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Diesel flame lift-off and stabilization in the presence of laser-ignition were numerically
investigated with the method of Eulerian stochastic fields. The aim was to scrutinise the
interaction between the lifted diesel flame and an ignition kernel upstream of the lifted
flame. The numerical simulation was carried out in a constant-volume combustion
vessel with n-heptane as fuel. The process was studied previously in an experiment
employing Diesel #2 as the fuel in the same combustion vessel. In the experiment a
lifted flame was first established at a position downstream of the nozzle. An ignition
kernel was then initiated using a high-energy pulse laser at a position upstream of
the natural lift-off position of the diesel flame. The laser-ignition kernel was modelled
using a high-temperature (~2000 K) hot spot. In both experiment and simulations the
upstream front of the ignition kernel was shown to remain around the initial laser
ignition site for a substantially long period of time, while the downstream front of the
ignition kernel propagates rapidly towards the natural lift-off position downstream of
the laser ignition site. The lift-off position oscillated before the final stabilization at the
natural lift-off position. The structures and the propagation speed of the reaction fronts
in the laser-ignition kernel and the main flame were analysed. Two different stabilization
mechanisms, the auto-ignition mechanism and the flame propagation mechanism, were
identified for the naturally lifted flame and the laser-induced reaction front, respectively.
A mechanism was proposed to explain the oscillation of the lift-off position.

Keywords: diesel combustion; flame stabilization; auto-ignition; laser ignition; Eulerian
stochastic fields method

1. Introduction

The reaction zone of a diesel jet flame is typically stabilised at a location downstream of
the fuel injector. The process of the reaction zone’s finding its natural stabilisation position
is referred to as the lift-off of a diesel flame. The lifted flame allows for the fuel and the
ambient air to mix in the upstream of the reaction zone, which can affect the combustion
and the soot formation process [1]. Owing to its importance in industrial applications,
lifted flames have been studied extensively. In particular, lifted turbulent gaseous jet flames
have been investigated by many authors under atmospheric conditions. Various theories
have been proposed to explain the stabilisation mechanism of the lifted flames [2, 3], for
example, reaction front propagation at the flame base [4], local extinction due to high scalar
dissipation rate [5], and vortex/flame interaction [6].

When the ambient temperature is sufficiently high, for example, under diesel engine
conditions, the fuel/air mixture can auto-ignite. To understand the combustion process
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in diesel engines, a number of experiments have been carried out in constant-volume
combustion chambers under engine relevant thermochemical conditions. For example, the
Engine Combustion Network (ECN) [7] provides a list of experimental cases under different
fuel and ambient conditions. In these experiments, the importance of auto-ignition in the lift-
off process under diesel engine combustion conditions has been evidenced, for example the
cool flame (first-stage ignition) in the upstream of the lift-off position [8—10] and the shorter
lift-off lengths for fuels with shorter ignition delay times [8, 11]. Despite these findings,
the mechanisms for lift-off and stabilisation in diesel spray flames are as yet debatable. For
example, a cool flame may either enhance flame propagation or lead directly to second-
stage ignition [8]. Moreover, the lift-off heights and the reaction-zone structures of spray
flames depend on the ambient conditions and the injections. For example, two different
structures of the flame base were found under different conditions in both experiments [11]
and simulations [12].

Another evidence of the importance of auto-ignition in the lift-off is the detached
ignition kernels upstream of the lift-off position in diesel sprays [8, 11]. Pauls et al.
[11] discussed the periodic appearance of detached ignition kernels upstream of the lift-off
position: the detached ignition kernels, which move towards and merge with the downstream
main flame, are later followed by the onset of detached new ignition kernels upstream of
the flame. The lifted flame appears to fluctuate around a ‘quasi-steady’ lift-off position. To
investigate the effect of detached ignition kernels upstream of the natural lift-off position in
a diesel flame, Pickett et al. [13] experimentally studied the problem in a constant-volume
combustion vessel. In their experiment, an ignition kernel in the region upstream of the
lift-off position was generated using a high-energy pulsed laser. The ignition kernel was
shown to sustain near the ignition site for a substantially long period of time before moving
towards and merging with the main flame downstream. Based on the experimental results,
Pickett ef al. [13] offered a potential mechanism for the transient lift-off response to laser
ignition based on turbulent mixing with the high-temperature combustion product at the
jet edges. However, due to the limited experimental data several questions could not be
answered, e.g. the effect of the laser ignition on the low-temperature chemistry zone (the
cool flame) and the stabilisation mechanism for the laser-induced ignition kernel.

Computational fluid dynamics (CFD) has been shown to be a powerful tool in recent
research on diesel spray combustion. Reviews of recent numerical work on diesel com-
bustion can be found in [14—-16]. The traditional approach of CFD to the diesel spray is
to model the gas phase by the Eulerian method and the liquid phase by the particle-based
Lagrangian method. In diesel sprays, the liquid fuel is injected at very high speed, which
generates strong turbulence in the combustion chamber. Limited by computation cost, most
numerical studies of diesel sprays have been based on the unsteady Reynolds-averaged
Navier—Stokes (URANS) method coupled with simplified turbulent combustion models,
e.g. the well-stirred reactor (WSR) model [17, 18] or flamelet type models [19, 20]. Re-
cently, the transported probability density function (PDF) model based on the Lagrangian
stochastic particle method coupled with URANS [14, 15] and large-eddy simulation (LES)
[21] have been used for diesel spray simulation. By comparing the results from the WSR
and transported PDF models, it was shown [15] that the two models predicted significantly
different turbulent flame structures. The PDF model predicted a more distributed turbulent
flame brush, which was more consistent with that observed in experiment.

Another method to solve the transported PDF of the reactive scalar is the Eulerian
stochastic fields (ESF) method [22], in which the reactive scalars are solved using a set of
stochastic differential equations. The ESF method is easier to couple with the conventional
CFD code compared with the usually used Lagrangian stochastic particle method. Jones
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et al. have demonstrated the LES/ESF method in gas-jet [23, 24] and spray-combustion
[25, 26] simulations.

In the present work, the laser-induced ignition process in the constant-volume com-
bustion vessel studied by Pickett e al. [13] is simulated using the ESF method to gain
insights into the detailed structures of the reaction fronts in the presence of an ignition
kernel upstream of a lifted diesel flame. The aim is to delineate the characteristics of the
reaction fronts and the interaction between the ignition kernel and the lifted flame.

2. Modelling methodology
2.1 Numerical models for spray combustion

In this study, the spray flow and combustion process are modelled using a coupled Eulerian—
Lagragian approach. The gas phase is described in the Eulerian frame with the unsteady
Reynolds-averaged Navier—Stocks (URANS) equations and the standard & — ¢ model for
turbulence. In the two-equation & — & model, the turbulence kinetic energy & and its rate of
dissipation e are obtained from the following transport equations:

apk  __. 0k (i 0k _
—_— i—=——— G — 1
ot i 0X; 0x; <ak 8xi> + pe )
ape __ d¢ d [, de £ _
— i—=——— -(C,G-cC 2
o TPl = o (os 8xi> + k( ! 20€) (2)
with the turbulent viscosity calculated as
_ K
= pCu—, (€)

where G represents the generation rate of turbulence kinetic energy due to the mean
velocity gradient; C; =144, C;, =192, C, =0.09, o, =1.0, and o, = 1.3 are the
model constants. In asymmetric jet flows, an increased value for C; was suggested to
predict the jet spread [27]. A previous study [28] showed that with the modified value
C; = 1.53, better agreement with experiment was obtained in terms of spray penetration.
Similar conclusions have been reported in other numerical simulations under the same
conditions [14, 29].

The liquid phase is modelled with discrete parcels whose motion is described using the
Lagrangian particle tracking (LPT) approach. Each parcel represents a group of spherical
droplets whose position, size, and physical properties are similar. Gas and liquid phases
are coupled through the mass, momentum, and heat-exchange source terms between the
phases. OpenFOAM® [30] is used for the numerical integration of the governing equations.
Further details about the governing equations and the spray sub-models can be found in
[31, 32].

In the ESF method, the turbulent reactive flows are represented by N stochastic fields.
The governing equation for the nth stochastic field is

(n)
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where ¢, can be the mass fraction of species (Y;) or the enthalpy of the mixture (%),
and ™ =[y™ .. YY) h™]. T, = /o, is the turbulent diffusivity, where s, is the
turbulent viscosity and o; is the turbulent Schmidt number in the transport equations
for chemical species or the Prandtl number in the enthalpy equation. pS’(®™)dt and
pSS(®™)dr are the source term increments due to the chemical reactions and the spray
evaporation, respectively.

The term involving C, in Equation (4) represents the molecular mixing, which is
modelled using the Interaction with Exchange to the Mean (IEM) model, and w, is the
turbulence frequency obtained from w, = ¢/k with k and ¢ being the turbulent kinetic
energy and its dissipation rate. dW® represents a vector Wiener process that is spatially
uniform but different for each field. The mixing-model constant Cy is set as 2.5, which
is referenced to the Lagrangian PDF simulation [14] under similar conditions. The mean
and the moments of each variable can be approximated from the ensemble of N stochastic
fields. For example, the mean is

N L
bo = N > ol ®)

n=1

An operator-splitting algorithm is used to integrate the chemical source terms in Equa-
tion (4). To integrate the source terms due to chemical reactions efficiently, a recently de-
veloped acceleration method, the so-called chemistry-coordinate mapping (CCM) method
[33, 34], is employed. The basic idea of the CCM method is to map the thermo-chemistry
identical cells in the physical space to a multidimensional phase space. In general, there
are multiple physical cells mapped to one phase space zone, which results in a speed-up of
the numerical integration of the chemical reaction rates. A four-dimensional phase space
based on (T, Ju, VJy - VJu, Jrel) Was used in the present simulations. Here, Jy is the
mass fraction of the hydrogen element; VJy - VJy is analogous to the scalar dissipation
rate. A previous study [35] with the same kinetic mechanism showed that the speed-up for
the chemical source term integration was about 25 when a stabilised flame is estimated.
Details about the ESF-CCM method can be found in [35].

2.2 Experimental configuration and simulation setups

The experiment carried out by Pickett ez al. [13] is considered in the present study. The
reacting spray in this experiment was generated in the constant-volume vessel of the ECN
[7] with Diesel #2 fuel. A laser-induced plasma ignition was applied at a position upstream
of the natural lift-off position in the spray flame. In the present study, the ambient and
injection conditions, which are listed in Table 1, were obtained from the ECN database [7]
with a similar ignition delay time and lift-off length to those in the laser-ignition experiment.
The laser-spot was set at the jet edge at the positionx = 20 mm on the axial coordinate and
r = 1.5 mm on the radial coordinate, to make sure that it can ignite the local combustible
mixture upstream the natural lift-off position. The x—r coordinate is shown in Figure 1. The
Bilger’s mixture fraction is used to quantify the mixing in the reactive flow field, which is
defined as

_ 2(Ye = YO)/We + (Y = Yi)/2Wu — (Yo — Y§)/Wo
2YE =Y/ We + (Y — Y/ 2Wh — (Y§ = Y§)/Wo

(6)
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Table 1. Ambient and injection conditions used in the simulation.

Ambient temperature 850K
Ambient density 14.8 kg/m?3
Ambient gas composition 0,, 21 vol.%

Nz, 69.33 vol.%
CO,, 6.11 vol.%
H,O0, 3.56 vol.%

Injection pressure drop 140 MPa
Nozzle diameter 0.100 mm
Injection flow rate 2.755 mg/ms
Fuel Diesel #2
Fuel temperature 436 K

where Yc, Yy, and Y are the element mass fractions; W, Wy, and Wg are the atomic
weights for the elements; the superscript ‘0’ and ‘f’ indicate the oxidiser and the fuel
stream, respectively. The stoichiometric mixture fraction (£4) in the present condition is
0.0609.

A pulsed laser was used to generate the ignition kernel in the experiment. The pulse
duration of the laser was 8 ns [13], which is much smaller than the time step involved in the
present CFD simulation. The complex process of the initial ignition kernel after the laser
pulse is beyond the scope of the present study. Thus, a hot spot with radius 1 mm was used
in the simulation to model the initial ignition kernel. Hot spots with temperatures of 1500,
2000, and 2200 K were tested, which will be discussed in Section 3. Finally, a hot spot
with temperature 2000 K was adopted based on the sensitivity study. Though the present
grid resolution cannot predict the initial development of the hot spot, the turbulent reaction
brush is much thicker than the grid size once the ignition kernel induced by the hot spot
has formed.

A previous numerical study [28] showed the grid-independence result can be obtained
with a grid size of 0.5 mm. A similar 2D-axisymmetric mesh was used in the present

Figure 1. Distributions of the simulated temperature (upper half of the figure) and RO radicals
(lower half of the figure) at 3.9 ms ASI; the vertical dashed line shows the lift-off position from the
experiment [13]; RO is the total mass fraction of RO-1 and RO-2 shown in Figure 2. The white solid
line denotes the iso-contour of 7 = 1250 K; the green solid line denotes the iso-contour of the
stoichiometric mixture fraction. (color online)
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Figure 2. Reaction path for n-heptane oxidation according to the global mechanism [37].

simulations. It is uniform on the axial direction with dz = 0.5 mm ; in the radial direction,
it is uniform with dx = 0.5 mm within 10 mm from the jet axis and is stretched in the
outer domains with a stretch ratio of 1.08. The lifted flame base and the laser-induced
ignition kernel were resolved in the uniform region of the mesh. The total number of
cells is about 13,000. Twenty stochastic fields were used for the ESF calculation. The
chemical kinetic mechanism for Diesel #2 is not well developed; usually it is modelled
using n-heptane in numerical simulations [36]. Here, a global chemical kinetic mechanism
[37] involving 12 species and 11 reactions was adopted to model the chemical reaction.
The mechanism was developed for modelling auto-ignition of mixtures of iso-octane and
n-heptane. The mechanism involves five reactions for the high-temperature chemistry and
six reactions for the low-temperature chemistry. The reaction path for the n-heptane part
of the mechanism is shown in Figure 2, where R represents the heptyl radicals, RO-1 and
RO-2 represent the oxygenated-heptyl radicals, which branch to smaller radicals, I-1 and
1-2, through reaction 5. I-1 and I-2 are then oxidised further to CO and H,O along with
the release of a small amount of heat. RO-1, RO-2, I-1, and I-2 play important roles in the
cool flame to be discussed later. It will be shown below that this mechanism can provide
comparable ignition delay time and lift-off length to the experiment with Diesel #2 fuel
under the present conditions.

3. Results and discussion

Figure 1 shows a snapshot of the gas temperature and the mass fraction of RO at 3.9 ms after
the start of injection (ASI); the mass fraction of RO is the sum of the mass fractions of RO-1
and RO-2 shown in Figure 2, which are the key species for the low-temperature chemistry
in the mechanism. Typically, OH radicals are used to characterise the high-temperature
reaction zone in a diesel flame. OH is however not included in the present chemical kinetic
mechanism; thus, the iso-contour of temperature at 1250 K, which is 400 K above of the
ambient temperature, is used to identify the high-temperature reaction zone and the lift-
off position. The figure shows that the numerical simulation with the present simplified
chemical kinetic mechanism captures a lift-off length (LOL) in reasonably good agreement
with experiment. At 3.9 ms ASI, which is the time that the laser ignition was applied, the
lift-off position in the experiment (shown as the vertical dashed line in Figure 1) is slightly
upstream of that from the numerical simulations.

Different temperatures for the hot spot were used to generate the initial ignition kernel
in the simulation. The maximum mass fraction of CO; in the hot spot and the LOL after
the onset of ignition in the hot spot with different initial temperatures are compared in
Figure 3. It is shown that the hot spot with an initial temperature of 1500 K failed to ignite
the local mixture. The LOL jumped to a much higher value, which corresponds to the
natural lift-off position of the lifted flame. Both of the other two hot spots can ignite the
local mixture successfully. It is notable that the initial induction time in the two successful
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Figure 3. The evolutions of the initial ignition kernel with different temperatures for the initial hot
spot: (a) the maximum mass fraction of CO, at the ignition kernel; (b) the lift-off length defined
basedon 7 = 1250 K.

ignition cases (~0.015 ms) is very much shorter than the whole evolution history of the
laser-induced ignition kernel. The LOLs with different hot spot temperatures experienced
a similar history, which means the LOLs are insensitive to the initial hot spot temperature.
Based on the above sensitivity study, the hot spot with 2000 K was adopted for further
simulation.

Figure 4 shows the evolution of the temperature distribution after the initiation of the
ignition spot in the simulation and the chemiluminescence images from the experiment. As
shown from the simulation and the experiment, the ignition kernel generated by the laser
grows in size and propagates downstream quickly. It merges with the original lifted flame at
4.175 ms ASI in the simulation, which is a little later than that in the experiment due to the
over-predicted lift-off length in the simulation. An explanation for the rapid propagation
of the downstream reaction front is the high-speed convective flow driven by the spray.
Although the downstream reaction front of the laser-ignition region moves quickly, the
upstream reaction front remains close to the original position by the time the flame merges
at the natural lift-off position. At 5.2 ms ASI, the predicted leading front of the merged
flame has moved downstream to the axial position around 30 mm, which is consistent with
experiment.

Figure 5 shows the LOL before and after the laser ignition from both simulation and
experiment. Here, the LOL from simulation is defined as the smallest axial distance between
the nozzle and the point at temperatures above 1250 K. It is shown that the lift-off position
jumps to the ignition site at the onset of laser-ignition; thereafter, the lift-off position
moves downstream towards the natural (without laser ignition) lift-off position. Finally,
the lift-off is stabilised at a position close to the natural lift-off position. A comparison
between simulation and experiment shows that the present simulation captures all these
characteristics of the evolution process of the laser-induced ignition kernel in the experiment
qualitatively well, although some discrepancies can be pointed out. The time required for
the ignition kernel to stabilise at the natural lift-off position in the simulation is slightly
shorter than that in the experiment. It is noteworthy that there was an oscillation before
final stabilisation of the lift-off length in the simulation. This process was not found in
the experiment with the same laser-shot position. However, a similar oscillation process
was found in the experiment with a shorter distance between the laser-shot position and
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Figure 4. Temperature sequence with laser ignition at 3.9 ms ASI from the numerical simulations
(left) and the experimental chemiluminescence images (right) [13]. Experimental data for comparison
was reprinted from Proc. Comb. Inst., 32 (2009), L.M. Pickett et al., Diesel fuel jet lift-off stabilization
in the presence of laser-induced plasma ignition, P2796, Copyright (2009), with permission from
Elsevier. The blue lines in the left column are the iso-contours of 1250 K; the pink lines are the
iso-contours of the stoichiometric mixture fraction. (color online)

the natural lift-off position (see the dashed curve in Figure 5). A possible reason for the
absence of the oscillation process in the experiment with laser-ignition set at x = 20 mm
is that the lift-off position moved back to the natural position around 10 ms ASI, which is
at the end of the fuel injection; after that the whole flame was blown out. This oscillation
process might be useful for understanding the oscillation of the LOL with the appearance
of auto-ignition events upstream of the lift-off position, which will be discussed later.
Figure 6 shows the distributions of temperature and key species at 4.0 and 4.175 ms
ASI with and without the laser-ignition. It is shown that in both the main flame and
the laser-ignition kernel the low-temperature chemistry species (RO and I in Figure 6)
disappeared. These species are for the low-temperature chemistry path, which ends when
the temperature is high and the high-temperature path becomes dominant. RO is seen in
a small region around the axis of spray. Radicals I are seen in the same region of RO
but also in a larger region downstream. From the heat release distribution, one can see
that the consumption of RO and I is associated with a relative low level of heat release (as
compared with the high-temperature main flame region downstream). This low-temperature
heat release zone is referred to as the cool flame, which is seen to increase the temperature
in front of the main flame, cf. Figures 4 and 6. The numerical results shown in Figure 6
indicate that the laser ignition does not affect the temperature distribution due to the cool
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Figure 5. Evolution of the lift-off length with and without laser ignition. Experimental data was
reprinted from Proc. Comb. Inst., 32 (2009), L.M. Pickett et al., Diesel fuel jet lift-off stabilization
in the presence of laser-induced plasma ignition, P2796, Copyright (2009), with permission from
Elsevier.

flame. The main flame downstream of the laser ignition kernel is essentially identical at the
two instants of time shown in Figure 6. The primary effect of the laser ignition is to enlarge
the main flame in the axial direction (cf. Figure 4) when the laser-ignition-induced small
flame merges with the main flame.

To investigate the mechanisms of propagation of the laser-induced reaction front and
the natural lifted flame, the budget terms of the diffusion transport term and the reaction
rate term in the transport equation for the mass fraction of CO, were examined. It has
been argued previously [38, 39] that when the diffusion term is significantly smaller than
the reaction rates, the reaction front is essentially an ignition front. At a flame front, the
diffusion term and reaction rates should be comparable in their magnitudes.

Figure 7 shows the budget terms across the leading fronts of the laser-ignition-induced
reaction zone and the main flame, as well as a 1D unstretched premixed flame. The mean
diffusion term and the reaction rate are obtained by applying the ensemble average of the
diffusion term and the chemical reaction term in Equation (4) over the stochastic fields.
Only turbulent diffusion is considered in the mean diffusion term, which is consistent with
the transport equations in the simulations. The 1D premixed flame was computed using an
open-source code, Cantera [40], with the same kinetic mechanism as that used in the 2D
simulation. Since the ambient temperature (850 K) in the 2D simulation is high enough
to lead to the mixture auto-igniting. The unburnt temperature in the 1D free-propagating
flame was set as 300 K instead of 850 K. The progress variable in the figure is defined as

b
_ Yo, — Yo, ;
c= Yb _ Yunb ’ ( )

CO, CO,
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Figure 6. Distributions of the simulated gas temperature, mass fractions of species for the low-
temperature chemistry and the local heat-release rate (HRR) with and without laser-ignition at 4.0 ms
(a) and 4.175 ms (b) ASI; the mass fraction RO is the total mass fractions of RO-1 and RO-2; the
mass fraction of I is the total mass fraction of I-1 and I-2; the solid white lines in the temperature
fields are the iso-contours of 7 = 1250 K; the solid green lines denote the stoichiometric mixture
fraction; the dashed horizontal lines denote the spray axis. (color online)

where Yé‘?)l; and Yé’oz are the mass fractions of CO, in the unburnt and fully burnt mixtures
along the local equivalence ratio of unity, respectively. The figure illustrates that, in the 1D
premixed flame, the diffusion term has the same order of magnitude as the chemical reaction
rate across the flame front. At the position with the highest reaction rate (with the progress
variable about 0.8) the diffusion term is about 40% of the reaction rate in magnitude.
Across the leading front of the laser-ignition-induced reaction zone (the ‘ignition kernel’
in Figure 7), the diffusion term is also on the same order as the reaction rate. The ratio
of the diffusion term to the reaction rate at the position with the highest reaction rate is
about 60%, which indicates that the reaction front is a flame front. Since the oxygen and
fuel are partially mixed in front of the reaction zone, it is concluded that the reaction
front is a partially premixed flame. From the species distribution shown in Figure 6(a),
low-temperature reactions are taking place in front of the flame; hence the flame is an
ignition-assisted flame. It was evidenced in the experiment [41] that the presence of low-
temperature reactions could increase the turbulent flame speed. A different structure is
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Figure 7. The diffusion term and the reaction rate in the transport equation for the mass fraction
of CO, at the reaction front for the laser-induced ignition kernel and the main flame. The data from
the 2D simulation are sampled across the reaction fronts with the stoichiometric mixture fraction at
4.15 ms ASI; the 1D premixed flame is computed for 300 K and 3.55 MPa, with unity equivalence
ratio as the inlet condition.
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Figure 8. Flame structure at the axial position x = 75 mm: (a) distribution of the mass fractions of
CO, O,, and CO,; (b) diffusion and reaction budgets in the transport equation for CO,.

found at the reaction front of the downstream lifted flame (the ‘main flame’ in Figure 7(b)),
where the diffusion term is much lower than the reaction rate. The ratio of the diffusion
term to the reaction rate at the position with the highest reaction rate is about 10%, which
means that it is more similar to an ignition front than a flame front.

Figure 8(a) shows the distributions of O,, CO, and CO, across the main flame along the
radial direction at the axial position x = 75 mm at 4.15 ms ASI. At these axial positions,
the fuel, n-heptane, has been converted to combustion intermediates, mainly CO. The peak
CO is found in the inner part of the flame around the axis of the spray. CO and O, diffuse
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Figure 9. Ratio of the diffusion term to the reaction rate for CO, at the flame front with the maximum
reaction rate and stoichiometric mixture fraction.

towards each other and react in a thick layer around a radial position of 5 mm, where the
mass fraction of CO, is relatively higher. This is the well-known diffusion flame structure.
Figure 8(b) shows the budget terms in the transport equation for the CO, mass fraction at
the same locations and the same instant of time as those in Figure 8(a). It is clear that the
diffusion term is in the same order of magnitude as that of the chemical reaction rate. From
Figures 7 and 8, one can conclude that the main flame is made up of a leading ignition
front and a diffusion flame that follows the leading ignition front. The lift-off position and
the stabilisation of the main flame are therefore governed by the ignition reactions in the
mixture upstream of the main flame.

Since the ratio of the diffusion term to the reaction rate of CO, is a parameter to identify
the combustion mode at the leading front of the flame, Figure 9 shows this ratio as a function
of time ASI after the laser-ignition; the data were sampled at the flame front (defined as
the position with the highest reaction rate) with the stoichiometric mixture fraction. It is
shown that the ratio decreased from 0.5 to 0.1 from 4.0 to 7.0 ms ASI; thereafter, the ratio
fluctuated around 0.1. Based on the above discussion, one can conclude that the reaction
front of the upstream laser-ignition kernel switched from the flame mode to the ignition
mode with the increase of the LOL.

Similar to some direct numerical simulation (DNS) work [38, 39], the displacement
speed of the turbulent flame brush can be calculated based on an iso-surface of a chosen
value of a chosen species (here the mass fraction of CO, is chosen). The displacement
speed of the flame brush is defined as

DY, .
Sq = (_—COZ IV ¥co,| ‘) : ®)

Yco,=Yco,, ref

Dt

where Yo, ref 1S a reference mass fraction of CO, to define the turbulent flame brush of
the high-temperature reaction zone. Yco,, ref = 0.2 is used in the present discussion. This
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Figure 10. (a) velocity difference at the lift-off position as well as the time derivative of lift-off length
(LOL); (b) local displacement speeds at the lift-off position and the flame front with a stoichiometric
mixture; the lift-off position in this figure is defined as the position with the minimum axial distance
to the nozzle on the iso-contour of Y¢o, = 0.2.

value corresponds to a progress variable of about 0.6 for the stoichiometric mixture. The
difference between the local displacement speed and the local velocity along the normal

direction of a reaction front can be defined as

Au= Z?i ~ﬁf —Sd.f with 7lf = V?COZ/ |V)7C02

: )

where 71 ¢ is the unit vector normal to the reaction front. If the velocity difference were
zero, the reaction front would be stabilised at its previous location. In addition, the axial
component of the velocity difference can be defined as

Auy = (ig-ii)Au,  with i, = (1,0), (10)

where 71, is the unit vector on the axial direction.

The axial component of the velocity difference at the lift-off position and the LOL
are shown in Figure 10(a). Here, the lift-off position is defined as the position with the
minimum axial distance to the nozzle on the iso-surface of Yco, = Yco,.ref - The velocity
difference shown in the figure indicates that the iso-surfaces of the CO, mass fraction are
moving in the flow field. The axial component of the velocity difference fluctuated around
10 m/s before 7.0 ms; during this period the LOL increased almost linearly with time.
Thereafter, the axial component of the velocity difference jumped to negative values, which
corresponded to upstream shifting of the lift-off position. The axial component of velocity
difference fluctuated around zero, finally. The time derivative of LOL within A # = 1.0 ms
is plotted in Figure 10(a). Here, the time derivative is another way to evaluate the velocity
difference at the leading reaction front. The time derivative of the LOL has a similar
distribution to that of the velocity difference between the local displacement speed and local
velocity, cf. Figure 10(a). The local displacement speed at the lift-off position is shown in
Figure 10(b). Since the mixture fraction (or equivalence ratio) at the lift-off position might
change with time, the local displacement speed at the flame front with the stoichiometric
mixture fraction is plotted in Figure 10(b). It is shown that the local displacement speed
at the lift-off position fluctuated with a relatively stable mean value before 7.0 ms ASI.
During this period, a slow increase can be identified for the local displacement speed at the
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Figure 11. The flow and reaction-zone structures at the flame bases at 6.4 and 8.0 ms ASI; (a) the
shapes of the flame bases; (b) the diffusion term and the reaction rate in the transport equation for
the mass fraction of CO,; (c) the local displacement speed; (d) the velocity components. The flame
bases are defined as Yco,, ref = 0.2.

stoichiometric mixture, which can be explained by the increased fuel concentration (or the
mixture fraction) gradient: the displacement speed of a partially premixed flame decreases
with the fuel concentration gradient [42, 43]. The fuel concentration gradient decreases
with the axial position in the jet. The displacement speeds increased to a higher level of
around 7.0 ms ASI in Figure 10(b). As shown in Figure 9, after 7 ms ASI auto-ignition had
been the dominant mechanism for flame stabilisation.

Based on Figure 10, one can discover that, before the leading reaction front shifted
to the auto-ignition mode, the displacement speed of the reaction front was smaller but
comparable to the local convection velocity on the normal direction. This indicates that
the slow downstream propagation of the reaction front is a flame controlled process. This
is different from the argument in [13], which assumed that the stabilisation of the leading
reaction front is due to the mixing of the hot product to the front; as such, local turbulence
promoted turbulent flame propagation.

As mentioned above, there was an oscillation process before final stabilisation of the
LOL (see Figures 5 and 10(a)). Flow fields at 6.4 and 8.0 ms ASI were chosen to examine
the oscillation process. At these two instants of time, the lifted flame had almost the same
LOL (about 43 mm in Figure 10(a)) but different directions of propagation of the lift-off
position. The flow and reaction-zone structures at the flame bases are shown in Figure 11.
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Figure 12. The streamline around the flame bases at 6.4 and 8.0 ms ASIL.

The spatial locations of the flame bases shown in Figure 11(a) reveal that the widths of the
flame bases are almost the same; the curvature at 8.0 ms ASI is lower than that at 6.4 ms
ASI. Additionally, the mixture fractions on the jet axis (the maximum mixture in Figures
11(b)-11(d)) are almost the same, which implies a similar mixing field on the flame bases
at these two instants of time. The transport budgets of the reaction rate and diffusion terms
for the mass fraction of CO; are shown in Figure 11(b). At 6.4 ms ASI, the highest reaction
rate on the flame base was located around the stoichiometric mixture. The highest reaction
rate shifted to the fuel-rich mixture at 8.0 ms ASI. This implies that the reaction on the inner
side of the flame base played a more important role in flame stabilisation at this instant
of time. The local displacement speeds on the flame bases are shown in Figure 11(c). It
can be noted that the displacement speed around the lift-off position (with the mixture
fraction varying between 0.055 and 0.07) at 8.0 ms is higher than that at 6.4 ms ASI. This
might contribute to the lower curvature at 8.0 ms ASI, since the local displacement speed
decreases with flame curvature [44]. The local velocity on the flame bases is shown in
Figure 11(d). The axial velocity is almost linearly increasing with the local mixture fraction
for both of the flame bases. For the mixture with the same equivalence ratio (the mixture
fraction) and the same progress variable (the mass fraction of CO,), the axial velocity at
8.0 ms ASI is about 15 m/s lower than that at 6.4 ms ASI, while the radial velocity at 8.0 ms
ASI is lower than that at 6.4 ms ASI. The effect of the flame bases on the flow field can
also be found in the streamline shown in Figure 12. It is shown that, with the flatter flame
base, the flow divergence due to the thermal expansion of the flame base is increased at
8.0 ms ASI. From Figures 9-12, one can conclude that when the dominate mechanism for
flame stabilisation is switched from flame propagation to auto-ignition, the reactions on the
fuel-rich mixture play a more important role in flame stabilisation; it makes the flame base
flatter and decreases the axial flow velocity by increasing the flow divergence upstream of
the flame front. As a result, the lift-off position will shift to an upstream position before
final stabilisation.



Downloaded by [Lund University Libraries] at 01:40 25 November 2015

16 C. Gong et al.

Although this study focuses on the evolution of a laser-ignition event, a similar evolu-
tion could be experienced when a detached ignition zone is generated in an auto-ignition
event. Furthermore, since the increased flow divergence can increase the residence time by
reducing the axial velocity, it could promote the onset of a new auto-ignition event upstream
of the lift-off position. In this sense, the presently predicted oscillation process for the LOL
is consistent with the flame stabilisation process discussed in Pauls ef al. [11].

4. Conclusions

Diesel flame lift-off and stabilisation in the presence of laser-ignition were numerically
investigated with the Eulerian stochastic fields (ESF) method and unsteady Reynolds Av-
eraged Navier—Stokes (URANS) equations. A numerical model for the laser ignition was
applied at an upstream position of the natural lift-off position.

The present simulation with the ESF method can capture the evolution of the laser-
induced ignition kernel upstream of the natural lift-off position, including the fast propaga-
tion of the downstream reaction front, the slow downstream shifting of the leading reaction
front of the laser-induced reaction front towards the natural lift-off position of the flame,
and the oscillation of the lift-off position before final stabilisation (this feature was not
discussed in the previous experimental work [13]). Additional insights were observed from
the simulations into the effect of the ignition kernel on the lifted flame. The following
conclusions are drawn.

The laser ignition does not affect the temperature distribution due to the cool flame
in the upstream of the natural lift-off position. The main effect of the laser ignition is to
enlarge the main flame in the axial direction when the laser-ignition-induced small flame
merges with the main flame.

The transport budgets of the reaction rate and the diffusion terms at the leading front of
the natural lifted flame and the laser-induced flame front were examined. The natural lifted
fame is stabilised by auto-ignition under the present conditions, while the reaction front
induced by the laser ignition is an ignition-assisted partially premixed flame.

The displacement speed at the flame front was evaluated based on the diffusion and
reaction rate budgets. The displacement speed is lower than, but comparable to, the local
convection velocity in the normal direction of the reaction front. This displacement speed
can stabilise the flame front around the ignition site for a substantial period of time; the
flame front moves downstream slowly due to the higher convection velocity in comparison
with the local displacement speed.

With the downstream shifting of the lift-off position, the reaction front at the lift-off
position switches from the flame mode to the ignition mode. The lifted flame is eventually
stabilised by the ignition reactions in the mixture upstream of the lift-off position. When
the flame base of the lifted flame switches to auto-ignition, the reactions on the fuel-rich
mixture make the flame base flatter, and decrease the incoming flow velocity by increasing
the flow divergence of the jet flow. These effects result in an upstream shifting of the lift-off
position before final stabilisation.
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