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Abstract

The dynamic processes of ignition and turbulent flame development in a tur-

bulent impinging flame are studied using large eddy simulation (LES). The

Dynamic Thickened Flame (DTF) model is extended to incorporate realistic

chemical mechanisms to simulate the partially premixed flames due to flame

impingement on a solid wall. A new chemical mechanism with 22 species 66

steps is developed for propane. This LES formulation correctly reproduces the

different ignition and turbulent flame dynamics under three differnt ignition

conditions corresponding to experiments. Combustion modes formed by the

impinging propane flame are investigated using flame indicator and chemical

explosive modes analysis, which reveals the existence of both turbulent pre-

mixed and diffusion flames. The extent and strength of premixed and diffusion

flame modes, respectively, are strongly influenced by the ignition location rel-

ative to the wall. The corresponding thermal expansion leads to different flow

and mixing processes, which in turn affects the subsequent flame development.

The variation of the overall heat release with time is different for the three igni-

tion locations, reflecting different contributions from the premixed and diffusion
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flames, respectively.
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1. Introduction

Impinging flames typically consist of a jet flame region, a stagnation region

and a wall-flame region, which are of significant practical and theoretical impor-

tance. In industry, impinging flames are used in metal processing, glass making,

soldering, welding, and so on. Impinging flames are also found in combustion5

engines, by design and/or by accident, which have a major effect on combustion

characteristics, heat transfer and emissions. As impinging flames have very dif-

ferent characteristics from those of the widely investigated free jet flames, the

study of impinging flames is of fundamental interest to the research communi-

ties on heat transfer [1, 2], fluid mechanics and combustion [3, 4, 5, 6]. A large10

number of parameters are involved in impinging flames, which adds to the com-

plexity of the problem. These include the jet-to-wall distance, jet inclination

relative to the impingement plate, Reynolds number and Mach number as well

as the numerous parameters for fuels and combustion. In most applications, the

Reynolds number is high enough for impinging flames to become turbulent.15

Impinging flames have been extensively studied theoretically, experimentally

and numerically. Hou et al. [7] showed that the flame shape and temperature

distribution varied with different jet-to-wall distances in a methane/air premixed

flame (Re = 365). CO emissions of both non-premixed and premixed impinging

flames were studied experimentally/numerically in [8, 9]. Turbulent impinging20

inverse diffusion flames [10, 11, 12] and turbulent partially premxied impinging

flames [13, 14] were investigated where results for different wall-nozzle distances

and equivalence ratios were compared. When analyzing impinging flames, it is

of great value to measure the flame temperature and flow quantities near the

stagnation point. However, measuring these quantities in the near-wall region25
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are challenging and few results have been reported. A PIV system was used

to measure the velocity field in an impinging annular jet [15], and the results

showed that the velocity field near the impinging surface was sensitive to jet set-

tings. The temperature field was measured by the Mach-Zehnder interferometer

in [16].30

Direct numerical simulation (DNS) has been carried out for flame-wall inter-

actions. Turbulent impinging flames (Re=2000) of H2/CO were simulated, with

the Flamelet Generated Manifold (FGM) for chemical reactions by Dinesh et al

[17], indicating that high H2/CO ratio would induce local extinction in jet re-

gion and thus resulting in a different flame structure compared with low H2/CO35

ratio flames. Effects of different levels of inlet perturbations were simulated in

[6] and the results showed that external perturbations would not significantly

change the near wall combustion behaviour due to relaminarization. Buoyancy

effects on the impinging flame structure were discussed in [4, 5], demonstrating

that buoyancy functions as an oscillator and the vortical structures would be40

affected.

Besides DNS investigations, large eddy simulation (LES) has also been used

to study impinging flames. Martinez et al. [18] used a reduced mechanism to

investigate the fuel variability on impinging flame dynamics and made similar

conclusions as in [17]. FGM with an artificially thickened flame (ATF) model45

was used for premixed impinging flames [19]; and good agreement was achieved

between LES results and experiments by applying a non-adiabatic FGM table.

ATF with directly solved one-step chemistry was also implemented in LES [20]

to evaluate the effects that different heat boundary conditions have on impinging

flames. LES with detailed chemistry was carried out [21] and the result showed50

that significant difference occured in the deflection zone near the stagnation

region.

For both DNS and LES studies, detailed chemical kinetic mechanisms in tur-

bulent combustion processes have attracted notable attentions in recent years.

More general mechanisms considering different species, temperature, pressure55

and fuel/air ratio have been developed. Qin et al. [22] have developed a de-
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tailed mechanism consisting of 70 species and 463 reactions for propane oxida-

tion. This mechanism was optimized later and incorporated into the system-

atic mechanism USC MECH II for C0-C4 oxidation. Detailed mechanisms for

propane can consist of hundreds of species and reactions when low tempera-60

ture chemistry is involved [23, 24, 25]. For instance, the detailed mechanism

developed by Gallagher et al. [23] consists of 118 species and 663 reactions.

Such large mechanisms need to be reduced for computationally tractable three-

dimensional (3-D) simulations. Reduced mechanisms for propane have been

developed from detailed chemistry [26, 27, 28, 29], and employed successfully65

for Reynold-Averaged CFD simulations [28, 29]. For example, Jithin et al.

[29] have performed a three-dimensional simulation to investigate steady lam-

inar premixed propane-air flames using a reduced mechanism with 30 species

and 192 reactions. However, these reduced mechanisms are still unaffordable

for advanced numerical techniques like 3-D LES. Currently, most LES studies70

[30, 31, 32] are using either a global scheme or reduced mechanisms with only

a few steps, which are incapable of accurately predicting flame behaviors e.g.

flame speed and flame structures. In the present work, we develop a reduced

mechanism of propane consisting of 22 species and 66 reactions, which is not

only sufficiently accurate for predicting turbulent combustion characteristics75

but also more suitable and economic than the existing detailed mechanisms for

implementation in LES.

With most studies focused on steady-state impinging flame properties, the

behaviours of unsteady-state impinging flame are of particular interest. For pre-

mixed impinging flames, different flame structures were observed for different80

ignition locations with the same pre-ignition flow conditions [33, 34]. Moreover,

flame structures in non-premixed impinging flames were also sensitive to initial

ignition conditions [35]. These studies demonstrated that different combustion

modes could result from the same pre-ignition condition with different ignition

settings. Experimental techniques including PIV, Mach-Zehnder interferometer85

and Digital Flame Color Discrimination can be used to measure velocity, tem-

perature and species concentration fields. However, it is still difficult to obtain
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time- and space-resolved experimental data to distinguish local premixed and

diffusion flame modes in the near-wall regions. Therefore, numerical simulations

are are needed to provide full-field information over time in order to identify90

local flame structures and to reveal the underlying mechanisms for unsteady

behaviours in turbulent impinging flames.

This paper extends previous studies on ignition to include the effects of ig-

nition locations where local fuel/air mixing conditions differ in an impinging

flame configuration. In particular, an improved LES model is developed to sim-95

ulate turbulent partially premixed flames including both premixed and diffusion

flames simultaneously. An accurate 22 species 66 steps propane mechanism is

developed to improve the chemical description of ignition and flame develop-

ment. A non-premixed propane impinging flame with Re=4280 and large ratio

H/d=32.823 is simulated, where H and d represents the wall-nozzle distance100

and nozzle diameter, respectively. The ratio 32.823 is larger than that in most

previous experiments, and the Reynolds number 4280 ensures fully turbulent

conditions. The Dynamic Thickened Flame (DTF) model coupled with the re-

alistic mechanism is implemented in a LES framework. The dynamic process

of impinging flames after ignition and the effects of initial ignition locations are105

simulated by the LES-DTF solver, in combination with experimental studies

[36].

2. Methodology

2.1. LES with Dynamic Thickened Flame (DTF) Model

The dynamic version of the Artificially Thickened Flame (ATF) model is

implemented in the simulation to represent turbulence-flame interactions. The

ATF was initially applied to laminar flames [37, 38]. Angelberger et al. [39]

and Colin et al. [40] extended it and developed an ATF model for LES of

turbulent premixed flames. Since then, the ATF model and its derivatives have

been widely used in LES of turbulent premixed flames [41, 42, 43, 44]. The

basic idea of the ATF model is to broaden the flame thickness by a factor of F
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(F > 1) so that the flame structure can be resolved on an LES grid. In order

for the thickened flame to have the same laminar flame speed as the original

one, diffusion coefficients (for heat and species transport) and chemical reaction

rates have to be modified by a factor of F and 1/F , respectively. The ATF

model, however, modifies flame-turbulence interactions, as the flame thickening

decreases the Damköhler number by a factor of F and makes the turbulent eddies

less efficient in wrinkling the flame surfaces. An efficiency function E (E > 1)

is introduced by Colin et al. [40] to account for the decreased flame surface

wrinkling (and consequently reduced reaction rate). As shown in (Eq. 1-2),

diffusion coefficients Di are replaced by DiEF and the chemical source terms ω̃i

are replaced by Eω̃i/F where E and F refers to the turbulent wrinkling efficiency

function and the thickening factor, respectively.In this simulation, Lewis number

is assumed to be 1. There are different expressions for the efficiency function

[40, 45, 46]. In this paper, the expression by Colin et al. [40] is chosen (Eq. 3).
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Ω = Y νFF Y νOO exp

(
Γ
−Ta
T

)
(4)

In the initial ATF formulation, F is taken as a constant, which means that the

thickening is applied in the whole flow field, even where there is no reaction.

This would affect the accuracy of simulating mixing and diffusion away from the

flame zones. To overcome this shortcoming, Legier et al.[47] introduced a flame

sensor Ω in (Eq. 4). Γ(< 1) is a constant. Ω varies with location and time, and

detects the flame zone. F is a function of Ω as in (Eq. 5). As a consequence,

F attains the maximum value at the most active reaction zone but decreases
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with the reaction rate, reaching a value of about 1 in non-reacting regions (no

thickening). The resulting model is called the dynamic thickened flame (DTF)

model.

F = 1 + (Fmax − 1) tanh

(
β

Ω

Ωmax

)
(5)

For one-step global reaction, the progress variable, temperature or reaction

rate can be used to determine Ω. For tabulated chemistry, Ω is commonly chosen

as a function of a progress variable like Ω = 16 [c (1− c)]2 [20, 48]. For multi-

steps reduced mechanisms, a progress variable could still be defined and used,

although an artificial one-step reaction rate can also be used to determine Ω [49],

sometimes in combination with other quantities such as gradients of products

[50]. When implementing the DTF model with detailed chemistry, there is no

established method for specifying Ω. In the present study, we use the expression

following the form of Eq. 4 and give the parameter values as in Eq. 6. Note

that for propane/air combustion, a high νF value will result in overestimation

of the reaction rate in fuel rich side, while low or negative νF value will cause

numerical stiffness. Therefore νF = 0.1 and νO = 1.6 are chosen which should

serve the purpose of providing an approximate flame sensor to determine the

thickening factor F.

Ω = Y 0.1
C3H8

Y 1.6
O2

exp

(
−3600

T

)
(6)

2.2. Propane Mechanisms110

Two mechanisms for propane combustion are developed including a 26-step

mechanism with 13 species (s13r26) and a 66-step mechanism containing 22

species (s22r66). The 66-step mechanism is derived in the present work, based

on the detailed USC MECH II [51], which originally contains 111 species and

784 reactions. The USC MECH II has been validated thoroughly and could115

accurately predict propane combustion under a wide range of conditions. In the

present work, mechanism reduction is conducted based on a decoupling strategy

[52, 53, 54]. A reduced sub-model for C3 decomposition is firstly developed and

combined with semi-detailed C1-C2 sub-model and detailed CO/H2 sub-modesl.

7



According to the Reaction Flow Analysis (RFA)[55] of propane/air premixed

combustion using the detailed USC MECH II, conversion of propane is domi-

nated by H-abstraction with the attack of radicals (e.g. H, O, OH, O2, HO2)

to produce propyl radicals (R1-R5 )

C3H8 + R = C3H7 + RH (R1-R5)

where R represents five radicals including H, O, OH, O2, HO2. Then the propyl

radicals decompose to C2H4 and CH3 through β-scission (R6)

C3H7 = C2H4 + CH3 (R6)

The above 6 reaction steps along with 2 species (i.e. C3H8, C3H7) consti-120

tute the C3 decomposition sub-model. As a bridge between C3 sub-model and

CO/H2 sub-model, the C1-C2 sub-model mainly considers conversion of C2H4

to CO. The reaction pathways for C2H4 consumption using the USC MECH II

mechanism under various flame conditions were performed by Kumar et al.[56].

The results are used as a reference here for reduction of the C1-C2 sub-model.125

Reaction pathways accumulatively contributing to, for example, 90% of the to-

tal consumption of the species upstream are retained, along with the relevant

reactions. The semi-detailed C1-C2 sub-model obtained after reduction con-

sists of 8 species and 35 reactions. Furthermore, a detailed H2/CO sub-model

[57] consisting of 12 species and 25 reactions is added, resulting in a 66-steps130

mechanism with 22 species.

The mechanism s13r26 is developed by combining two sub-models, including

a global sub-model for partial oxidation of C3H8 to CO and H2 and a detailed

sub-model of H2/CO oxidation. The global sub-model for partial oxidation of

C3H8 including the reaction of C3H8 + 1.5O2 −→ 3CO + 4H2, which is taken135

from Westbrook and Dryer [58]. The detailed H2/CO oxidation sub-model is

from [57].

Validations are performed for the newly developed propane mechanisms

s22r66 and s13r26 in premixed flames under a wide range of equivalence ra-

tios. Detailed simulations are conducted with the PREMIX program package140
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[52]. A two-step global mechanism s6r2 from Jimenez et al.[59] is also used for

comparison.

Results for laminar flame speeds under p = 1 atm are shown in Fig. 1.

The s22r66 mechanism is able to match the laminar flame speed well with the

detailed mechanism USC MECH II. The mechanisms s6r2 and s13r26 massively145

over-predict laminar flame speed on the fuel rich side, which will lead to large

errors in the prediction of fuel-rich premixed combustion or any non-premixed

combustion. Thus the equilibrium temperature and CO concentration for sto-

ichiometric and fuel-rich cases are over-predicted. The flame structures under

different equivalence ratios are shown in Fig. 2 (results of s13r26 are excluded150

as it provides no better prediction of laminar flame speed than s6r2). It is

found that it is crucial to include reactions of intermediate species e.g. C2H4,

C2H2 and CH4 in order to correctly reproduce combustion characteristics under

rich mixture conditions. Mechanism s6r2 and s13r26, as well as other reduced

mechanisms without these reactions, will inevitably lead to overprediction of155

the laminar flame speeds on the fuel-rich side. The s22r66 mechanism can be

find in Appendix section and the relevant chemistry/thermo files are provided

as supplementary materials.

2.3. Impinging Flame Experiments and Computational Setup

A series of turbulent impinging flames are studied experimentally using a160

configuration as illustrated in Fig. 3a [35, 36]. The experimental system con-

sists of a non-premixed jet burner with a central nozzle of 4.57 mm in diameter

and a steel plate of 300 mm in diameter held by a steel frame. The imping-

ing plate is 150 mm away from the nozzle exit. A high speed three-dimensional

(3D) flame visualization and a high speed schlieren imaging system is utilized to165

record the dynamic processes of ignition and flame development under a variety

of conditions. Advanced flame structure visualization and 3D digital recon-

struction techniques have been developed to extract detailed flame structures

for analysis.

The region within the dotted lines in Fig. 3a is chosen as the computational170
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Figure 1: Laminar flame speeds for propane/air mixtures at p = 1 atm, initial temperature

T0 = 300 K and different equivalence ratios, calculated using mechanisms USC MECH II,

s22r66, s13r26 and s6r2, respectively.

domain, which is of a cylindrical shape as shown in Fig. 3b. The upper and

bottom walls are set to be non-slip walls. The side boundary is set to be

pressure inlet and/or outlet. For outflow, zero gradient is applied while for

inflow, pressure is used to calculate the inflow velocity at the boundary. At

the jet inlet, the Random Spot method [60] is used to generate turbulence with175

eddies of different scales. The inlet velocity is 5 m/s which is equivalent to a flow

rate of 4.2 l/min of pure propane in the experiment. Inside the computational

domain, there is pure air initially. The setup, in both the experiment and

LES, is basically a turbulent non-premixed flame in the inlet region, although

LES results in the later sections would confirm the existence of both premixed180

and non-premixed flames in this setup. The Wall-adapted Local Eddy-viscosity

(WALE) model [61] is used in the LES for the flow field near the impinging

surface.

The simulation grid is non-uniform. In the axial direction, the grid is fine

near the flow exit plane and impinging plate(around 0.2 mm) and relatively185

coarse in the middle region (around 1 mm). In radial direction, the grid is fine
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Figure 2: Laminar flame structures for propane/air mixtures at p = 1 atm and different

equivalence ratios. left: φ = 0.7, middle: φ = 1.0, and right: φ = 1.4, calculated using the

USC MECH II mechanism, reduced mechanisms s22r66 and s6r2, respectively. The s22r66

mechanism is able to match the flame structure with USC MECH II for both fuel-lean and

fuel-rich conditions.
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Figure 3: Diagrams for (a) the experimental setup and (b) the simulation domain

at r = 0 mm (around 0.3 mm) and coarse at r = 150 mm (around 3 mm). The

DTF solver is developed based on OpenFOAM. Backward scheme is chosen as

time scheme and central difference scheme is chosen as spatial scheme.

Before igniting the mixture, the cold flow is simulated for 1 s. Three different

ignition locations are chosen for the LES to match those in the experiment

to study the influence of initial ignition conditions for the impinging flame.

The three locations are chosen to be (1) near nozzle exit; (2) the middle point

between the nozzle and the impinging surface; (3) near the impinging surface.

The forced ignition by a spark is mimicked by a spherical heat source. The

ignition heat source is temperature-dependent as expressed in (Eq. 7), where

Tignition is 1600 K and Str is a constant of 30000. This source term could be

regarded as a relaxation for temperature within a specific time period. The

ignition source diameter is 3.5 mm and ignition duration is 4 ms. This method

could not reveal the real spark ignition process. However, as the same ignition

source term is implemented for all the cases, the ignition method will not affect

the comparison among the different cases, especially the subsequently flame

propagation.

Sign = Str×
(

Tignition − T
Tignition − Tunburnt

)0.8

(7)

2.4. Construction of Numerical Schlieren Image190

To compare the simulation results with Schlieren images from experiments,

transformation from 3D data to 2D images is needed. One simplified way of

reconstructing numerical Schlieren images is listed as follows:
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(1) Calculate the density gradient.

(2) Choose a direction as the light axis, which should be normal to the Schlieren195

image plane. Another direction is chosen as edge axis, which should be parallel

to the Schlieren image plane. In this paper, the z axis is chosen as the light axis

and the y axis as the edge axis. Then calculate the field ∇ρ · y.

(3) Integrate the field ∇ρ · y along the z direction.

3. Results and Discussion200

3.1. Pre-ignition Flow and Mixture Field

The pre-ignition nonreacting flow field is analysed first. The simulated cold

flow velocity field and experimental Schlieren images are compared in Fig. 4.

Qualitatively similar patterns can be found between simulation and experimen-

tal results. Overall, the LES results show correct behaviours of the propane205

impinging jet compared with experiments,both within the jet itself and the sur-

rounding area.

The instantaneous mixture fraction contour obtained by LES is shown in

Fig. 5. It can be observed that near the nozzle exit, the propane flow shows a

typical jet-like structure. After about five jet-diameter distance, the core region210

of the propane jet disappears with increasing mixing between propane and air.

Large coherent structures subsequently form, which promote entrainment of air

into propane. Near the impingement surface, fuel and air are almost completely

mixed. Three ignition locations are also shown. Position 1 is the nozzle exit,

Position 3 is close to the impingement plate, and Position 2 is mid-way between215

1 and 3. These three ignition locations could represent non-premixed, partially

premixed and premixed local conditions, respectively.

3.2. Effects of Chemical Mechanisms

The newly developed propane mechanism (s22r66), together with reference

mechanism (s6r2) are both used to simulate the impinging flame Case 1 (ignition220

position 1). The flame development time, measured by the time from ignition
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Figure 4: The pre-ignition flow field: (a) experimental Schlieren picture (b) numerical

Schlieren picture (c) numerical velocity contours (at central plane)

to reaching the impingement plate, is different for the two mechanisms. The

overall flame development time for s6r2 (80 ms) is significantly shorter than that

of s22r66 (110 ms). In experimental results, the reference time is 112 ms which

is closer to the s22r66 result. From previous discussions, the s6r2 mechanism225

tends to over-estimate the reaction rate in the fuel-rich branch. This is especially

clear on the fuel-rich side. In the same areas around the central propane jet

for s22r66 simulation, little reaction occurs. As a result, the flame structures

are very different: s22r66 predicts an open “tulip” structure while s6r2 gives an

enclosed structure. This is confirmed by Fig. 6, which shows the flame structures230

defined by the calculated heat release rate. When viewed from the top, the

s22r66 mechanism predicts a ring-like flame structure, with apparently no flame

in the jet central region. The same ring-like flame structure is obtained by the

flame imaging technique in the experiment. In the experimental image, the blue

colours indicate intensive reaction zones while the orange colours correspond to235

post-combustion zones. It should also be noted that the isolated orange spot in

the lower part of the image is the ignition source rather than part of the flame.

In contrast, the simplified mechanism s6r2 predicts a significantly larger area of

reactions overall, while the jet central region, in particular, has intense reactions.
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Figure 5: Pre-ignition mixture fraction contours and ignition points from simulation. Contour

lines refer to Z = 0.5Zst (blue), Z = Zst (black) and Z = 2Zst (red)

These results confirm that reaction mechanisms have strong influences on the240

predicted flame both quantitatively and qualitatively. The newly developed

s22r66 mechanism predicts correct behaviours in both laminar and turbulent

flames, and therefore will be used in the following sections.

3.3. Ignition and flame development

Using the validated mechanism with 22 species 66 steps (s22r66), three ig-245

nition cases corresponding to the experiments are simulated using LES with

the DTF model. Numerical Schlieren images for the three cases at different

time instants are shown in Fig. 7. The different time sequences are selected to

match the similar stages of combustion in the experiments [36]. Three stages

during flame development are chosen to compare with experiments. The overall250

flame propagation process matches the experiments and the development time

is similar (110 ms to 112 ms).

In Case 1, the propane/air mixture is ignited near the nozzle exit. The flame

exhibits features of a jet flame until it reaches the near impingement region,

where it starts to expand horizontally. From the corresponding temperature255
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Figure 6: Flame structures obtained by propane mechanisms with 22 species 66 steps (mid-

panel) and 6 species 2 steps (top panel) for ignition Case 1, in comparison with experimental

flame images.

contours in Fig. 8 (top panel), it can be seen that the high temperature region

stays around the stoichiometric mixture fraction lines/surfaces. The flame in

Case 1 appears to be predominantly a diffusion flame, but detailed analysis in

the following section would show existence of a premixed combustion mode as

well.260

In Case 2, the propane/air mixture is ignited in a region where there is a

considerable degree of pre-mixing. The flame develops along the stoichiometric

line/surface as a diffusion flame like Case 1. The difference from Case 1 is that

the initial flame in Case 2 never develops into a jet diffusion flame (Fig. 8).

Instead, the flame also propagates towards the fuel-lean and fuel-rich regions265

away from the stoichiometric line/surface. The mode of reaction is more like

a premixed flame rather than a non-premixed flame, which becomes clearer by
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Figure 7: Numerical Schlieren images of flame development after ignition from LES with the

DTF model and s22r66 propane mechanism in Cases 1, 2 and 3.

the time t = 70 ms. The existence of both non-premixed and premixed flames

quickly spreads the flame in both the axial and lateral directions. By the time

t = 70 ms, the flame in Case 2 already reaches the impingement plate while the270

flame in Case 1 is still far away from the plate. By the time t = 110 ms, the

overall size of the flame in Case 2 is almost twice that in Case 1.

In Case 3, the propane/air mixture is ignited in a region near the impinge-

ment plate where there is a significant degree of pre-mixing. The ignition spot

develops into a spherical flame (at t = 10 ms), typical of an ignition in pre-275

mixed combustion. Due to wall confinement, the flame expands significantly

in the lateral direction towards the surrounding air. Interestingly, the stoichio-

metric line/surface also moves quickly with the expanding flame (t = 50 ms),

suggesting that entrainment (of air into propane) and mixing is fast enough to

keep up with the flame propagation in the lateral direction. At time t = 110 ms,280

the developed flame in Case 3 is of comparable size as that in Case 2, although

detailed flame structures are different.

The integral heat release rates for the above three cases are compared in Fig.

9. As the DTF model is applied in the simulation, the integral heat release rate

is calculated as:

dhintegral =

∫
V

dh

F
dV
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Figure 8: Temperature variation with time for the three ignition cases, where the white lines

represent the stoichiometric mixture fraction Zst= 0.0602.
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Figure 9: Integral heat release rates for different ignition cases.

dh/F is the true sensible enthalpy source term in the transport equation Eq. 2.

dh refers to the instantaneous heat release rate (HRR), F refers to the dynamic

thickening factor. Among the three cases, the growth rate of the integral HRR285

with time in Case 1 is the lowest for most of the time, reflecting the initially

dominant diffusion flame feature. Only in the final stage (t > 90 ms), its growth

rate of the integral HRR picks up strongly, due to the onset of a turbulent
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premixed flame. Case 3 has the highest growth rate in integral HRR at the

early stage after ignition (t < 60 ms) as ignition starts in the premixed zone290

but it then stops growing and remains at a relatively stable value due to the

confinement of the wall . In Case 2, the integral HRR is higher than that

in Case 1 for the whole simulation time, but is smaller than that in Case 3

before around 83 ms, and then exceeds the value in Case 3 until the end of the

simulation. This is due to the fact that the flame in Case 2 is initially ignited295

in a partially premixed region where the degree of premixing is lower than in

Case 3. However, the flame in Case 2 is free to develop spatially, while the flame

development in Case 3 is constrained by a wall at the late stages. This result

shows that the integral HRR is a good quantitative indicator of the relative

portion of premixed/nonpremixed flame modes and wall effects.300

3.4. Mixture Fraction Distribution Affected by Ignition

Contours of mixture fraction distributions at different time instants for the

three impinging flames are shown in Fig. 10. Compared with Fig. 5, it can

be seen that during flame propagation, the mixture fraction varies with time.

Different initial ignition locations result in different final mixture fraction distri-305

butions, suggesting that the mixing process is affected by the ignition location.

In Case 1, the main expansion effect happens in fuel-lean mixture (Z = 0.5Zst)

while fuel-rich mixture is less affected. In Cases 2 and 3, not only the fuel-

lean but also the fuel-rich mixture is carried to further locations. Compared

with Case 2, Case 3 has stronger horizontal mixture fraction shifting near the310

impinging wall.

Since chemical reaction itself doesn’t change the mixture fraction, the dif-

ferences in the three cases are mainly caused by velocity field. The ignition

process triggers the changes of local density field, and thus the velocity field is

changed. The velocity vector field in early ignition period is shown in Fig. 11.315

When the velocity is normal to the flame front (defined by heat release rate)

and flow outwards, it can be regarded as expansion mode. In Case 2 and Case

3, the expansion mode can be found. Compared with Case 2, in Case 3, the

19



vertical expansion is limited by the impinging wall so the horizontal movement

is stronger. In Case 1, this mode is not very clear. Because of the expansion320

effect, unburned mixture will be carried to further location (away from the jet).

It explains the difference in mixture fraction distribution for the three cases.

Figure 10: Mixture fraction contours for all three cases at different time instants. Top: Case

1 at 20, 70, 110 ms; Middle: Case 2 at 15, 70 110 ms; Bottom: Case 3 at 10, 50, 110 ms.

Contour lines refer to Z = 0.5Zst (blue), Z = Zst (black) and Z = 2Zst (red)

3.5. Premixed/Non-premixed Analysis

To analyze flame modes in different ignition cases, Chemical Explosive Mode

Analysis (CEMA) is used and a modifed flame indicator is selected for compar-

ison. CEMA, developed by Lu et al[62] can be used to analyse the combustion

mode based on the evolution of species and temperature. Basic equations are in

Eq. 8-9. y is a list consisting of species and temperature: y = [y1, y2, ..., yn, T ].

J is Jacobian matrix of function g.

dy

dt
= g (y) (8)

dg

dt
= J · g (y) (9)

By calculating the eigenvalue of the matrix J , and taking the non-conservative

term with the largest real part as λe, a criterion for determining the flame mode
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Figure 11: Flow fields corresponding to three different ignition locations. Expansion effect

can be seen from the velocity vector field and the effect increases with the decreasing distance

to the impinging surface.

is obtained as:

γe = sign (λe) · log10 (1 + |Re (λe) |) (10)

γe is used to distinguish premixed and non-premixed flame regions. In the

reacting region, when γe > 0, it can be regarded as premixed flame; otherwise325

it would be regarded as non-premixed flame.

Besides CEMA, a modified flame indicator (FI) [62] is also used (Eq. 11

, 12). In the conventional flame indicator (Eq. 11) by Yamashital [63], when

concentration of selected species (e.g. fuel or air) is near zero, the sign of the

flame indicator is meaningless. By introducing a cut off reference value, the

near-zero value could be filtered out.

FI0 = ∇YC3H8
· ∇YO2

(11)
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FI = sign (FI0)× log10 (1 + |FI0|) (12)

Before further discussing the combustion modes during flame propagation,

comparisons are made between CEMA and FI results (Fig. 12-13. Both CEMA

and FI results show that the region within dh = 108J/s (thick dot line) to be

mainly premixed; here we name it ’high-heat-release premixed flame’. But the330

region of 107J/s < dh < 108J/s (between thin and thick dot line) in CEMA

result is mainly non-premixed flame while the FI result is neither premixed nor

non-premixed flame (FI = 0). The contradiction happens in detailed chemistry

where the fuel specie has already been decomposed into smaller species while

the reaction is still proceeding. In this simulation, C3H8 is decomposed into335

C1 and C2 in a relatively short time, and FI would show near zero value in

the region. However, C1 and C2 will continue reacting with oxidiser to further

release heat. As multiple fuels exist in the flame region but only one is considered

in the gradient calculation, information of decomposed fuels’ combustion could

be lost. Therefore, we may conclude that CEMA is more general for handling340

detailed chemistry.

In the early stage after ignition of Case 1 (Fig. 12), it can be seen from the

CEMA result that within the reaction zone, the premixed region is located on

the outer side of the flame but the inner side is mostly in non-premixed mode.

When the flame propagates to the wall (Fig. 13), the near wall reaction zone is345

shown to be mainly premixed.

Similar stages of Case 2 and Case 3 are shown in Fig. 14. In Case 2, premixed

mode can also be found in the inner side, which is different from the flame in

cCase 1. The heat release rate in this inner premixed zone is relatively low

compared with the outer premixed zone due to local fuel-rich mixture (can be350

named as ’low-heat-release premixed flame’). The flame after ignition in Case

2 consists of fuel-rich premixed flame (inner), diffusion flame (middle) and fuel

lean premixed flame (outer). Moreover, the diffusion flame has an intensively

reacting zone and a weakly reacting zone. In Case 3, the two heat release rate
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Figure 12: Result of Case 1 at 20 ms. left: CEMA result, red and blue refer to explosive

and non-explosive modes; right: Flame indicator result, red and blue refer to premixed and

non-premxied modes. Black contour lines represent heat release rate of 107 J/s (thin) and

108 J/s (thick)

Figure 13: Result of Case 1 at 110 ms. left: CEMA result, red and blue refer to explosive

and non-explosive modes; right: Flame indicator result, red and blue refer to premixed and

non-premxied mode. Contour black contour lines represent heat release rate of 107 J/s (thin)

and 108 J/s (thick)

lines are highly overlapped, and the whole spherical flame zone is surrounded355

by high-heat-release premixed flames.

From Case 1 to Case 3, as the ignition location moves closer to the im-

pinging wall, the early stage combustion after ignition becomes increasingly

dominated by high-heat-release premixed flame. When comparing the CEMA

result together with velocity vector field in Fig. 11, it can be found that the gas360

expansion discussed in previous section, is due to the high-heat-release premxied
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Figure 14: CEMA results of Case 2 at 15 ms (left) and Case 3 at 10 ms (right). Black contour

lines represent heat release rate of 107 J/s (thin) and 108 J/s (thick)

flame. The gas expansion, however, is constrained by the presence of the wall,

as is the case in the top region of Case 3 where the gas expansion is mostly in

horizontal direction. In the fuel-rich premixed flame and diffusion flame zones,

gas expansion is less pronounced.365

4. Conclusion

Large eddy simulation incorporating a dynamic thickened flame (DTF) model

for realistic chemistry has been developed to study the dynamic processes of igni-

tion and flame development in turbulent impinging flames. A new and efficient

chemical mechanism for propane, with 22 species 66 steps, has been demon-370

strated to provide correct predictions for both fuel-rich and fuel-lean condi-

tions. The developed LES formulation has reproduced the ignition process and

turbulent impinging flames under three ignition conditions corresponding to

experiments.

The flame indicator (FI) and chemical explosive mode analysis (CEMA) have375

been adopted to distinguish local premixed/non-premixed combustion modes.

CEMA shows advantages over the FI method for capturing non-premixed flames,

as FI only considers one fuel species when multiple chemical species exist in

realistic chemistry. Both premixed and non-premixed combustion modes exist

in the turbulent impinging flames, even when a jet flame is specified at the380
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inlet. Moreover, the extent and distribution of premixed/non-premixed flame

modes are different for the three selected ignition locations relative to the wall.

The thermal expansion triggered by ignition in premixed flame region leads to

different flow and mixing processes, which in turn affects the subsequent flame

development. The variation of the overall heat release with time is different for385

the three ignition locations, reflecting different contributions from the premixed

and diffusion flames, respectively. The study advances our understanding of

turbulent impinging flames and ignition of premixed,non-premixed and partially

premixed flames.
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[49] P. Wang, J. Fröhlich, U. Maas, Z.-x. He, C.-j. Wang, A detailed comparison

of two sub-grid scale combustion models via large eddy simulation of the

preccinsta gas turbine model combustor, Combustion and Flame 164 (2016)

329–345. doi:10.1016/j.combustflame.2015.11.031.

[50] P. A. Strakey, G. Eggenspieler, Development and validation of a thickened575

flame modeling approach for large eddy simulation of premixed combustion,

Journal of Engineering for Gas Turbines and Power 132 (7) (2010) 071501.

doi:10.1115/1.4000119.

[51] H. Wang, X. You, A. V. Joshi, S. G. Davis, A. Laskin, F. Egolfopoulos,

C. K. Law, Usc mech version ii. high-temperature combustion reaction580

model of h2/co/c1-c4 compounds (2007).

[52] T. Yao, Y. Pei, B.-J. Zhong, S. Som, T. Lu, K. H. Luo, A compact skele-

tal mechanism for n-dodecane with optimized semi-global low-temperature

chemistry for diesel engine simulations, Fuel 191 (2017) 339–349. doi:

10.1016/j.fuel.2016.11.083.585

[53] T. Yao, B.-J. Zhong, K. H. Luo, Compact chemical mechanism for au-

toignition and combustion of methylcyclohexane under engine relevant con-

ditions, Energy & Fuels 31 (10) (2017) 11337–11347. doi:10.1021/acs.

energyfuels.7b01224.

[54] Y. Chang, M. Jia, Y. Liu, Y. Li, M. Xie, Development of a new skeletal590

mechanism for n-decane oxidation under engine-relevant conditions based

on a decoupling methodology, Combustion and Flame 160 (8) (2013) 1315–

1332. doi:10.1016/j.combustflame.2013.02.017.

[55] A. Buekens, Combustion: Physical and chemical fundamentals, modeling

and simulation, experiments, pollutant formation, International Journal of595

Environment & Pollution 17 (3) (2002) 291–291.

[56] K. Kumar, G. Mittal, C.-J. Sung, C. K. Law, An experimental investigation

of ethylene/o 2/diluent mixtures: laminar flame speeds with preheat and

32

http://dx.doi.org/10.1016/j.combustflame.2015.11.031
http://dx.doi.org/10.1115/1.4000119
http://dx.doi.org/10.1016/j.fuel.2016.11.083
http://dx.doi.org/10.1016/j.fuel.2016.11.083
http://dx.doi.org/10.1016/j.fuel.2016.11.083
http://dx.doi.org/10.1021/acs.energyfuels.7b01224
http://dx.doi.org/10.1021/acs.energyfuels.7b01224
http://dx.doi.org/10.1021/acs.energyfuels.7b01224
http://dx.doi.org/10.1016/j.combustflame.2013.02.017


ignition delays at high pressures, Combustion and Flame 153 (3) (2008)

343–354. doi:10.1016/j.combustflame.2007.11.012.600

[57] J. Li, Z. Zhao, A. Kazakov, M. Chaos, F. L. Dryer, J. J. Scire, A com-

prehensive kinetic mechanism for co, ch2o, and ch3oh combustion, In-

ternational Journal of Chemical Kinetics 39 (3) (2007) 109–136. doi:

10.1002/kin.20218.

[58] C. K. Westbrook, F. L. Dryer, Simplified reaction mechanisms for the oxi-605

dation of hydrocarbon fuels in flames, Combustion science and technology

27 (1-2) (1981) 31–43. doi:10.1080/00102208108946970.
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6. Appendix625

Table 1: The mechanism s22r66 for propane combustion

No. Reaction A n E(KJ/mol)

Reaction of C3

1 C3H8 + H=C3H7 + H2 1.3× 106 2.54 6756

2 C3H8 + O=C3H7 + OH 1.9× 105 2.68 3716

3 C3H8 + OH=C3H7 + H2O 1.4× 103 2.66 527

4 C3H8 + O2=C3H7 + HO2 4.0× 1013 0.0 50930

5 C3H8 + HO2=C3H7 + H2O2 4.76× 105 2.55 16490

6 C2H4 + CH3=C3H7 3.3× 1011 0.0 7700

Reaction of C2

7 C2H4 + H=C2H3 + H2 5.07× 107 1.9 12950

8 C2H4 + O=C2H3 + OH 1.51× 107 1.9 3740

9 C2H4 + O=CH3 + HCO 1.92× 107 1.83 220

10 C2H4 + OH=C2H3 + H2O 3.06× 106 2.0 2500

11 C2H3 + M=C2H2 + H + M 3.86× 108 1.62 37048.2

12 C2H3 + H=C2H2 + H2 9.0× 1013 0.0 0.0

13 C2H3 + OH−−C2H2 + H2O 3.011× 1013 0.0 0.0

14 C2H3 + O2=HCO + CH2O 4.6× 1016 -1.39 1010

15 C2H2 + O=HCCO + H 1.632× 107 2.0 1900

16 C2H2 + OH=CH3 + CO 4.83× 10−4 4.0 -2000

17 HCCO + O=H + 2 CO 1.0× 1014 0.0 0.0

18 HCCO + O2=OH + 2 CO 1.6× 1012 0.0 854

19 HCCO + HCCO=C2H2 + 2 CO 1.0× 1013 0.0 0.0

Reaction of C1

20 CH4 + H=CH3 + H2 6.6× 108 1.62 10840

21 CH4 + O=CH3 + OH 1.02× 109 1.5 8600

22 CH4 + OH=CH3 + H2O 1.0× 108 1.6 3120
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23 CH3 + O=CH2O + H 8.43× 1013 0.0 0.0

24 CH3 + O2=OH + CH2O 3.6× 1010 0.0 8940

25 CH3 + H2O2=CH4 + HO2 2.45× 104 2.47 5180

26 CH3 + HCCO=C2H4 + CO 5.0× 1013 0.0 0.0

27 CH3 + H( + M)=CH4( + M) 1.27× 1016 -0.63 383

28 CH2O + H=HCO + H2 2.3× 1010 1.05 3275

29 CH2O + O=HCO + OH 3.9× 1013 0.0 3540

30 CH2O + OH=HCO + H2O 3.43× 109 1.18 -447

31 CH2O + O2=HCO + HO2 1.0× 1014 0.0 40000

32 CH2O + HO2=HCO + H2O2 1.0× 1012 1.6 8000

33 HCO + O=CO + OH 3.0× 1013 0.0 0.0

34 HCO + O=CO2 + H 3.0× 1013 0.0 0.0

35 HCO + OH=CO + H2O 3.0× 1013 0.0 0.0

36 HCO + H2O=CO + H + H2O 2.244× 1018 -1.0 17000

37 HCO + O2=CO + HO2 1.204× 1010 0.807 -727

38 HCO + M=CO + H + M 1.87× 1017 -1.0 17000

39 CO + H2 + M=CH2O + M 4.3× 107 1.5 79600

40 HCO + H=CO + H2 1.2× 1014 0.0 0.0

41 HCO + H( + M)=CH2O( + M) 1.09× 1012 0.48 -260

H2/CO reactions

42 H + O2−−O + OH 3.55× 1015 -0.4 16599

43 O + H2−−H + OH 5.08× 104 2.7 6290

44 H2 + OH−−H2O + H 2.16× 108 1.5 3430

45 O + H2O−−OH + OH 2.97× 106 2.0 13400

46 H2 + M−−H + H + M 4.58× 1019 -1.4 104380

47 O + O + M−−O2 + M 6.16× 1015 -0.5 0.0

48 O + H + M−−OH + M 4.71× 1018 -1.0 0.0

49 H + OH + M−−H2O + M 3.8× 1022 -2.0 0.0

50 H + O2 + M−−HO2 + M 1.48× 1012 0.6 0.0
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51 HO2 + H−−H2 + O2 1.66× 1013 0.0 823

52 HO2 + H−−OH + OH 7.08× 1013 0.0 295

53 HO2 + O−−O2 + OH 3.25× 1013 0.0 0.0

54 HO2 + OH−−H2O + O2 2.89× 1013 0.0 -497

55 HO2 + HO2−−H2O2 + O2 4.2× 1014 0.0 11982

56 HO2 + HO2−−H2O2 + O2 1.3× 1011 0.0 -1629.3

57 H2O2 + M−−OH + OH + M 2.95× 1014 0.0 48430

58 H2O2 + H−−H2O + OH 2.41× 1013 0.0 3970

59 H2O2 + H−−HO2 + H2 4.82× 1013 0.0 7950

60 H2O2 + O−−OH + HO2 9.55× 106 2.0 3970

61 H2O2 + OH−−HO2 + H2O 1.0× 1012 0.0 0.0

62 H2O +
2 OH−−HO +

2 H2O 5.8× 1014 0.0 9557

63 CO + O + M−−CO2 + M 1.8× 1010 0.0 2384

64 CO + O2−−CO2 + O 2.53× 1012 0.0 47700

65 CO + HO2−−CO2 + OH 3.01× 1013 0.0 23000

66 CO + OH−−CO2 + H 2.23× 105 1.9 -1158.7
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