small drops investigated here are
fragments having average diameter smaller than 100 pm, almost
spherical (aspect ratio < 2:1) and will not breakup again. From left to
right, the morphologies of fragments formed in the atomization zone are
placed at the top of Fig. 7, corresponding with bag, multi-mode, sheet
striping, and catastrophic atomization mechanism. This current work
will not investigate the breakup mechanism, relevant information about
breakup mechanism and regimes can be found in refs [58]. Fig. 7 focuses
on the population of small drops formed in the downstream locations (x/
D = 1.7), where breakup process is completed.

It is shown in Fig. 7 that when We < 100, the small drops population
depends on fuel types, however, their probability reaches and remains at
80% of the total fragments when We exceeds 200, regardless fuel types.
The findings from primary atomization shown previously in [36] and
secondary atomization indicate that under high Weber number (e.g. We
> 200 in the secondary atomization study) and when breakup has
completed (e.g. x/D = 1.7 in the secondary atomization study), the at-
omization characteristics of biodiesels and D are almost identical.

It is notable that this outcome obtained from the image backlit
approach has been confirmed with measurements using a Particle
Doppler Anemometry (PDA) system [60]. This also means that the
contributions of atomization process of biodiesels and diesel during the
delay period are similar although in the breakup zone, structures of fuel
fragments may be determined by fuel viscosity. It is noted here that
although completed breakup location is identical among the fuels tested
here, their relaxation times are different due to their different proper-
ties. Relaxation time could be calculated as: t*=t/t., where t is residence
time; t. is characteristic breakup time and can be computed as: t. =
do(p1/ pg)o'S/Ug [61], where Ug is the gas velocity at initial breakup point;
p1 and pg are fuel and air density, respectively; and d, is initial fuel
droplet diameter. In this study, d, and p; are the same among the fuels
tested, variation in pj is small and as such t. is mainly determined by gas
velocity Ug. To obtain similar We amongst the fuels tested, a fuel with
higher viscosity requires higher Ug and this leads to its longer relaxation
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Fig. 7. Morphology and probability of small drops derived from secondary
atomization of spherical drops under different aerodynamic.
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time, t*.

It should be noted here that quality of atomization / injection is not
only attributed by characteristics of fuel fragments formed in the near-
field of the nozzle, but also the size and distribution of droplets
formed downstream where the atomization process has completed. The
drop size and distribution definitely have substantially effects on
evaporation, mixing, auto-ignition and combustion characteristics. In
our previous report in [62], droplet size and distribution of different
fuels (biodiesels including biodiesels investigated in this work, diesel
and ethanol) under different flow conditions have been investigated. In
this earlier report, size and distribution of droplets were measured using
a laser/phase Doppler anemometry. It was found in [62] that the in-
fluence of fuel properties on size and distribution of droplets formed
downstream (e.g. approximately five nozzle diameter in the atomizer
investigated in [62]) is minimal.

3.3.2. Evaporation characteristics of biodiesels and fossil diesel

Along with atomization, evaporation is another important phenom-
enon that has significant impacts on ID. A fundamental experiment
system has been developed in this study to measure droplet evaporation
rate of D and PB100. The experiment setup is schematically shown in
Fig. 8a. This includes a heat-controllable furnace, a wire system to carry
the tested drop and place it in the measuring probe under desired tem-
perature conditions. A CCD camera along with a light source is setup to
observe the drop evaporation process. The backlit technique is similar to
a traditional shadowgraph approach reported in [51]. A specialized lens
is used to have a partial resolution of 5.5 um. A code developed to
process the images recorded to output the drop diameter, d, versus time.
Fig. 8b shows the correlation between (d/ do)2 and time for D and PB100,
where d is initial drop diameter.

It is clearly shown from Fig. 8b that the evaporation characteristics of
these two fuels are quite different. In the first period, PB100 clearly
shows its expansion process where (d/do)2 > 1 while D’s drop size de-
creases straight away. This could be due to (i) D contains more light
components and (ii) D’s flash point are lower compared to that of
PB100. The expansion of heavy components of D in the first period
(heating up process) is probably offset by the fast evaporation rate of
lighter components. Volatility of a fuel is inversely proportional to its
flash point [54-56]. The flash point of PB is 185.3 °C compared to
68.5 °C of D as reported in Table 2. High volatility enhances fuel
evaporation and the formation of an ignitable mixture [9,17] and
shortens the physical delay period.

After the heating up process, the rate of evaporation is quite close
between these fuels but at the end of the evaporation process D evapo-
rates much slower and this results in the total evaporation times of these
fuels are quite identical as shown in Fig. 8. This could be attributed to
the fact that D has more heavy constituents with respect to those of
PB100. It is obvious that both D and PB100 are multi-component fuels
but constituents of D cover a much wider range of C chain length
compared to biodiesels [36]. PB100 as shown in Table 2 contains mainly
fatty acid methyl esters ranging C16 to C18 while main compound of D is
hydrocarbons covering from < C9 to C23 [63]. It is also notable here
that the evaporation curves are still above zero at the end of evaporation
process for both fuels. This is understandable that the highest boiling
point or the boiling of the heaviest component could be higher than the
initial temperature tested in this study. For example, the highest boiling
point of D is about 760 K [63] while initial temperature used in this
study is only 700 K. Studying at higher ambient temperature would
provide further scientific information on the evaporation process,
however, this is a current limitation of this measuring system and this
will be investigated further in the future. It was also found in [64] that
contribution of components having a wide range of molecular masses
and enthalpies of evaporation of fossil diesel needs to be taken into
account, while for biodiesel fuels the main contribution comes from the
constituents having a narrow range of molecular masses, boiling points
and enthalpies of evaporation.
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Fig. 8. a. Droplet evaporation experiment setup and b. Drop evaporation rate of PB100 and D at the condition of: Ti = 700 K; To = 300 K; and dy = 1.38 mm.

Ignition delay is mainly affected by the first half of the evaporation
process to initialize the premixed combustion process. At the beginning,
it is clearly shown that PB100 evaporates much slower compared to D.
The slower evaporation rate of PB100 observed here and similar atom-
ization characteristics between D and PB100 mentioned earlier could
provide an important point that PB100 has a longer ID,pys. However,
IDgyer of PB10O0 is shorter compared to D. The opposite trend of IDppys
and ID,ye, times between PB100 and D observed here suggests a need to
investigate ID¢pem and this will be presented in the flowing section.

It should be noted that the size of drops tested in this work is quite
big, much bigger compared to those available in heat engines. An
experiment investigates evaporation rates for small drops relevant to
heat engines is currently very challenging due to short drop residence
time and difficulties in presenting such small drops in hot environment.
It was shown in simulation [65,66] that one of important differences
between evaporation characteristics of big and small drops is the ratio of
Knudsen layer thickness to the drop diameter. Knudsen layer is the layer
between drop surface and boundary of vapour zone [66]. The Knudsen
layer thickness is independent of drop diameter and as such the Knudsen
thickness has a significant impact on evaporation of small drops (e.g.
drops having diameter between 10 and 50 um [66]). This is a complex
issue and could be a good future work to investigate the influence of
small drops of biodiesels with accounting for the impact of Knudsen
thickness layer. Nevertheless, from simulation studies available in cur-
rent literature like [67,68], it is quite consistent that small drops of
biodiesels also evaporate slower than those of fossil diesel. The evapo-
ration rate of single drops of rape methyl esters (RME - components of
rape-oil based biodiesel) and diesel were experimentally investigated in
[68] using a hot-air jet at a temperature condition of 800 K. Diameter of
drops generated in the hot-air system is 800 um and the outcome was
employed to validate a simulation model developed in [68]. The model
is then adopted to compare the influence of drop size and fuel properties
on evaporation rate. It was found in [68] that smaller droplets have
faster evaporation rate than that of larger droplets ensuring homogenous
mixture. 800 um, 400 um and 20 um diameter drops were invested in
[68] and found that the RME biodiesel evaporates slower compared to
diesel and this is true for the whole range of drop diameter.

3.3.3. Chemical ID

In this current study, PB100 and its blends with D has been tested in a
preheated shocktube under an initial temperature conditions between
1180 and 1700 K, OR = 1.96 and pressure = 1.2 bar. The temperature
tested here limited in the HTC regime and as such the ID measured here
is high temperature ID¢hem. To provide further information related to the
ID¢hem in NTC and LTC regimes, findings reported earlier in a reflected
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shocktube [9] are also included in Fig. 9. It is notable that the conditions
used in a reflected shocktube [9] is quite different from the preheated
shocktube used for testing D and PB in this study. The tests done in [9]
under the stoichiometric mixture condition and a pressure condition of
13.5 bars. The tests conducted in [9] and this current work show clearly
HTC, NTC and LTC regimes as shown in Fig. 9. NTC regime, being
specific to low temperature oxidation processes, is characterized by a
zone of temperature in which the overall reaction rate decreases with
temperature as shown in Fig. 9 when 1000/Ti between 1.1 and 1.35.
NTC phenomena could be considered as a chemical transient regime that
allows for continuously transitioning from established LTC to HTC re-
gimes [69]. Qualitatively, from this figure, the regimes having 1000/Ti
< 1.1 is corresponding with HTC and 1000/Ti > 1.35 belongs to LTC. It
shows that the influence of fuel properties on IDcher is minimal while
the influence is significant in NTC and LTC zones. Fuels with higher
cetane number cause their shorter ID¢her, in NTC and LTC regimes [9].
For biodiesels, an increase in carbon chain length and/or a decrease in
number of double bonds in the fatty acid esters, biodiesel constituents,
leads to shorter ID¢hem. An increase in carbon chain length and/or a
decrease in number of double bonds was also found to increase CN of
biodiesels [54]. It is clearly shown in Fig. 9 that ID¢her in NTC and LTC
zones of methyl Palmitate (16C, 0 double bonds, CN = 86) < methyl
Linoleate (18C, 2 double bonds, CN = 38) < methyl Linolinate (18C, 3
double bonds, CN = 23).

It is important to note here that the experiment conditions tested in
this study and the conditions tested in the work done by Westbrook et al.
[9] is under different pressure and equivalent ratio. The influence of
tested conditions on ID is significant. For example, it is stated earlier in
[9] that although the region of NTC is very clear but the amount of NTC
behavior significantly depends on fuel molecular structure, equivalent
ratio and initial pressure. It was shown that at higher initial pressure, the
NTC zone shifted toward higher temperature [69]. It was found in [70]
ID times exponentially increase when initial pressure decreases, the
trend in ID versus temperature however is quite identical and well
established in current literature [9,18,70]. Regarding the contribution
of equivalent ratio, it was found in [35] that ID increases with an in-
crease in equivalent ratio, however, this impact is fairly minimal. It is
shown in Fig. 9 that ID curves obtained in this study is located far from
the left side compared to those reported in [9] and, from the discussion
provided above, this is mainly attributable to the lower initial pressure
(1.2 bar) compared to the pressure tested in [9] (13.5 bar).It was found
that the influence of saturated methyl ester group (-COO-CH3) on
combustion is minimal and as such combustion characteristics of satu-
rated methyl esters are extremely identical to saturated n-alkanes with
similar number of carbon atoms in their aliphatic main chain [9]. For
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Fig. 9. IDchem time measured using (i) preheated shocktube for D, PB40 and PB100 and (ii) reflected shocktube — like conditions of mono-components of biodiesels
including methyl linolenate, methyl linoleate, methyl palmitate and soy methyl ester.

example, the ignition behavior of n-decane (CioHsz) and methyl dec-
anote (CH3(CH3)gCOOCHSs3) is similar [9]. Chemical kinetic is a chal-
lenging topic and the complex structures of fatty acid esters, biodiesel
constituents, add further difficulties on this. The reader could be
directed to excellent studies [8,9,16,18,69] for current knowledge on
biodiesel chemical kinetic mechanism.

From the above discussion, Fig. 10 summarizes the influence of
physical and chemical processes on IDgye, time. Overall ID can be
divided into IDphys and IDcpem times although physical and chemical
processes are not consecutively occurring. This assumption is necessary
to eliminate the complexity of this issue. The initial stages prior to the
auto-ignition event involves in physical processes (fuel atomization, air
entrancement, droplet formation, heating, evaporation, and air-fuel
mixing). Chemical reactions, then, takes over and becomes dominant.

Atomlzatlon

<

Fragments

Although those initial chemical reactions occurring in this delay period,
the rate of heat released prior to auto-ignition is fairly small compared to
the scale of physical processes.

Atomization of D and biodiesels could be characterized by two
important zones: near-field of the nozzle and further downstream. In the
near-field zone, morphologies and population of fuel fragments are
determined by fuel physical properties, mainly surface tension and
viscosity. Biodiesels with higher viscosity compared to fossil diesel show
more long ligaments and big un-brocken fragments in the near-field
zone. Downstream, however, the influence of fuel properties on the
size and distribution of drops derived from atomization is minimal.
Evaporation rate of biodiesel drops are higher compared to those of D
and this is true for both big and small drops. Compared to D, slower rate
of evaporation of biodiesels is probably the main contribution to their

formed in near-field are

diffrent in mophorlogy & size, but size &

distribution

o drops derived
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Biodiesel drops evaporate slower, this is
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Fig. 10. Flow diagram comparing ID,y., of biodiesels and fossil diesel accounting for the contribution physical and chemical ignition delay.
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longer IDphys.

Chemical processes could be occurring under HTC, NTC or LTC re-
gimes. The difference in ID¢hem, between biodiesels and D are mainly in
NTC and LTC regimes. Although kinetic mechanisms between NTC and
LTC are certainly different [9,69], fuel molecular structure (e.g. carbon
chain length and/or a decrease in number of double bonds in the fatty
acid esters, biodiesel constituents) has significant effects on IDchem in
those regimes. Common biodiesels have shorter ID¢per, in NTC and LTC
regimes and higher CN compared to D.

In a nutshell, ID,pys of biodiesels is longer while ID¢pem times of most
biodiesels under NTC and LTC are shorter. The discussion related to
IDphys and ID¢pem Shown above may lead to an interesting statement that
shorter IDyyer of common biodiesels compared to D could be mainly
attributed to their shorter ID¢pem under NTC and LTC regimes.

4. Conclusion

In this context, IDyyer is the time measured in CIEs and the lag time is
caused by physical and chemical processes which lead to physical and
chemical ID, respectively. IDqyver could be understood as the sum of
IDphys and IDcherm albeit the physical and chemical processes are partly
overlapped. This work could not come up with an approach to directly
compute physical, chemical, and then overall ignition delay times, it
limits to estimating for time scales for important physical and chemical
phenomena. The main physical processes include fuel jet atomization,
evaporation, and mixing. The chemical ID is attributed to chemical re-
actions prior to auto-ignition event. The initial chemical reactions could
be occurred in HTC, NTC or LTC regimes. In this study, physical and
chemical ID periods of biodiesels having a wide range of molecular
structure and therefore physical and chemical properties and fossil
diesel have been investigated using different research tools. IDgyer is
measured in a CFR F-5 engine along with a 6-cylinder engine. IDppys;c is
evaluated through atomization and evaporation characteristics. ID¢pem
under HTC regimes is characterized using a preheated shocktube and
some relevant information of ID¢pey, under LTC, NTC and HTC regimes
taken from literature. It can be concluded that:

- Common biodiesels have their higher cetane number compared to
that of diesel and this normally leads to their shorter IDgyye;. On some
engine operating conditions, like in the commonrail engine under
high speed and load fractions investigated in this study, the influence
of fuel properties on IDyyer is minimal. The auto-ignition in this case
is mainly determined by chemical processes occurring under high
temperature conditions.

Regarding the physical processes, atomization characteristics (the
size and distribution of drops derived downstream where atomiza-
tion has completed) of biodiesels are identical to that of D. Biodiesels
evaporate much slower compared to D especially in the beginning of
evaporation process that impacts the formation of initial mixture and
as such has significant effects on the auto-ignition event.

Biodiesels shows their shorter ID¢hey under NTC and LTC regimes,
however, ID¢hem Of biodiesels and diesel is identical under HTC re-
gimes. In overall, compared to diesel, IDyyer of biodiesels is shorter
and this is mainly attributed to their faster chemical reaction rates in
NTC and LTC regimes.
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