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Abstract
In the present study, large-eddy simulations (LES) are used to identify the underlying mechanism that governs the ignition phenomena of spray flames from different nozzle diameters when the ambient temperature
(Tam ) varies. Two nozzle sizes of 90μm and 186μm are chosen. They correspond to the nozzle sizes used
by Spray A and Spray D, respectively, in the Engine Combustion Network. LES studies of both nozzles are
performed at three Tam of 800K, 900K, and 1000K. The numerical models are validated using the experimental liquid and vapor penetration, mixture fraction (Z) distribution, as well as ignition delay time (IDT).
The ignition characteristics of both Spray A and Spray D are well predicted, with a maximum relative difference of 14% as compared to the experiments. The simulations also predict the annular ignition sites for
Spray D at Tam  900K, which is consistent with the experimental observation. It is found that the mixture
with Z  0.2 at the spray periphery is more favorable for ignition to occur than the overly fuel-rich mixture
of Z > 0.2 formed in the core of spray. This leads to the annular ignition sites at higher Tam . Significantly
longer IDT for Spray D is obtained at Tam of 800K due to higher scalar dissipation rates (χ ) during high
temperature (HT) ignition. The maximum χ during HT ignition for Spray D is larger than that in Spray A
by approximately a factor of 5. In contrast, at Tam = 1000K, the χ values are similar between Spray A and
Spray D. This elucidates the increase in the difference of IDT between Spray D and Spray A as Tam decreases.
This may explain the contradicting findings on the effects of nozzle diameters on IDT from literature.
© 2020 The Combustion Institute. Published by Elsevier Inc. All rights reserved.
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1. Introduction
Understanding the ignition characteristics of
diesel spray combustion is critical as a longer ignition delay time (IDT) increases the local precombustion mixing, thus reducing emission [1,2].
Different nozzle diameter sizes (Dnoz ) show significantly different effects on the ignition characteristics in diesel engines [7,3–6]. Decreasing Dnoz was
shown to reduce the IDT [7,3]. At the same time,
other studies [4–6] showed contradicting findings,
where varying the Dnoz had no significant effects on
the IDT in a diesel engine. It is worth mentioning
that in-cylinder flow varies from one engine to another due to different piston bowl and intake valves
configurations. The injection characteristics were
also not standardized. Hence, the air-fuel mixing is
expected to vary as well. These collectively make direct comparison of the results from different diesel
engine data difficult.
To better understand the effects of Dnoz on
ignition characteristics without the complex incylinder flow, experimental studies were carried
out in a constant volume vessel with controlled
ambient pressure and temperature conditions
which resemble those of direct injection diesel
engines. One of the earliest works on investigating
different Dnoz for diesel spray combustion was
carried out by Sieber and Higgins [8,9] using the
grade number two diesel fuel (diesel #2). IDTs
from four Dnoz of 100μm, 180μm, 246μm, and
363μm at varying ambient temperatures (Tam )
from 800K–1200K are available on ECN [9]. The
work focused on the effects of Dnoz on flame
stabilization. Revisiting the associated IDTs in
the study reveals a non-monotonic trend when
Dnoz varies. At Tam  900K, varying Dnoz have
no significant effects on IDT. However, at 800K,
the IDTs exhibit a non-monotonic trend where
IDT180μm < IDT100μm < IDT246μm . Thereafter, a
great amount of experimental and numerical
effort was placed in studying Spray A in the
Engine Combustion Network (ECN) [9], which
uses n-dodecane fuel (C12 H26 ) and a Dnoz of
90μm. The baseline ambient conditions are standardized to a Tam of 900K, gas density (ρ am ) of
22.8kg/m3 , and molar oxygen concentration (O2,am )
of 15%.
Recently, Spray D configuration is introduced
by ECN, which has the same ambient conditions
and fuel type as Spray A, but uses an injector that
has approximately twice the size of the nominal
Dnoz of Spray A. Experimental studies on ignition
and combustion characteristics of Spray D were
performed by Westlye [10] and Pastor et al. [11].
The IDT measurement of Spray A and Spray D
took into account the hydraulic delay during fuel
injection and were based on natural luminosity
from the flame. Different Tam , O2,am and injection
pressures (Pinj ) were varied in their experimental
studies. Spray D was shown to have a longer IDT

than Spray A across different Tam [11]. The slower
mixing in Spray D was suggested to be the main
reason for this observation [11]. The experimental
studies also showed that the differences in IDTs between Spray D and Spray A were increasing as Tam
decreases. The physics behind this was, however,
not clearly addressed in the paper.
From a simulation point of view, Pang et al.
[12] performed a three-dimensional, computational
fluid dynamics (CFD) study on reacting sprays in
a constant volume combustion vessel with Dnoz
of 100μm, 180μm, and 363μm. The simulations
were carried out by coupling unsteady Reynoldsaveraged Navier-Stokes with an Eulerian Stochastic Field method [12]. Their results were consistent with experimental observation, which showed
no significant effect on IDT across the three Dnoz
at Tam of 1000K. Comparison of Spray D and
Spray A was carried out in the numerical study
by Desantes et al. [13]. It was shown that a reduction in Dnoz promotes faster mixing which shortens
the time needed to reach ignitable equivalence ratio, therefore shorter IDT. All the numerical works
mentioned above for different Dnoz were only performed at a single Tam . On the other hand, comprehensive studies of the effects of Tam on ignition and
spray flame were carried out by Pei et al. [14] and
Pang et al. [15]. However, the works were carried
out only for small Dnoz . Therefore, the coupled effects between Dnoz and Tam on ignition characteristics are still not well understood.
Set against these backgrounds, this paper first
aims to identify the underlying mechanism that
controls the ignition process of spray flame from
different Dnoz at varying Tam . Further emphasis is placed on understanding the experimentally
observed increasing difference of IDTs between
Spray D and Spray A as Tam decreases. Moreover,
this work also aims to resolve the contradicting
findings on the effects of Dnoz on IDT from literature. These aims are achieved by performing largeeddy simulations (LES) of Spray A and Spray D at
Tam of 800K, 900K, and 1000K.
2. Numerical methods and case setup
The present LES is performed using
OpenFOAM-v1712. The Eulerian-Lagrangian
approach is used within the LES framework for
spray modeling. The gas phase is described using
spatially filtered transport equations. Both temporal and spatial terms are discretized using implicit
second-order schemes. The sub-grid scale (SGS)
is modeled using the Dynamic k-equation. The
pressure-velocity coupling is implemented in terms
of the Pressure Implicit with Splitting of Operator
(PISO) algorithm. The injected liquid phase of
C12 H26 is modeled as discrete parcels whose motion
is described using the Lagrangian particle tracking
approach. Each parcel represents a group of spher-
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ical droplets whose position, size, and physical
properties are similar. The primary breakup is
considered by injecting computational parcels with
the Rosin-Rammler distribution of size ranging
from 0.1 × Dnoz to Dnoz . The secondary breakup
is modeled by Reitz-Diwakar spray model, where
the stripping breakup constant, Cs is set to 10
[16]. The spray half-angle for all cases is set to
10◦ . The Frossling model and the Ranz-Marshall
correlation are employed to account for the droplet
evaporation and heat transfer with the surrounding
gas phase, respectively.
The skeletal C12 H26 mechanism developed by
Yao et al. [17] (54 species and 269 reactions) is used
in this work. The mechanism has shown good performance in the spray combustion context [18,19].
Tabulated models were successfully applied in LES
of Spray A combustion across numerous operating conditions [20,21]. While the tabulated models
are highly efficient, special care is required when
the look-up table is constructed, which is only reliable within a narrower range of specific operating
conditions. Thus, a general, direct chemistry coupling approach is preferred in this study. The wellstirred reactor (WSR) model is successfully used
in simulating Spray A [14,19], but it does not consider turbulence-chemistry interaction (TCI). The
partially-stirred reactor (PaSR) [22] combustion
model is hence used here to account for the TCI effects. The Cmix value in the PaSR model is set to 0.3
and used throughout all reactive spray cases. A sensitivity study is performed and within a 10% change
in IDT is found when the Cmix value decreases from
0.3 to 0.03. The Chemistry Coordinate Mapping
(CCM) approach is coupled with the PaSR model
in order to speed up the integration process of the
chemical reaction rates [23]. This method has been
successfully implemented to LES of spray combustion [24]. More details about the CCM approach
are available in [15,23].
The experimental reference case for the simulations in the current study corresponds to
ECN Spray A (Dnoz = 90μm) and Spray D
(Dnoz = 186μm) baseline conditions [9]. Both
Spray A and Spray D have the same Pinj of
1500bar, fuel temperature of 363K and ρ am
of 22.8kg/m3 . The rate of injection from ECN
[9] with an averaged fuel mass flow rate of 2.295g/s
is used for Spray A, while a top hat injection profile
with an averaged fuel mass flow rate of 11.71g/s
[10] is used for Spray D. The operating conditions
and the fuel injection are summarized in Table 1,
˙ f denotes the injected fuel mass flow rate.
where m
Cases 1–4 are Spray A cases; while cases 5–8 are
Spray D cases. Cases 1 and 5 are inert spray cases,
where the O2,am is set to zero. The ambient mixture
composition and temperature are initiated as
uniform field while the velocity field is set to zero.
Details of the ambient composition can be found
in [9]. The computational domain is a constant
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Table 1
Operating conditions and injector specifications
˙f
O2,am
Tam
Dnoz
m
Case
[% mol]
[K]
[μm]
[g/s]
1
2
3
4

0
15
15
15

900
800
900
1000

90
90
90
90

2.295
2.295
2.295
2.295

5
6
7
8

0
15
15
15

900
800
900
1000

186
186
186
186

11.71
11.71
11.71
11.71

volume cubic chamber with side lengths of 108mm.
All boundaries are set as no-slip, adiabatic wall.
The injector is placed at the center of one of the
chamber walls. A uniform mesh of 0.125mm is
used within the spray combustion region (80mm
axially and 15mm radially from the nozzle location) and a coarser mesh resolution is used outside
the spray combustion region. This mesh resolution
is the same as those reported in [14,25]. A grid
sensitivity study can also be found in the Supplemental material S1. The current setup is shown
in Section 3 to accurately capture the penetration
lengths, mixture fraction profiles, and IDT.

3. Validation of models
3.1. Inert spray
While validation of LES using Spray A data
can be widely found in the literature, those using
Spray D are scarcely found to the best of the authors’ knowledge. The validation of the computational setup is carried out by comparing the liquid
penetration length (LPL), vapor penetration length
(VPL), and the radial mixture fraction profiles at
two axial positions with the experimental data of
ECN [9]. LPL is defined as the maximum axial location from the injector to the location where 95%
of the total liquid mass is found; VPL is determined using the farthest downstream location of
0.1% fuel mass fraction. The test conditions for
the inert spray validation of Spray A and Spray D
correspond to Case 1 and Case 5, respectively, in
Table 1.
Figure 1a shows the comparison of simulated
LPL and VPL against the measurements. It is important to note that the same numerical configurations are used in both Spray A and Spray D
simulations. Without calibrating any other model
constant for each spray, the predicted penetration
lengths for Spray A and Spray D are in good agreement with the experimental data. The sensitivity
study of Tam on LPL and VPL for both Spray A
and Spray D are available in the Supplemental material S2.
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Fig. 1. (a) Penetration lengths of liquid and vapor fuel
for Spray A (solid-lines) and Spray D (dashed-lines). (b)
Average mixture fraction distribution along normalized
radial direction, r∗ at normalized axial distance, x∗ = 35
and 50. The gray shadow represents the error bar of 95%
confidence interval for the measurements.

In addition, mixture fraction (Z) fields of
Spray A and Spray D are compared with
the experimental data in Fig. 1b in normalized radial (r∗ ) and axial (x∗ ) coordinates. The
experimental data shown in Fig. 1b is for inert
Spray A which was performed through Rayleigh
Scattering throughout the injection period, in
which the images taken were then converted to
Z [9]. The normalized coordinates r∗ and x∗ are
computed by normalizing the radial (r) and axial
coordinate (x) by the equivalent diameter (deq )
of each nozzle, i.e., r∗ = r/deq and x∗ = x/deq
[11,13]. The
 equivalent diameter is calculated as
deq = Dnoz ρ f /ρam , where ρ f denotes the density
of fuel. It is shown in [11,13] that the Z profiles for
Spray A and Spray D collapse onto one another
in normalized coordinates. It is hence possible to
compare the Z fields for Spray A and Spray D
against the experimental data for Spray A. The Z
profiles are obtained from a single LES realization

Fig. 2. (a) The IDTs for the LES cases at different Tam .
Lines - measurement data. Symbols - simulation result.
(b) Comparison of CH2 O and OH distributions from
PLIF measurements [9,27] (top) and LES calculations
(bottom) at IDT for Spray A at Tam = 900K. Spatial units
in mm. (c) Comparison of measured broadband luminosity images [11] (top) and simulated instantaneous isovolume of OH mass fraction (OH  2%(OHmax )) (bottom) at Tam = 900K after IDT of Spray D from the
frontal viewing angle. OHmax is fixed at 5 × 10−5 . Each
frame shows 20 mm × 20 mm.

by time averaging from 1.5 to 2ms. An additional
spatial averaging is performed in the circumferential direction. As shown in Fig. 1b, the model
shows good qualitative agreement for both Spray A
and Spray D at x∗ = 35 and 50 for |r∗ |  2. The
underprediction close to the spray centerline can
be improved by increasing the spatial resolution
[26] but that leads to a much higher computational
cost. Considering that the current computational
setup achieves a balance between accuracy and
computational efficiency, the same setup is used
next in simulating the reacting spray cases.
3.2. Reacting spray
In the following analysis, the IDTs for Spray A
and Spray D at different Tam are simulated and
compared against the measurements, as shown in
Fig. 2a. The computed IDTs have the same definition as the measurements, which is the time from
start of injection to the time when the maximum
rate of maximum temperature rise in the domain
occurs [14]. This definition is in accordance to the
ECN recommendation [9]. The larger discrepancy
at Tam = 800K in Fig. 2a may be attributed to
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the simplification of the lumped low temperature
oxidation sub-mechanism [17]. Despite this, the
predicted IDTs across different Tam and Dnoz has
a maximum relative difference of 14% compared
to the measurements. Figure 2a also depicts that
the predicted IDT for Spray D is shown to be
longer than Spray A across the three Tam , where
the largest deviation is at 800K. This observation
corresponds to the findings in [11]. Additional
information about the performance of Yao mechanism as compared to another reduced mechanism
is available in the Supplemental material S3.
Further validation is performed to assess the
model performance in predicting intermediate
species. The instantaneous mass fraction distributions of important intermediate combustion product, such as formaldehyde (CH2 O) and hydroxyl
(OH) at IDT for Spray A at Tam = 900K are compared against the measurements obtained from planar laser induced fluorescence (PLIF) [9,27]. It
can be seen from Fig. 2b that a good qualitative
agreement between LES and measurements is obtained for the spatial distribution of CH2 O and
OH. Moreover, Fig. 2c compares the instantaneous
iso-volume of OH after IDT for Spray D at Tam
of 900K, which shows that the high temperature
(HT) regions are at the spray periphery. This corresponds to the annular ignition pattern shown in
the Spray D experiment [11].
4. Results and discussion
In this section, the ignition characteristics obtained from LES of Spray A and Spray D at Tam of
1000K and 800K are investigated and compared.
For all four cases (Case 2, 4, 6, and 8 in Table 1), the
1st-stage ignition first initiates in the fuel-lean region (Z < Zst ), where Zst is the stoichiometric mixture fraction with a value of 0.045 [14]. It is followed by an apparent temperature rise within the
fuel-rich region (Z > Zst ). Thereafter, the HT combustion occurs within a relatively less-rich mixture.
These observations agree with the findings from
LES simulations by Pei et al. [14]. However, the associated spatial distribution of intermediate species
(e.g. CH2 O) as well as the ignition location are different between Spray A and Spray D. Mass fraction of dodecyl peroxide radicals, C12 H25 O2 (RO2
is henceforth used for brevity) is often used as an indicator for the 1st-stage ignition activity [28] as it is
one of the important species in the decomposition
pathway of C12 H26 . Therefore, the spatial distributions of both RO2 and CH2 O are considered in the
following analysis.
4.1. Ignition characteristics at high Tam
(Tam = 1000K)
Figure 3 illustrates the temporal evolution of reacting spray at 1000K for Spray A (Fig. 3a–c) and

Fig. 3. The temporal evolution of RO2 , CH2 O, and T
fields at 1000K for Spray A (a–c) and Spray D (d–f). T
is defined as the change of temperature relative to Tam .
The stoichiometric mixture fraction, Zst is shown by magenta solid line. The scalar dissipation rates, χ of 10s-1
and 1s-1 are represented by red solid line and black solid
line, respectively. Solid cyan line indicates the averaged liquid length. The range considered for the iso-surface of
RO2 is 1 × 10−4 and 5 × 10−3 ; for CH2 O is 6 × 10−3 and
16 × 10−3 ; and for T to be 400K and 1200K. Red arrow indicates HT ignition. Black arrow indicates no ignition. For a–c, each frame above shows 15mm × 30mm;
whereas for d–f, each frame above shows 20mm × 40mm.

Spray D (Fig. 3d–f). At 0.18ms (after the 1st-stage
ignition occurs), a significant amount of CH2 O
is observed downstream (x > 10mm) of Spray A,
while a significant amount of RO2 is only present
at the upstream region just after the liquid spray
(cf. Fig. 3a). At 0.22ms, the concentration of CH2 O
at the head of the spray has decreased, while a
high concentration of CH2 O remains upstream of
the spray, at the end of the liquid spray. From
0.22ms to 0.28ms, Fig. 3b depicts that the reacting spray tip region of Spray A has multiple ignition sites (T > 400K). These ignition sites subsequently spread to the whole spray head as shown
in Fig. 3c. This location coincides with the igni-
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tion region observed experimentally in [9]. Furthermore, the predicted ignition sites occur in regions
where the scalar dissipation rates, χ , are less than
10s-1 , which agrees well with the findings in [29].
On the other hand, Spray D exhibits a different
ignition characteristics than Spray A. At 0.18ms,
RO2 and CH2 O co-exist in the spray head region as
shown in Fig. 3d. The high concentration of RO2
at the spray head indicates that the fuel is decomposing to RO2 . At a subsequent time (t = 0.22ms),
most of the RO2 has decomposed into intermediate species, such as CH2 O. Hence, a high concentration of CH2 O is present downstream of the spray,
while RO2 is only present upstream of the spray. At
0.22ms, the χ values at both the spray head (indicated by black arrow) and the peripheral region (indicated by red arrows) are equally low ( < 10s-1 ), as
shown in Fig. 3e. It is also worth mentioning that
the local temperature in both regions are approximately 1400K. However, only the mixture at the
periphery of the spray undergoes HT ignition (cf.
Fig. 3f). This can be explained by examining the
Z at both the central and peripheral region of the
spray (figures are available in the Supplemental material S4).
The spray center region of Spray D has a fuelrich mixture of Z > 0.2. In contrast, the periphery
of the spray, where the HT ignition occurs, has a
mixture of Z  0.2. It indicates that overly fuel-rich
(Z > 0.2) regions are unfavorable for ignition despite having a low χ and a temperature of approximately 400K above Tam . Hence, the periphery of
the spray, which has a low χ value and Z  0.2,
becomes the most favorable location for ignition.
This observation is supported by the findings from
the two-dimensional (2D) direct numerical simulation (DNS) conducted by Krisman et al. [30]. It
is shown that a cool-flame takes a longer time to
reach the most fuel-rich mixture [30]. Meanwhile,
the fuel-rich mixture itself takes a longer time to
have spontaneous ignition due to having a longer
low temperature IDT [31]. Both these reasons lead
to the core region of the spray jet, which has a fuelrich mixture, to have a slower low temperature reaction than at the spray periphery, which is more
fuel-lean. As a result, the HT ignition occurs at the
spray periphery. It is noteworthy that the ignition
at the spray periphery is akin to the observation at
900K in Fig. 2c as discussed in Section 3.2. Furthermore, the HT regions from the spray periphery
converge at the spray head at approximately 0.1ms
after IDT.
4.2. Ignition characteristics at low Tam
(Tam = 800K)
The ignition characteristics for low Tam are illustrated in Fig. 4. For Spray A in particular,
some similarities in the temporal evolution of reacting spray can be observed between the 800K
and 1000K case. Before 1.0ms (not shown), a small

Fig. 4. The temporal evolution of RO2 , CH2 O, and T
fields at 800K for Spray A (a–c) and Spray D (d–f). The
scalar dissipation rates, χ of 1s-1 and 0.1s-1 are represented by red solid line and black solid line, respectively.
The range considered for the iso-surface of CH2 O is 3 ×
10−3 and 16 × 10−3 . Other information and descriptions
can be found in the caption of Fig. 3. Blue arrow indicates
1st-stage ignition. For a–c, each frame above shows 25mm
× 50mm; whereas for d–f, each frame above shows 40mm
× 80mm.

amount of RO2 is initially formed at the spray head
(indicated by the blue arrow in Fig. 4a) and the ignition kernels subsequently propagate to the whole
frontal region of the spray. As such, a high concentration of CH2 O is seen at the spray head in Fig. 4a
at 1.0ms. Meanwhile, regions of T > 400K start
to appear at the tip of the spray head where the local χ value is less than 1s-1 . It is noteworthy that
the χ value is an order of magnitude lower than
that in the 1000K case. In subsequent time frames
(Fig. 4b and c), the HT region starts to propagate
throughout the spray head and a higher temperature is attained. This trend is similarly obtained in
[29] for Spray A at Tam = 750K.
The ignition phenomenon of Spray D is different from Spray A, as depicted in Fig. 4d–f. At
1.0ms (not shown), the onset location of the 1st-
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5. Conclusion

Fig. 5. Scatter plots of mass fraction of OH and scalar
dissipation rates, χ for Spray A and Spray D at their respective IDTs. Left: Tam = 800K. Right: Tam = 1000K.

stage ignition for Spray D occurs at the spray periphery (indicated by the blue arrow in Fig. 4d) but
not at the spray head as in Spray A. Furthermore,
the 1st-stage ignition takes place in the vicinity of
the spray core region where the cold, fuel-rich mixture prohibits ignition to occur. Hence, the ignition
kernel can only propagate downstream along the
side of the spray as shown in Fig. 4d (t = 1.0ms).
At this time instance, the formation of CH2 O occurs at the side of the spray, but not at the spray
head. Only until 1.1ms, a significant amount of
CH2 O and RO2 are present at the spray head as
shown in Fig. 4e. Meanwhile, ignition sites where
T > 400K start to form at the periphery of the
spray and slowly propagate toward the center region. As more ignition sites are formed at the side
of the spray and even at the spray head, a volumetric ignition process can be observed in Fig. 4f. The
co-existence of the cool-flame (which is indicated
by CH2 O) and the HT ignition at Tam = 800K for
both Dnoz agrees with the 2D DNS results shown by
Krisman et. al. [30]. One should also note that the
annular ignition pattern seen in the previous section is not observed in this low Tam case. This implies that the annular pattern is only profound at
high Tam where the associated chemical time scale is
shorter and the ignition sites fall closer to the liquid
fuel.
Figure 4 illustrates that Spray D takes a longer
time to achieve HT ignition than Spray A for the
same time instances (cf. Fig. 4). This can be attributed to the difference in χ between Spray D and
Spray A. Figure 5 shows the scatter plot of OH
and χ for Spray A and Spray D at their respective IDTs. At 800K, the maximum χ in Spray D is
higher than in Spray A by approximately a factor
of 5. A high χ leads to longer IDT [31], hence explaining the longer IDT obtained in Spray D than
in Spray A. On the other hand, at 1000K, the OHχ distribution of Spray A and Spray D coincides
with each other. Thus, indicating that the IDT for
the 1000K cases will be similar. This result corresponds with the observation in Section 3 and the
experiment [11], which shows that the difference of
IDT between Spray D and Spray A increases as Tam
decreases.

The present work implements LES with a finiterate chemistry to study the coupled effects of Tam
and Dnoz . The LES model captures the key characteristics of different Dnoz of 90μm (Spray A)
and 186μm (Spray D) at Tam of 800K, 900K, and
1000K. The LPL, VPL, and radial Z profiles are
well predicted as compared to the measurements.
Moreover, the IDTs predicted are within a maximum relative difference of 14% as compared to the
measurements across different Tam and Dnoz .
At Tam = 1000K, both experiment and LES
show comparable IDTs between Spray A and
Spray D. The numerical results show that the χ
and thermochemical conditions prior to HT ignition are both similar. The local Z, however, strongly
influences the ignition pattern. The HT ignition site
for Spray A occurs at the spray head, whereas it
occurs at the periphery of the spray in Spray D.
The ignition process in Spray D leads to an annular ignition pattern, which was demonstrated experimentally and replicated in the present LES study.
Despite having a maximum temperature of 400K
above Tam at the center region of the spray head, the
current result suggests that the mixture is unfavorable for ignition due to having fuel-richer mixture
(Z > 0.2). Instead, the ignition occurs at the periphery of the spray where Z  0.2. The annular pattern
of ignition sites is observed at Tam  900K, where
the associated chemical time scale is shorter and the
ignition sites fall closer to the liquid fuel.
At Tam = 800K, the IDT is longer for Spray D,
which is replicated in the LES. While the thermochemical conditions are similar in these two cases,
the maximum χ for Spray D is higher than that
in Spray A by approximately a factor of 5. The
lower χ is found to be the main factor that leads
to the larger difference in IDT between Spray A
and Spray D. It is also noted that the χ values at
800K are an order of magnitude lower than those
at 1000K, regardless of Dnoz .
This work assists to explain the increase in the
difference of IDT between Spray D and Spray A as
Tam decreases, and also to shed light on the contradicting results from literatures.
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