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Abstract

In compression ignition engines, split-injection has shown great benefits in reducing pollutant
emissions and improving combustion efficiency. The objective of this study is to investigate
flame-spray interaction and combustion features in split-injection spray flames under diesel
engine-like conditions. For this purpose, the effects of key injection parameters, including injection
duration, dwell times, are investigated. The numerical model is validated by comparing with the
experimental data in terms of the vapour penetration length under inert condition and the flame
structures under reactive conditions. Good agreement between the predicted and measured data is
observed. The effects of the duration of the first injection and the dwell time between the first and
second injections on the combustion process are analysed carefully. It is also found that there are
different ignition mechanisms for the first and second injections. The chemical explosive mode
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analysis (CEMA) method is employed to investigate the autoignition process and flame development
for split injections. Different mechanisms are found for the stabilization process.

Keywords: Split -injection; Ignition; Flame-spray interaction; Flame structure;CEMA

1. Introduction

Increasing concern about energy security and environmental pollution has promoted the
development of advanced combustion strategies, such as homogeneous charge compression ignition
(HCCI), partially premixed compression ignition (PCCI), and reactivity controlled compression
ignition (RCCI) [1-3]. These strategies have shown great potential of achieving high efficiency while
keeping the harmful emissions low. Multiple-injection technology has been a practically feasible
technique in both conventional and advanced combustion by balancing low emissions and high
power output [2, 4]. Ignition characteristics and flame lift-off length (LOL) are two of critical factors
considered in the design and operation of compression ignition engines. Ignition delay times (ID)
determine the combustion phasing, whereas LOL is closely related to the flame stabilization and is of
great importance with respect to pollutant emission formation [5].

The main parameters involved in split injection include the pilot injection timing (PIT), pilot
injection ratio, dwell time, main injecting timing, and main injection duration. These parameters
have great influence on both the torque output and the pollutant emissions. Using either too early a
PIT or too late a PIT, the pollutant emissions, including NOx and particulate, and the engine
performance can be deteriorated [6]. The proportion of fuel mass injected in the pilot and main
injections is crucial in organizing the split-injection strategies. The fuel/air stratification [7] and the
subsequent heat release process [8] will be influenced by the injection ratio. Previous study [9] found
that the entrainment of oxygen was influenced by the dwell time. By prolonging the interval between
the pilot and main injections, entrainment of surrounding oxygen into the flame region was increased
and the smoke emissions were reduced. Different conclusion was drawn in [10], in which an
endoscopic visualization system was used to investigate the matching between the pilot and main

injections with different pilot ratios and dwell times. Only the pilot injection with a small pilot ratio
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and short dwell time could obtain high thermal efficiency. By increasing the dwell time, the high
thermos atmosphere (TA) formed in the pilot injection moved far away from the main injection. As a
result, the enhanced evaporation and mixing effects from the TA were restrained. Skeen et al. [11]
performed double injections in a constant volume combustion vessel at different ambient
temperatures with injection pressure of 150 MPa. Shorter IDs were observed for the second injection
because of the entrainment of high temperature gases and intermediate species from the combustion
of the first injection. The increase in the pressure and local temperature created favourable conditions
for the second injection to ignite earlier [12]. Owing to the fuel-richer ignition and the interaction
between the two consecutive fuel injection events, higher soot emission was observed for double
injections compared with the single one [13]. Moiz et al. [14-16] performed both experimental and
numerical studies to investigate the ignition and quasi-steady combustion process, as well as soot
production under diesel engine-like conditions. The results show that by decreasing the initial
temperature to 800 K, the production of soot in the first injection was negligible. Hasse et al. [17, 18]
applied the representative interactive flamelet (RIF) model for multiple injections. Lim et al. [19]
extended the RIF model and only applied the 2-dimensional flamelet equations near the
stoichiometric region, finding that the ignition delay for the second injection was closely related to
the time for the vapour from the second injection to come into contact with the radicals generated in
the first injection. Blomberg et al. [20] compared the combustion process of split injections using a
conditional moment closure model (CMC) within the Reynold-Averaged Navier-Stokes (RANS) and
Large Eddy Simulation (LES) method, and concluded that the combustion recession at an initial
temperature of 900 K could be captured by LES approach, but not for RANS.

Although many experimental and numerical studies have made significant contributions to the
combustion process of split injections, the interaction between the first and second injections at
different dwell times/injection durations as well as its effect on the combustion characteristics, has
not been well analysed. The objective of this study is to investigate flame-spray interaction and

combustion features in multiple-injection spray flames under diesel engine-like conditions. For this
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purpose, the effects of injection parameters, including injection duration and dwell times, on the
combustion features of split injection are studied. The novel features of the present work are (1) to
investigate the ignition mechanism for the first and second injections; (2) to compare the effect of
dwell time, and the first injection duration (FID) on the subsequent combustion process; (3) to
explain the development of the flame head for both the first and second injections, and the
interaction between the first flame and the coming cold spray; and (4) to study the dominant factor
controlling the autoignition and stabilization processes of the second spray. Besides, combustion of
the second injection is significantly influenced by the products and intermediate species from the
first injection. Analysis on the effect of dwell time (DT) and FID may contribute to the organization
of advanced combustion strategies.

The remainder of this article is structured as follows. The numerical approach and experimental
setup are briefly presented in Section 2. Section 3 gives the simulated results and discussion, and the

conclusions are shown in Section 4.

2. Methodology

2.1 Experimental and numerical setup

Spray experiments have been performed in a constant volume combustion chamber. The test
cases are denoted as Spray A in the engine combustion network (ECN) [21]. The fuel injection
pressure is 150 MPa, and the fuel temperature is 363 K. The nominal orifice diameter of the injector
is 90 pm. The ambient gas density is 22.8 kg/m?. In the experiments from Skeen et al. [11], a double
injection schedule (0.5 ms/0.5 dwell/0.5 ms) was employed at different temperatures. Moiz et al. [8,
16] performed double injections with shorter first and longer second injection durations (0.3ms /0.5
dwell/1.2 ms) to study soot production. Based on their works, double-injection strategies with short
and long FIDs were studied at different dwell times. Injection parameters for the investigated cases
can be found in Table 1. As advanced combustion strategies always work at low temperature or low
oxygen concentration conditions, different injection strategies are adopted at a low initial

temperature of 800 K under reacting conditions. The injected fuel mass for the split injections is the
4
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same as that in the previous studies [11, 16].

Table 1 Injection parameters.

Case Duration Dwell Duration

1st (ms) (ms) 2nd (ms)
L1 0.5 0.5 0.5
L2 0.5 1.0 0.5
L3 0.5 15 0.5
S1 0.3 0.5 1.2
S2 0.3 1.0 1.2
S3 0.3 1.5 1.2

2.2 Flow Solver

The numerical scheme of the employed program is based on the Arbitrary Lagrangian-Eulerian
method with finite volume method [22]. For the continuum phase in LES, a third-order Monotone
Upstream-centered Schemes for Conservation Laws (MUSCL) [23] is implemented to obtain high
order accuracy for the convection term. The MUSCL scheme showed good performance in
predicting the non-reacting spray structures and ignition process for reacting jets, as discussed in our
previous study [24]. To describe the effects of the filtered small scale turbulence, a k-equation
sub-grid turbulent kinetic energy model with €, =0.067 and C, = 0.916 [25] has been
implemented, which is named as KIVALES code. The present KIVALES version is further extended
to include the linear eddy model (denoted hereafter, as LES-LEM [25]). The LEM model offers a
fundamentally different closure for the scalar fields within the contest of LES. In LEM, subgrid
turbulent mixing and molecular diffusion processes evolve concurrently in a one-dimensional
domain within each LES cell. No parameters are required to adjust to the LES-LEM method [26],
and this model has been successfully used in premixed combustion [27], non-premixed combustion
[28] and spray combustion [29, 30]. A reduced n-dodecane mechanism including 54 species and 269
reactions [31] is employed. This mechanism shows good ability in predicting the ignition process of
n-dodecane spray flames, which has been widely used in previous studies [32-34].

The discrete droplet model (DDM) [22] is applied for the discrete phase. The droplet particles
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were tracked by solving the droplet velocity, mass, and temperature equations using the Lagrangian
method. The Kelvin-Helmholtz Rayleigh-Taylor (KH-RT) model [35] is used to predict the primary
and secondary liquid breakup processes. And the O’Rourke [36] model is employed for the
simulation of collision and coalescence. The interactions between liquid and gas phases are described
through a two-way coupling, i.e. “gas-to-liquid” and “liquid-to-gas”. In “gas-to-liquid” coupling, the
changes of the droplet velocity in the computation domain are attributed to the drag force F;; on
droplet and calculated by the relative velocity between the droplet and the gas. In the “liquid-to-gas”
coupling, the effects of liquid motion on the gas phase are treated as the Lagrangian source terms in
the Eulerian momentum equation. Note that in LES the subgrid dispersion velocity model [37] is
employed to calculate the effects of turbulent flows on droplets. Furthermore, the spray source term
model [38] with a two-test filtering subgrid gas velocity treatment is used to deal with spray effects
on the subgrid turbulent Kinetic energy. Equations for spray modelling can be found in our previous
study [24].

2.3 Comparisons with the experimental data

It should be noted that in our previous study [29], the simulated distributions of the mixture
fraction at different times and locations by the present numerical methods were compared with the
experimental results, and good agreements between the predicted and measured results were
obtained. We have compared the vapor penetration length for inert n-dodecane spray with the
experimental data in our previous study [30]. The present numerical model coupled with the
high-order MUSCL scheme can give a reasonable agreement with the experimental data. We have
also examined the quality of the performed LES by comparing the results from different realizations
[39]. Results calculated by the ratio of resolved and total turbulent kinetic energy (TKE) illustrated
that high-levels of TKE could be resolved, especially at downstream positions. Although the
turbulent fluctuations are not completely resolved, the numerical model does not change the main
conclusion.

To further validate the numerical model under reacting conditions, comparisons of experimental
6
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images from planar-laser-induced fluorescence (PLIF) and the Schlieren images with the simulated
results for the reacting sprays are shown in Fig. 1 at an initial temperature of 800 K to further show
the performance of the present models. The experimental ID for the first injection is 0.88 + 0.09
ms from pressure profile. In this work, ID is defined as the time when the maximum temperature in

the entire domain reaches the ignition temperature T;,,, which is calculated by T;z, = 0.5 *

gns
(Tgmp + Tmax) [40]. Tump 1S the initial ambient gas temperature, and T, iS the maximum
temperature during the quasi-steady state. The predicted ID is 0.895 ms for the first injection. The
experimental images show the distribution of polycyclic aromatic hydrocarbons (PAH) and
formaldehyde (CH20) molecules. However, for the simulation, PAH is not included in the chemical
kinetic mechanism, and acetylene (C2H>) is employed to represent the formation of soot. Therefore,
CH20 and C,H: are used to give a qualitative comparison with the experiments. At 890 us, the
second injection has not commenced yet. Strong PLIF signal appears in the firstly injected spray, and
very weak colour appears in the Schlieren image. Skeen et al. [41] pointed out that during the
low-temperature ignition stage, when the local temperature is close to the ambient gas temperature,
the gradient in the local refractive index is reduced, and a “softening” effect near the head of the
spray is observed. Consistent with this conclusion, high levels of CH>O appear at the reacting spray
head in the predicted result, and the decrease in the gas density is very slight at 0.9 ms. At 1290 ps,
high-temperature reactions occur in the spray, leading to significant reduction in gas density, as
shown in the Schlieren image. The simulated result overestimates the reacting spray head for the first

injection, while the position of the second spray or the second spray head agrees well with the

experiments.
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Fig. 1. Comparisons of (a) modelled results with (b) PLIF and Schlieren experimental images

at an initial temperature of 800 K. Experimental data are from Skeen et al. [11].

3. Results and discussion

3.1Effects of dwell time on combustion processes.

3.1.1 Analysis of ignition process

Previous study [16] showed that the dwell time has a great influence on soot formation. In this
section, the autoignition process for the double injections with a FID of 0.5 ms is further analysed,
and meanwhile, the combustion process at different dwell times (DT) is mainly investigated. The
temporal evolutions of key species in the temperature versus mixture fraction (Z) space are shown in
Fig. 2, including CH20 and hydroxyl (OH). Z is calculated based on the mass fraction of C and H
atoms [42]:

Z =3NS (MW ng e + MWy iy o) X Yo /MW, ¢
where MW,., MWy, and MW, are the molecular weights of carbon atoms, hydrogen atoms, and
species a, respectively. Ns is the total number of species. nc, and ny, are the number of
carbon and hydrogen atoms, respectively. Y, is the mass fraction of species a. It is noted that only

points with Y; > 20% X Y/*** are shown in Fig. 2, where Y; is the mass fraction of species i, and
8
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Y% is the maximum value of Y;. As mentioned above, autoignition appears after the end of the
first injection and before the start of the second injection. Therefore, before the start of the second
injection, the autoignition process of the first injection for the cases with long DTs (Cases L2 and L3)
is nearly the same as that with short DT. CH20 can be used as an ignition precursor [43]. After the
end of the first injection, amount of air is mixing with the spray from all around of the spray. The
entrainment of fuel is improved. As a result, no very rich mixture is left in the spray, and mixture
fraction is less than 0.1 in the computational domain, but autoignition is still initiated at the place
with mixture fraction greater than stoichiometry. In addition, Fig. 2 also shows that OH and CH.O
are located at different places in the T-Z space. OH is mainly formed at high temperature regions
with stoichiometric mixture fraction (Zst), and CH>O is distributed over a wider region in the

mixture fraction space at low temperature regions.

t=0.8 ms t=0.9 ms t=1.0 ms
3000 3000 3000
O OH O OH O OH
25001 I O CcHz20 25001 | O CcHz2O 2500 O CHzO0
~2000F | 2000+ | ~2000F
) I ) I <
S1s00f g S1s00F 1. S1s00f #
1 :
mnn—& 1000—% 1000F
I 1 ] 1 I ) 1 L 1
500 Zst 01 02 0.3 500 0.1 02 0.3 500, 02 0.3
Z z Z

Fig. 2. Ignition process for the first injection with injection duration of 0.5 ms. The black

dashed line represents the stoichiometric mixture fraction (Zst).

It should be noted that the second injection starts at later times after the start of injection (ASOI)
with a long DT. The effect of dwell time on the ignition of the second injection at different times
after start of the second injection (ASSI) is shown in Fig. 3. Key intermediate species, including OH
and CH20, are plotted in T-Z space at times relative to the start of the second injection. By
increasing the DT, the second shot is injected into combustion chamber under different conditions
involving temperature, and charges chemical composition compared with the case with a short DT.

For a short DT, for example at DT=0.5 ms, the second injection penetrates into intermediate products

9



212  and experiences first-stage ignition with an advanced timing, as reported in the experimental study
213 [11]. At 0.1 ms ASSI, CH.O appears in the near-injector region, which is characterized by low
214  temperature and different values of Z. At 0.2 ms ASSI, temperatures in the cells of fuel-rich regions
215 increase to 1500 K approximately, indicating that ignition process for the second injection is initiated
216  very quickly. By increasing the dwell time, combustion process has been sustained for a longer time,
217  and consumption of fuel from the first injection is more complete at the time when the second
218 injection starts. As a result, the effect of intermediate species on ignition of second injection becomes
219  minor. By increasing the DT, most of CO is converted to CO> during the high-temperature ignition

220 stage by CO+OH—CO.+H [44]. Thus, more CO: is formed in the entire domain, and due to

221  diffusion, CO: is located in a wider region. Interestingly, the increase in the CO, production and
222  temperature generated by the first injection plays an important role. CO; production can delay the
223 high-temperature ignition of the second injection, and on the contrary, the increased temperature
224 promotes the ignition process. Once the cold second injection penetrates into the already burnt region,
225  the fuel spray is surrounded by CO- to prevent the high-temperature ignition. Moreover, due to the
226  increased time before the first and second injections starting to interact with each other at a longer
227 DT, ignition is prolonged for the second injection.

228 For example, in the case with DT=1.5 ms, both OH and CH20O mass fractions are lower than 20%
229  of the maximum value at 0.1 ms ASSI. The appearance of high-temperature products like OH is
230 delayed by increasing the dwell time. The tail of the first injection has moved further downstream,
231  and thus more time is needed for the second injection to catch up with the tail of the first injection.
232  After the two injections start to interact with each other, high-temperature reactions occur in the
233  second spray quickly. Therefore, the fuel/air mixing for the second injection strongly depends on the
234  interaction time before high-temperature ignition. Moreover, more oxygen is entrained into the burnt
235  region by increasing the DT. Consequently, the prolonged interaction time and the entrainment of
236  oxygen into the burnt region in the first injection lead to the improved mixing process with a long

237  DT. As a result, the high-temperature kernels appear in fuel-leaner regions compared with a short DT

10



238  (case L1). Moreover, distributions of OH in T-Z space become very sparse at long DT, indicating
239 that the high-temperature reactions are weaker than that at the same time interval in the cases with
240  short DT. Hence, it can be concluded that the interaction between the first and second injections is
241  reduced with a longer DT. If the interval between the two injections is long enough, the interaction
242  between the two pulses can be avoided [45]. Due to the less fuel-rich regions and the improved

243  mixing between fuel and air, soot emission can be reduced by increasing the DT [16].

0.1 ms ASSI 0.2 ms ASSI 0.3 ms ASSI 0.4 ms ASSI
3000 3000 3000 3000
O on O on O on QO on
008 O cH20 | 25000 | 0O cH20 | 2500F 0O cH20 |  2500F 0 cH20
2000} ~2000F f ~2000F ~2000-
< £ < . <
S1s00f S1s00- #1 Siso0r TLE S Srso0r FR
1 |
1000- 2y wno-ka'.:-. 1000} 1000F
£ 1 Vs 4
0075t 0 02 03 09 01 0.2 0.3 00 02 9.3 500 02 0.3
A L
3000 3000 3000 3000
O on O on O on QO on
2500+ I O CH20 2500+ | O CH20 | 2500- | O CH20 | 2500F O cH20
~2000F ~2000f ‘ 1 ~2000F ¢} ~2000F
™ ™ N 2™ b g
Fiso0f | Fisoof 1 Fisoop 15 S1s00f
1 I 3
1000F 4 | 1000F ot 1000 24 1000F
1 1
500, o1 02 03 09 ] 0.2 0.3 00 02 0.3 500, 02 0.3
st .
z Z
3000 3000 3000 3000
O oH O oH O oH O OH
25001 | O cH20 2500 | O CH20 | 2500 ' O CH20 | 2500F | O CcH20
~2000F ! ~2000f ! 20004 |
= 1 £ 1 £ 1
Fisoop | Frsoop 1 Frsoor |1
1 1 |
1000F | 1000F 4, 1000 gbdome,.
I I [T
500 01 02 03 0 0.1 T L o 02 92 03
244 s

245 Fig. 3. Combustion process at different times after start of the second injection (ASSI). Top:
246 DT=0.5 ms, Middle: DT=1.0 ms, Bottom: DT=1.5 ms. The black dashed line represents the
247 place of Zst.

248 Temporal evolution of the scatters of reaction region (RR) in the mixture fraction space is
249  shown in Fig. 4 at different times ASSI. RR is calculated by RR = Y y,0 X You. As reported in the
250  previous studies, RR can show the flame structures [46, 47] and mark the ignition process [29]. It
251  can be seen in Fig. 4 that RR in fuel-rich regions increases gradually with time for all dwell times,

252 indicating that strong chemical reactions move from stoichiometric regions to fuel-rich regions,
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where high levels of CH,O appear. As the flame LOL is reduced for the second injection, the intense
reactions occur quickly after the fuel injection. CH2O is formed in fuel-rich regions due to the
limited mixing process, leading to high values of RR thereby. As reported in the previous study [43],
intense high-temperature reactions occur at the stoichiometric mixture fraction, where high levels of
OH are formed. OH formation is dominant. Consequently, the maximum value of RR moves to
stoichiometric mixture fraction during the quasi-steady state of a single injection [29]. The results for
double injections show similar characters with the maximum RR at Zst. The ignition process is
advanced for the second injection, and fuel-rich ignition is observed. Furthermore, it can also be seen
that by increasing the dwell time, value of RR at early times is reduced. This is because that the
reaction region in the first injection have moved downstream at a high velocity, and only a small

quantity of OH and CH>O left behind the tail of the first spray, as shown in Fig. 3.
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265  Fig. 4. Temporal evolution of reaction region (RR) with different dwell times. (Left) DT=0.5 ms,
266 (Middle) DT=1.0 ms, (Right) DT =1.5 ms. RR is calculated by RR = Y cy20 X You. The black
267 dashed line represents Zst.
268  3.1.2 Analysis of penetration length and flame LOL
269 To further discuss the effect of injection dwell time on spray-flame interactions and the
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development of the spray tip, Fig. 5 shows the evolutions of the spray tip for the first and second
injections. To distinguish the two injections, the reacting spray tip of the first injection is defined as
the most downstream place with mixture up to 0.01. The second spray tip is defined as the farthest
distance between the location of Z reaching stoichiometry and the injector. Similar definitions can be
found in [12]. It is clearly shown that the flame tip position for the first injection is quite similar with
different dwell times before 1.7 ms. At DT=0.5 ms, the spray tip for the first injection is accelerated
after 1.7 ms due to the coming of the second injection, which could provide high momentum for the
first injection [14]. However, for longer DTs, the tip of the second injection has not merged with the
first one, and the momentum for the first tip is very weak. For the second injection, it is injected into
a low density environment due to the combustion. Decrease in the gas density leads to gas expansion
[11]. The second spray tip moves faster than the first one. Note that at t=1.2 ms, for the case with
DT=0.5 ms, the tip of the second spray catches up with the tail of the first injection (not shown here).
Fuel is injected into a hot environment with rich radicals. The transport of intermediate species and
radicals leads to the acceleration of the second spray tip. For longer dwell times, when the second tip
catches up with the first injection, the fuel is almost completely consumed. The acceleration of the

second tip due to the first injection is not as obvious as that in the case with short dwell time.

8 =—{=DT=0.5-1st =—HM=DT=0.5-2nd
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Fig. 5. Temporal evolutions of spray tip.
Temporal evolutions of flame LOL with different dwell times are shown in Fig. 6. To compare

the effect of dwell times on flame LOL, the result from a single injection with 1.5 ms duration at an
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initial temperature of 800 K is also shown in Fig. 6. The simulated flame LOL for single injection is
close to 30 mm, which is slightly longer than the experimental result (26.2 mm) [21]. For double
injections, obvious decrease in flame LOL can be observed because the tail of the first injection
comes into the reaction during the dwell time owing to the mixing between fuel and fresh air. The
combustion recession was seen at a higher temperature in the experiments [11]. After the start of the
second injection, shown as points A’, B> and C’ in Fig. 6 for different dwell times, flame LOL is
prolonged very quickly, indicating that the second tip catches the tail of the first injection. Owing to
the cooling effects from the cold spray, the flame LOL moves downstream. After the appearance of
high-temperature reactions in the second injection, flame LOL is shortened and high-temperature

regions move upstream again.
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Fig. 6. Flame LOL at an initial temperature of 800 K. A, B and C: Start of the second

injection. A’, B’ and C’: End of the second injection.
3.1.3 Analysis of ignition mechanism

To compare the flame development for the first and second injections, temporal evolutions of
CH>0 mass fraction, axial velocity, and temperature profiles at the second spray tip are shown in Fig.
7. Lines without and with symbols represent the time interval ASOI and ASSI, respectively. At 0.3

ms, autoignition for the first ignition has not occurred. The injected fuel is evaporating, and thus
15
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temperature at the spray tip is very low. Recently, Desantes et al. [48] investigated the transient spray
tip under non-reacting and reacting conditions, finding that during the early time without the
formation of high-temperature kernels, position of the spray tip is quite similar. In this work, ignition
delay is shortened for the second injection. Comparisons of the spray tip for the first and second
injections could show the effect of combustion. Moreover, because of the earlier ignition in the
second injection and the reduction in the gas density ahead of the second injection resulting from the
combustion of the first spray, it could show the acceleration in the second injection, as discussed
above. Furthermore, the second spray is injected into a higher-temperature environment with
different intermediate species, and different mechanisms may dominate the ignition process for the
first and second injection. As shown in Fig. 7, the temperature of the second spray tip is much higher
than the first injection. Owing to the limited mixing time and high temperature in the gas, richer
ignition is formed. Thus, high levels of CH.O exist ahead of the second injection. The consumption
of CH2O also indicates the appearance of high-temperature reactions [43]. At later times,
high-temperature reactions appear ahead of the second spray and CHO is consumed by OH and

other radicals, consistent with the temperature increase thereby.
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Fig. 7. Comparisons of CH>O mass fraction, axial velocity, and temperature for the first and
second injection spray heads.

To further study the effects of dwell time on the ignition process of the second injection,
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temporal evolutions of temperature and key species mass fraction at different times ASSI are shown
in Fig. 8. In the case with short dwell time, for example DT=0.5 ms, temperature increase at the
second spray tip at 0.1 ms ASSI is small and the highest temperature at the inner side is below 1000
K. However, at 0.2 ms ASSI, the maximum temperature at the inner head is more than 2000 K,
indicating the appearance of high-temperature reactions. High concentration of CO and OH is
observed, and the mass fraction of the ignition precursors, such as CH>O, H20>, and hydroperoxy
(HO.), decreases quickly. By increasing the dwell times, more time is needed for the second
injection to catch up with the first one, and low levels of species are left behind the first injection, as
discussed in Fig. 3. The temperature at the inner spray tip is lower, and species concentration at the
inner spray tip is smaller at 0.1 ms ASSI. The time when the maximum temperature at the inner
spray head increases above 1800 K is delayed. Then in the case with DT=1.5 ms, high value of OH
is observed even later than 0.3 ms ASSI, indicating that the ignition delay of the second spray is

prolonged for longer dwell time.
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Fig. 8. Temporal evolutions of temperature (a), equivalence ratio (b) and key species at the
second spray head after start of second injection with long injection durations.

To further investigate the ignition mechanism for the second injection, different cases for
homogeneous reactor with C12H2502, CH20, H20>, or OH additions are shown in Table 2. As a large
amount of oxygen is consumed by the first injection, the effects of species addition on the ignition
process at low oxygen concentration are investigated. The initial temperature for homogeneous
reactor is chosen based on Fig. 8, in which the temperature at the second spray tip is slightly
increased at 0.1 ms ASSI. Meanwhile, as reported in [11], pressure rise is very little. Therefore, the
initial pressure for the cases shown in Table 2 is set to 5.25 MPa, equal to the initial pressure for the

3-D constant volume combustion vessel. The predicted ignition delay times in the temperature versus
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equivalence ratio space without species addition are shown in Fig. 9 using CHEMKIN[49]. The
predicted I1Ds with values of 0.1 ms and 1.0 ms imply the mixture with short and long IDs, as shown
in Fig. 9. It shows that n-dodecane exhibits a negative temperature coefficient (NTC) regime in the
region with temperature ranging from 900 to 1100 K and equivalence ratio smaller than 2. At the
regions with temperature lower than 800 K, ID is longer than 2.0 ms at different equivalence ratios.

Table 2 Ignition process for homogeneous reactor.

T(K) P(MPa) O,(%)  Addition/ (%)

10 No addition

10 C12H250,: 0.01; 0.05

700~1300 5.25 10 CH,O0/0.1; 05
10 H,O0,/0.1; 0.5
10 OH/ 0.01; 0.05

No addition

ID (ms)

]
0.5 1 1.5 2 2.5 3
Equivalence Ratio

Fig. 9. Predicted IDs at different temperatures and equivalence ratios without species addition.

When the second injection starts, it is penetrated into a hot environment with different species
formed in the first injection, such as C12H2502, CH20, H20,, OH and so on. To study the effect of
these species on the ignition process, comparisons of the IDs with different species addition are
shown in Fig. 10. C12H250; is one of the key species in the low-temperature reactions through the O>
addition to the R radical. CH2O can be used to mark the cool flame, H20- is decomposed intensively
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once temperature increases over 1000 K [44]. Comparing Fig. 9 and Fig. 10, it can be seen that ID is
reduced in the low temperature regions by adding small amount of C12H2502. At the regions with
temperature greater than 800 K, the effect of C12H250, addition on ID is insignificant, especially for
the fuel-rich mixtures. C12H2502 is mainly formed in the low-temperature reactions. The appearance
of C12H2502 promotes the low-temperature chemistry, and the production and decomposition of
ketohydroperoxide (OC12H2300H) are also promoted [44]. The overall rate of the low-temperature
combustion is enhanced. Once CHO is added, autoignition timing for the mixture with temperature
lower than 950 K is prolonged. Owing to CH>O addition, the times when the ketohydroperoxide
starts to form, and when the temperature starts to increase quickly are delayed. The maximum
OC12H2300H mole fraction is also reduced, indicating that the low-temperature reaction path is
restrained with the addition of CH,O. For the fuel-rich mixture with temperature above 1200 K, the
effect of CH,O addition on the ID is negligible. Similar to CH2O addition, the existence of H.O in
the initial gas prolongs the ID at low initial temperatures. For the mixture with temperature above
1000 K, the decomposition of H2O. is promoted through the chain-branching reaction
H20,+M—-0H+OH+M. The temperature rise appears earlier and a reduction in ID is observed. As
shown in Figs. 10 (g) and (h), IDs are significantly reduced through the addition of OH, especially
for the mixture with equivalence ratio greater than 1.5, and most of the mixture has a ID lower than
0.1 ms with 0.05% addition of OH. However, OH is mainly formed in high-temperature regions. The
production of amount of OH in the second spray still needs more time due to the limited mixing
between fuel and air. After about 0.2-0.3 ms ASSI, high-temperature reactions appear in the first
spray, where high concentration of OH is formed. Once the second spray catches up with the first
one, significant reduction in ID can be observed. Hence, it can be concluded based on Fig. 10 that
the existence of CH2O and H20> prolongs the ID at low temperatures. Although the existence of
C12H2502 shortens the 1D, this effect is very limited. The addition of OH significantly reduces the ID,
especially for the rich mixture. In spray flames, amount of OH has formed quickly after the start of

the second injection. Once the first and second injections get to interact with each other, the

20



390 existence of OH in the first spray can ignite the second injection. Therefore, the second injection is

391  ignited by the first one.
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393 Fig. 10. Predicted IDs with different species addition.

394 3.2 Combustion process with long and short durations.

395 The injected fuel mass or injection duration for the first injection is of great importance to
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improve fuel stratification [7], optimize the combustion phasing [8], and reduce soot emission [50,
51]. Therefore, in order to optimize the combustion process, the ignition process for double
injections with different FIDs should be further analysed in detail. Fig. 11 shows the scatters in the
temperature versus mixture fraction space with different dwell times at a short FID. As shown in the
figure, by decreasing the FID, the injected fuel mass is reduced at an injection pressure of 150 MPa.
Similar conclusion can be found by increasing the DT with long and short FIDs. OH and CH>0 mass
fractions are weaker at longer DTs. The fuel/air mixture in the first injection becomes leaner than
that at a long FID at the autoignition timing due to the lack of fuel. Before the start of the second
injection, mixture becomes very lean. Thus, OH is mainly formed in fuel-lean regions. After the
second injection starts, fuel-rich mixture is formed to support the production of CH,O. Although
CH>0 is found in fuel-lean regions, most of them are still formed in fuel-rich regions in the inner
side of the second injection. It should be also noted that compared to the cases with long FIDs, the
second injection starts much earlier than the case with the same DT and a long FID, as shown in Fig.
3. The first injection has burned for a shorter time. Therefore, there are many cells with OH mass
fraction greater than the 20% of the maximum value at 0.1 ms ASSI with DT=1.5 ms. Then at 0.3 ms
ASSI, combustion of the first injection is more complete. Thus, OH mass fraction is very weak. The

appearance of OH mass fraction around Zst is again attributed to combustion of the second injection.
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Fig. 11. Ignition process for the second injection with a short FID. Top: DT=0.5 ms, Middle:

DT=1.0 ms, Bottom: DT=1.5 ms. The black dashed line represents the location of Zst.

To further compare the combustion process with long and short FIDs, temporal evolutions of
the mean temperature and apparent heat release rate (AHRR) are shown in Fig. 12. It can be seen
that due to the combustion of first and second injections, the mean temperature in the entire
computational domain is increased. With earlier start of the second injection, the time when the
profiles of Tmean CONtinue to increase occurs much earlier. What’s more, there are mainly two peaks
in the AHRR profiles. The first peak is due to the premixed combustion of the first injection, while
the second one is related to the consumption of the fuel injected during the second injection. For the
cases with long FIDs, more fuel is injected into the computational domain. The first peak for the
maximum AHRR before 1.2 ms is higher than the case with a short FID due to the premixed
combustion of the first injection. For the cases with a short FID, fuel/air mixture becomes very lean
before the wide consumption of fuel, and a low AHRR peak is observed due to the lack of fuel. And

most of heat is released after the start of second injection during which more fuel is injected into the
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combustion chamber. By increasing the DT, the peak AHRR appears much later. The time when the
second injection starts has great influence on the formation of CH2O and the evaporated fuel mass, as
shown in Fig. 13. Amount of CH,O is formed in the first spray both for the cases with long and short
FIDs. Once the high-temperature kernels appear, consumption of CH,O leads to the decrease of
CH20 mass [43]. It can also be seen in Fig. 13 that at the time when fuel mass starts to decrease,
CH>0 mass in the entire combustion chamber starts to increase, indicating that n-dodecane is mainly
consumed by the cool flame in the first injection. Once the second injection begins, the increase of
the accumulated CH>O mass profiles is not as quick as that in the first injection, indicating that the
cool flame is not as obvious as that in the first flame. As the ignition delay for the second injection is
reduced compared with in the first injection, the injected fuel goes into the high-temperature regions
quickly. The high-temperature environment promotes the evaporation of fuel droplets and the
appearance of high-temperature reactions in the second injection. The consumption of fuel in the

high-temperature reactions plays a dominated role.
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Fig. 12. Temporal evolutions of mean temperature (Tmean) and apparent heat release rate

(AHRR).
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Fig. 13. Temporal evolutions of fuel and CH,O mass.

To further show the effect of DT on the combustion process of n-dodecane spray flames, the
distributions of temperature, mass fraction of fuel and oxygen along axial direction are shown in Fig.
14. It should be noted that profiles are extracted along the centre line of z axis. The high-temperature
regions mainly represent the combustion region in the first spray. It can be seen that for the case with
a long DT, the flame length is longer, characterized by a longer high-temperature region. Oxygen
concentration in the high-temperature regions is also larger than that in the other two cases with short
DTs. This is because that although the oxidizer is consumed by the combustion of the first injection,
the reduction in density due to gas expansion leads to the entrainment of O, from the ambient gas to
support the oxidization of the fuel for the second injection. By comparing the cases with the same
DT and different FIDs, temperature at the flame front is reduced with short FIDs because of the
over-mixing between fuel and air in the first injection, as shown in Fig. 14. Mixture becomes too
lean, and the combustion temperature drops obviously. Comparisons of the flame structures at
different dwell times are shown in Fig. 15. It can be seen that the flame tip has moved downstream
freely with less time for the cases with short FIDs, and thus, the second spray head could catch up
with the first flame much earlier compared to the cases with longer FIDs. The first and second flame

heads have merged before 2.0 ms ASOI, but there is a small gap between the first and second flame

25



460

461

462

463

464

465

466

467

468

469

470

heads for the case with DT=0.5 ms, as shown in Fig. 15 (a). By increasing the DT, the maximum

temperature in the first flame is reduced at the same time ASOI, and ignition of the second injection

is delayed in the cases with longer DTs.
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3.2The stabilization mechanism for double injections
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Fig. 15. Temperature contours at different times ASOI with (a) long and (b) short FIDs.

Chemical explosive mode analysis (CEMA) is employed for the study of the development of

n-dodecane spray flame using different injection strategies. CEMA was shown to be a robust

diagnostic of complex fields and it can be used to predict the important flame features, such as

ignition, extinction, and flame fronts [52-55]. In this study, CEMA method is briefly summarized.
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The Jacobian of the chemical source term, ], in the governing equations can be used to account for
the local chemical characteristics. J, is calculated by J, = dw/dy, where w represents the
chemical source term, and y is the vector of species concentration and temperature. A chemical
explosive mode (CEM) is known as the state with Re(A4,) > 0. A large positive eigenvalue indicates
an explosive mixture, and autoignition is underway. While negative values for A, mean the mixture
already ignited. The transition of a CEM from explosive, i.e., Re(1,) > 0, to non-explosive, i.e.,
Re(4,) < 0, can be regarded as a flame front or flame surface [53, 56]. CEMA focuses on the unique
features of the CEM, which is derived from the all of the species concentration, temperature and
pressure information on each cell. 1t means that CEMA method is different from the computational
singular perturbation (CSP) concept [57]. To further examine the nature of the flame, a local
Damkoéhler number, Da, is shown in Fig. 16. Da is defined as:

Da = 75 X |A,] (2)
where 7, represents the integral time scale, which is calculated by 7, = k/e. Distributions of T, A,
and Da for double injections are shown in Fig. 16 with a long FID, i.e. (a) (b) and (c), and a short
FID, i.e. (d) (e) and (f). The horizontal dashed line represents the position of flame lift-off length. It
shows that two flame bases are located near the flame LOL. The transition for A, at the position of
flame LOL from a positive value to a negative value can also be observed in Fig. 16. For double
injections, the flame LOL is reduced, and combustion of the second injection could extend to the
upstream regions with higher scalar dissipation rates where high-temperature kernels couldn’t sustain
for single injection [18]. It should be noted that CEM represents the reciprocal chemical time scale of
a local mixture. The appearance of CEM implies that the corresponding mixture is explosive. In the
upstream the flame surface regions, Re(4,) > 0, indicating that the mixture is explosive and
autoignition is likely to occur without significant loss in heat and radicals. The previous results from
the 1-D laminar simulations showed that a Da diffusive limit existed, below which, combustion of
mixture was due to flame propagation without autoignition. Although the critical value of Da is

changed with the fuel, it is in order of unity [44, 58, 59]. In the present work, for the cases with short
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DT, for example with DT=0.5 ms, combustion of the first injection provides a high-temperature
environment. Xu et al. [60] defined different zones in spray flames based on the eigenvalue
distributions, namely the post-ignition zone with a negative value of A, the premixed reaction fronts
with A, = 0, the pre-ignition zone with a positive value of A,, and the chemically inactive zone
with A, around zero. These zones can also be clearly seen in Fig. 16. Dark blue regions can be
observed around the head of the second spray, indicating the already burnt region. At the regions
upstream of the flame LOL, dark red regions are observed for the A, contours, indicating a
pre-ignition zone where the mixture is highly explosive. However, for the cases with short first
injection durations, the increase in the dwell time leads to large differences in the distributions of A,.
As the injected fuel during the first injection is very less, the mixture ahead of the second spray at 0.6
ms ASSI becomes very lean. The temperature there is also very low (below 1000 K). The low
temperature and lean mixture results in positive values of A,. With the increase in DT, the mixture
becomes much leaner and values of A, at the regions ahead of the second spray decrease. Large Da
in order of unity at the LOL is mainly distributed in the inner side of the spray, implying that the
reaction and mixing process counterbalance each other. It indicates that the stabilization of the
second injection is controlled by flame propagation. However, for a longer DT, more oxygen is
entrained into the low-density regions after the combustion of the first injection. The influence of the
combustion products from the first injection on the combustion of the second injection is reduced.
No obvious flame front exists between the explosive and non-explosive mixture. As reported in the
previous studies [58, 59], Da>1 indicates a dominant CEM state which is likely to induce actual
autoignition. For the cases with long DTs, for example, DT=1.5 ms, Da at the location approaching
the LOL is larger than unity, suggesting that the chemical reaction is much faster than the mixing.
The chemical explosive process dominates the mixing, and thus, the mixture is autoigniting [61].
Similar phenomenon is also found in the lifted ethylene jet flame in highly-heated coflow using DNS
[52, 56], where highly explosive mixtures are located near the injector. By increasing the interval

between the two injections, the combustion of the first injection is more completed. Therefore, the
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main influence from the first injection is the temperature increase ahead of the second injection to

promote the appearance of the explosive mixture, as shown in Figs. 16 (c) and (f), where high value

of Da appears at the spray head of the second injection.
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T Da

Distance (cm)

B Ll E LR m Pl I“

1200 2000 -2 2 0 10 1200 2000 -2 0 10 1200 2000 -2
(d) DT=0.5 (e) DT=1.0 ) DT—].S

L3

[[1( lrjrlrj'r

1200 2000 -2 2 10 1200 2000 -2 10 1200 2000 -2

Distance (cm)

Fig. 16. Distributions of temperature (T), A, and the Damkohler number (Da) at different
dwell times. (a), (b) and (c): FID= 0.5 ms. (d), (e) and (f): FID=0.3 ms. A, isdefinedas A, =
sign(Re(4,)) X log,o(max(1, Re(4,))), where ‘sign’ represents the sign function, and
Re(4,) is the real part of the largest non-zero eigenvalue. Time is at 0.6 ms ASSI. The
horizontal dashed line represents the place of flame LOL.

4. Conclusions

In this work, combustion mechanisms of multiple injections are investigated using large eddy
simulation (LES). A reduced mechanism including 54 species and 269 reactions for n-dodecane is
used in this work. Good agreement between the predicted and measured data is observed in terms of

the vapour penetration length. Moreover, the present models give reasonable prediction of species
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and density distributions compared with the experimental data. Analysis on the combustion process
at different dwell times (DTs) and first injection durations show that the appearance of
high-temperature kernels at long dwell time is delayed. This is because that the time for the second
injection to come into contact with the combustion regions from the first injection is prolonged with
a long DT. High-temperature reactions are initiated at fuel-rich regions for the first and second
injections. Different ignition mechanisms are identified. Ignition of the first injection is controlled by
autoignition, while the second injection is ignited by the first flame. Besides, the chemical explosive
mode analysis (CEMA) method is used to interpret the stabilization mechanism. For the case with a
short DT, the reaction and mixing balance occur simultaneously for the second injection, so the
flame is stabilized because of flame propagation. For the case with a long DT, large values of Da are
obtained, indicating that the chemical explosive mode dominates the mixing. The flame stabilization
is controlled by autoignition. The interactions between the two reacting sprays are also discussed.
The velocity of the second spray tip is obviously accelerated by the first reacting spray with a short
DT. For the case with a long DT, fuel and intermediate species are almost consumed completely

before the second tip catches up with the first one.
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