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Abstract
The species concentrations of non-premixed hydrogen and syngas flames were examined using results obtained from direct numerical simulation technique with flamelet generated manifold chemistry. Flames with pure 
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 and 
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 mixtures are discussed for an impinging jet flame configuration. Single-point data analyses are presented illustrating the effects of fuel composition on species concentrations. In general, scatterplots of all species show the effects of fuel variability on the flame compositional structures. The behaviours of major combustion products and key radicals species indicate the effects of 
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 concentration on the 
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 syngas combustion. In particular, high concentration of 
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 tends to induce local extinction in the 
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 flames in which critical chemical reactions of the fuel mixture such as 
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 become important. The unsteady fluctuations of species profiles in the wall jet region characterise the complexity of the distributions of compositional structures in the near-wall region with respect to the effects of 
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 concentration on the combustion of hydrogen-enriched fuels.  
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1. Introduction
There is a great interest in the investigation on compositional structures in hydrogen-enriched syngas combustion due to their importance in the estimation of combustion products, as well as the wide range of emission issues for 
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-enriched combustion technologies [1-3]. Such investigation is extremely useful since compositional structures provide information on the flame structure of 
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 syngas fuels with respect to different 
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 amount in the fuel compositions. In terms of the fuel compositions, syngas is mostly a mixture of 
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 and
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, where the unique characteristics of 
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 can alter the combustion process of the fuel mixture [4-5]. The analysis of compositional structures could provide a wealth of information on fluid-chemistry interaction in 
[image: image21.wmf]2

H-enriched

 reacting flows as the much-needed fundamental knowledge for clean combustion application. 
One-point data analysis is a widely used technique in both experimental and computational studies of reacting flows and consists of collecting local values of relevant quantities at each point of the domain which generates scatterplots of combustion variables [6-7]. It can be used to facilitate the study of combustion mechanisms, by proving important information on both the unsteady and steady characteristics of combustion chemistry. For detailed numerical simulations of 
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 syngas flames, the one-point data analysis of the computational results can be used to access the compositional structures of the flame to obtain a better understanding on the flame dynamics and would directly aid in the development of combustion models for industrial applications of clean alternative fuels as well as the design of syngas based combustion technology. 
Various experimental investigations based on one-point scatter data analysis were reported in the literature. Masri et al. [6] discussed scatterplots of temperature and mass fractions of species at several locations in turbulent jet flames for flame stabilisation. Dally et al. [8] later reported compositional structures of bluff-body stabilised 
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 and 
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 flames using scattered data analysis. Measurements of scatter data are also discussed for 
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 premixed Bunsen flames [9], swirl stabilised
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, 
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 and 
[image: image28.wmf]42

CH/H

 non-premixed flames [10], lifted 
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 non-premixed jet flames in a vitiated co-flow [11], lifted 
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 jet flame [12] and partially premixed 
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 flames [13]. Recently Fuest et al. [14] reported scatter data analysis of major and intermediate species for burning dimethyl ether alternative diesel fuels. Both instantaneous and mean compositional structures were examined in these studies to better understand the flames.  
Computationally intensive direct numerical simulation (DNS) technique which provides detailed information on turbulent reacting flows has also been used for one-point scatter data analysis. For example, early stage DNS studies of Mahalingam et al. [15] and Montgomery et al. [16] analysed turbulent non-premixed scatter data for several important combustion variables such as temperature, scalar dissipation rate and mass fraction of species using reduced kinetic mechanisms. The one-point data analysis of triple flames in a 
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 mixing layer is performed using DNS [17], while heat and chemical reaction analysis using scatter data was also reported [18].  The sooting ethylene non-premixed flame was examined by employing one-point DNS [19-20] which demonstrated the importance of unsteady and multi-dimensional effects on soot formation. In addition, one-point DNS data analysis has been used for the investigation of flame-wall interactions which include basic information on the interaction of non-premixed flames with cold wall surfaces [21] and the interaction of a premixed 
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 flame with an isothermal solid surface [22]. 

The results obtained from one-point analysis have not only provided data for comparison and validation but also raised issues relevant to local unsteady flame behaviour such as local extinction, re-ignition, blow-off, flame stabilisation and chemical equilibrium. However, the main objectives of many one-point scatter data analysis involved in experimental and computational campaigns were to study the interaction between turbulence and chemistry in non-premixed combustion with very limited work focused on compositional structures for near-wall combustion. The behaviour of the compositional structures in the near-wall region has not been completely understood because accurate flame measurements in the near-wall region are very challenging and complicated in experimental studies. However, near-wall combustion is relevant to almost all practical combustion applications. With the availability of increasing computing power, there is a large possibility of employing DNS technique to investigate compositional structures of near-wall reacting flow and thus generate a detailed database for such a problem using very large scale massively parallel computations. DNS of 
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 syngas flames with respect to near-wall compositional analysis, however, still represents a challenge, not only because of the broad range of scales involved but also the complexity in mixing and flame chemistry associated with the fuel variability. Depending on the 
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 percentage in the syngas mixture, important physical aspects relevant to high diffusivity of 
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 such as preferential diffusion must be considered which inevitably increase the complexity of the mathematical formulation.

The objective of this work was to provide a comprehensive analysis on compositional structures and their role in the near-wall region for 
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 and 
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 syngas non-premixed combustion using DNS technique. In the present study, DNS results obtained by Ranga Dinesh et al. [23] were analysed with respect to flame compositional structures for an impinging jet flame configuration. The intention of this work is twofold: (1) firstly, to map the scattered structures of major, minor and radical species concentrations of 
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 syngas non-premixed flames using DNS technique and detailed chemical kinetic mechanism including the preferential diffusion effects; and (2) to provide information on their local behaviour in the near-wall region.  This work represents the first compositional analysis of major, minor and radical species of 
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 syngas non-premixed flames with wall boundary effects using DNS technique and detailed chemistry [24] with the consideration of preferential diffusion. The remainder of this paper is organised as follows: Section 2 gives an overview of the DNS solver and the computational cases. Section 3 discusses the results in the context of major, minor and radical species distributions using one-point data analysis. Finally, section 4 summarises the key findings and recommends some further work.  
2. DNS Solver and the Computational Cases 
The three-dimensional DNS code solves the non-dimensional continuity equation, Navier-Stokes momentum equations, the energy equation, and the transport equations of mixture fraction and progress variable together with auxiliary equations such as the state equation for a compressible reacting gas mixture [23, 25].  The nondimensionalisation is conducted with reference to fluid properties in the fuel stream. To account for preferential diffusion, a model has been implemented in the transport equations of progress variable [23]. The code solves the equations with a fully explicit low-storage third-order Runge-Kutta scheme [26] for time integration, and a sixth-order accurate compact finite difference (Padé) scheme [27] for spatial differentiation. The studied configuration is an impinging jet which has dimensions of eight jet nozzle diameters (Lx=8D) in the streamwise direction and twelve jet diameters (Ly=Lz=12D) in the cross-streamwise directions.  The governing equations were numerically solved in a uniform Cartesian grid with 
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 points resulting approximately 453 million nodes. The Reynolds number used was 
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 and the Froude number was Fr=1.0, based on the reference quantities used in the normalisation [23, 25]. The flame chemistry used in the DNS is flamelet generated manifold reduction (FGM) developed at Eindhoven University of Technology [24].  The detailed 
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 kinetic model [28] incorporates the thermodynamic, kinetic, and species transport properties related to high temperature 
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 and 
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 oxidation, consisting of 14 species and 30 reactions. Comprehensive details on the governing equations, flame chemistry and numerical implementation used for this study have been reported previously [23, 25]. The fuel compositions of the three numerically simulated flames H, HCO1 and HCO2, their stoichiometric mixture fraction and adiabatic flame temperature are reported in Table 1. 
3. Results and Discussion 

In the present section, results obtained from one-point data analysis are presented. The typical instantaneous behaviour of major species concentrations is presented and discussed first, followed by the distributions of intermediate and radical species. Subsequently, the near-wall effects are highlighted along with wall heat flux distributions. The time instants shown correspond to stages where the flames are fully developed.
Fig.1 shows the instantaneous two-dimensional mid-plane cross-sectional contour plots of flame temperature, mass fractions of radical 
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, mass fractions of combustion products 
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 and 
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 for a non-dimensional time instant t=40. There is a strong correlation between the flame temperature and the distributions of 
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, 
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 and radical 
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 mass fractions. The flow-field develops highly vortical regions in the downstream of the primary jet as well as in the wall jet which dominate the flame dynamics and affect the species distributions. The flame temperature distribution shows a decreasing maximum value but an increasing vortical level from flames H to HCO1 and HCO2 because of the decreasing hydrogen content in the fuel. The distribution of the radical species 
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 shows a thinner structure than the temperature, while its value decreases from flames H to HCO1 and to HCO2 because of the increased
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 concentration. The distributions of the combustion products 
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 and 
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 also reflect the different fuel compositions of the three cases. In addition, large fluid parcels can be observed in the vortical regions of the primary jet of all cases, as indicated by the distributions of the 
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 and 
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 mass fractions, indicating the existence of non-reacting zones associated with the flow structures in the reacting flow field. 
3.1 Scatter data of major species   
Figs. 2-6 show the instantaneous scatterplots for mass fractions of 
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 and 
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 plotted vs. mixture fraction at time instants t=36 and 40 for flame H with pure 
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, the 
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 flame HCO and the 
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 flame HCO2, respectively. Here the scattered data are compared between the results for the full domain and those for a selected wall jet region of 
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 (here x is the axial direction) in the streamwise direction in a way that the results for the wall jet region results were plotted on top of the full domain results with different symbols. 
As seen in Figs. 2-3, the distributions of scatter data of the mass fractions of 
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 and 
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 exhibit quite different behaviours amongst the three flames. With 
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 addition, the ranges of scatter data distributions of the mass fractions of 
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 and 
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 are widened with the largest range appears for the 
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 flame HCO2. The mixture fraction takes a value of 1 in the fuel stream and a value of 0 in the ambient oxidant environment at the domain inlet of the nonpremixed flame, while in the computational domain it is computed as the solution of the following equation:
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which has no chemical source term. In Eq. (1), 
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 stands for mixture fraction, 
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 stands for time, 
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 is the velocity components in the 
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 direction, 
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 stands for heat conductivity, 
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 stands for specific heat at constant pressure and 
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 is the density. 
In Figs 2-3, the most notable feature is the “s”-shaped distribution of the mass fraction in terms of its dependence on the mixture fraction. In the absence of preferential diffusion, there should be a linear correlation between the mass fraction of 
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 and mixture fraction which is indicated in Fig. 2 using the dashed lines and appears as a result of negligence of additional diffusion model term in the transport equation of the progress variable, which is given as follows for unity Lewis number
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In Eq. (2), 
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 is the progress variable of chemical reaction and 
[image: image81.wmf]Y

w

 is the source term of the progress variable. For non-unity Lewis numbers, the progress variable is governed by
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The non-unity Lewis number (preferential diffusion) is explicitly considered using an additional model term
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In Eq. (4), 
[image: image84.wmf]YF

D

r

 is the additional diffusion coefficient for non-unity Lewis number calculation. Without this additional model term, the format of the transport equation of the progress variable is similar to the mixture fraction equation and thus the scatterplots display a linear correlation between fuel mass fractions and mixture fraction. The existence of the s-curved shape of scatter data of 
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 and 
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 between their minimum and maximum values is directly linked with the preferential diffusion effect given by Eq. (4). In Figs. 2 and 3, it is also evident that the wall jet region (x>7.5) results are all located in the leaner side of the mixture fraction. This can happen owing to the largely burnt fuel in the wall jet region compared with its value in the primary jet region. In addition, the diffusion and turbulent mixing might affect the burning process and therefore the fuel mass fractions. As the diffusion rate increases and approaches a certain limit, the fuel in the flame with the help of vortical mixing can be fully burnt. 

Fig. 4 shows the scatterplots for the mass fraction of 
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 for flames H, HCO1 and HCO2. Peak values of 
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 are similar for all three flames corresponding to the ambient air condition. The mass fraction of 
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 reaches its minimum value at around the stoichiometric condition and increases in either side with the influence of flame chemistry. It has been observed that the distribution of oxygen mass fractions in the wall jet region (x>7.5) overlaps with the distribution in the full domain for both flames H and HCO1. However, with more 
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 concentration the discrepancy of oxygen distribution between the full domain and the wall jet region appears to be evident for flame HCO2, where 
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 exists at high mixture fraction values indicating the 
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 is not completely burnt out in the primary fuel jet stream. This corresponds to a non-burning scenario where the mixture can be either unburnt or extinguished.
Figs. 5-6 show scatterplots for the mass fractions of major combustion products 
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 and 
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 in flames H, HCO1 and HCO2.  Peak 
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 values are very similar for the pure 
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 flame H and the 
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H-rich

 flame HCO1, but they are slightly reduced and shifted more towards the higher mixture fraction value for the 
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 flame HCO2.  In addition, there is a bulk of densely populated fluid parcels appearing at its peak value, which demonstrates the strong combustion process for the pure 
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 flame H at the stoichiometric condition.  This aspect is also obvious for the 
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 and 
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 flames but with different numbers of fluid parcels near the peak values. This behaviour occurs in the wall jet region indicating the existence of strong chemical reaction in the near-wall region. The effect of 
[image: image102.wmf]CO

 addition to 
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 on the mass fraction of 
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 can be appreciated from the different scattered distributions of the three flames. In Fig. 5, an important observation is that the peak values of 
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  correspond to the stoichiometric values of the mixture fraction.
In addition to the differences found for the mass fractions of 
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 between the three flames, differences also exist for other important combustion products such as 
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 with respect to 
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 concentration. There are notable differences exhibited for the mass fraction of 
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 between the 
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H-rich

flame HCO1 and the 
[image: image111.wmf]CO-rich

flame HCO2. For flame HCO1, densely populated 
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 fluid particles are found in a region close to its peak value, occurring in the primary jet stream. However, this behaviour disappears in flame HCO2 when more 
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 is present in the fuel mixture. In Fig. 6, it can be noticed that the peak value of 
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 formation for flame HCO2 corresponds to the stoichiometric value of the mixture fraction, while it corresponds to a much richer fuel mixture for flame HCO1. This may be because of the chemical mechanisms of 
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 formation (as shown in Table 2) that lead to the maximum formation in rich conditions where 
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 content is higher than that at the stoichiometric condition. There is also a considerable difference in the profiles of the scatterplots of combustion product 
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CO

 between the two cases in the rich side of the mixture fraction, which may be linked to the existence of local non-burning mixtures in flame HCO2. 
In general, the scatterplots of combustion products 
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 and 
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 follow the laminar flamelet profiles, which express the thermo-chemical properties with respect to a certain strain rate or the scalar dissipation rate [29], with the exception of a few regions where locally extinguished or unburnt fluid particles are present. In Figs. 5 and 6, for flame HCO2 in the rich side with mixture fraction greater than 0.5, the existence of widely distributed combustion products 
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 and 
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 indicates that local extinction rather than unburnt mixture is prevalent in the rich mixture in the primary jet stream. In this regime, the scatterplots of combustion products 
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 and 
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 show very similar profiles. Other reactive flame radicals such as OH may also provide more evidence on the behaviour of local extinction for this flame which will be explored in the next section. 
It is known that the finite rate chemical kinetic effects become important in the case of local extinction [6], while the transition between regimes of fast and slow chemistry is directly related to the fuel mixture. This is the case for flame HCO2 in which 
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 is diluted with a high level of
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. It is established that the local flame phenomenon such as extinction is largely dependent on the composition of the fuel mixture regardless of fluid history [6]. The behaviour of high 
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 diluted flame HCO2 indicates the importance of analysing possible reaction modes responsible for the local extinction. In this work, the 
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chemical mechanism which has 14 species and 30 chemical reactions was employed, shown in Table 2 [28]. Out of 30 chemical reactions, one particular reaction (R22 in Table 2) which includes the radical 
[image: image128.wmf]OH

 needs special attention. Since reaction R22 in Table 2 is of critical importance in the oxidation of 
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syngas combustion, Table 3 provides rate coefficient of reaction R22 in the Arrhenius form at the initial and adiabatic flame temperatures for all three flames. It is important to note that there may be a possible correlation between the local extinction and the 
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 reaction which is shown to have a complex behaviour [30]. The fact that 
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 reaction is influential in a fairly narrow temperature range [28] is an important issue which may promote the local extinction in the case of high 
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 concentration which is the case for the 
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 syngas fuel mixture. 
3.2 Scatter data of minor and radical species distributions 
It is also of interest to study the scatterplots of intermediate and radical species concentrations with respect to 
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 percentage of the syngas mixture. The chemical reactions of 
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mixture considered here contain several intermediate species such as
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. It should be reiterated that the main concern here is the scatterplots of species concentrations with respect to oxidation of 
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syngas fuel mixtures. Therefore only the scatterplots of the concentrations of two species 
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 and 
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 are discussed, while behaviours of the scatterplots of concentrations of other minor species such as 
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 are similar to the scatterplot of
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The transient distributions of scatterplots for minor species 
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 at time instants t=36 and 40 are shown in Fig. 7. In the flame of pure 
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 fuel, the scatterplots in the wall jet region coincide with the full domain results, indicating that this minor species can be formed in the wall jet region. There is also a bulk of 
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 fluid parcels in the lean side of the mixture fraction for the pure 
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 flame H. Flame HCO1 exhibits a similar profile to flame H, but the fluid parcels are fewer in this 
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 flame, reflecting the effect of 
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 content on the distributions of 
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. In Fig.7, the scatterplots of 
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 are very different for the  
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 flame HCO2 where the distribution is largely widened in the mixture fraction space with the significant addition of 
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 in the fuel mixture.
Fig. 8 shows scatterplots of the hydroxyl radical 
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 concentration in flames H, HCO1 and HCO2. The hydroxyl radical
[image: image153.wmf]OH

 is an important radical species in combustion which is known to be a chain carrier combustion reactions and thus determines the flammability and combustion dynamics for a given fuel mixture. It is important to note that 
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 appears in 17 reactions amongst the total of 30 reactions given in Table 2. While there is a similar shape observed in the scatter distributions of radical 
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 for all three flames, the distribution of radical 
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 in the 
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flame HCO2 shows a very different trend compared with the other two cases.
3.3 Jet centreline and wall-jet species distributions  
In order to provide more information on the compositional structures of the flame, the discussion in this sub-section concerns the comparisons of hydrogen and carbon based major and minor species along the centreline of the jet and along a radial line in the wall jet region. Figs. 9 and 10 show the comparison of hydrogen and carbon based major and minor species mass fractions along the jet centreline at time t=40. The centreline distribution of 
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H

 mass fraction shows more spikes for the pure 
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H

 flame H which disappear with 
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 dilution in the syngas fuel mixture. It should be noted from Fig. 9 that when the product mass fraction of 
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 shows its highest peak the fuel mass fraction of 
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 displays its lowest value indicating an opposite trend. This is the typical trend of complete combustion. For the two radical species, despite having high peaks for radical 
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, the centreline variation of the radical species 
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 and 
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 show similar trends for the pure 
[image: image166.wmf]2

H

 flame H. However, the distributions of radical species 
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and 
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 for flame HCO1 which contains 
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 together with 
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 do not have a close correspondence due to the involvement of 
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 in the chemical mechanisms. For flame HCO2, the opposite correspondence between 
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 and 
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 as that observed in the other two flames becomes less obvious, because of the local flame extinction in this case. In addition, more fluctuated centreline distributions are observed for the radical
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, indicating the effects of high 
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 concentration on the formation of radicals. The spikes of these radicals are associated with high temperature regions in the flame. In Fig. 10, the centreline mass fractions of major species 
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, 
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 and minor species 
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 show similar behaviour for both flames HCO1 and HCO2 but more fluctuations are evident for flame HCO2 where higher 
[image: image179.wmf]CO

 concentration has led to a more vortical flow field as that shown in Fig. 1. 
For the impinging flames under investigation, near-wall combustion characteristics such as heat transfer and chemical reactions are of great interest. Near-wall combustion affects many aspects of combustors including fuel consumption and pollutant formation. In the wall jet region, the flame spreads radially and quenches at the cold wall. The skin friction that acts on the thin layer of the fluid attached to the wall generates strong interactions with the flame and thus affects the flame and the chemical reactions. In addition, the existence of 
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H

in the fuel makes the flame more complex due to its high diffusivity and reactivity in the vicinity of the wall surface. Therefore a better understanding of the profiles of major and radical species mass fractions in the wall jet region would directly help to understand the behaviour of chemical reactions in the near-wall region.  The distribution of the instantaneous wall heat flux on the wall and mass fractions of major combustion products and the radical species along a line within the wall jet region is shown in Fig. 11. The flame-wall interaction which is an inherent unsteady process where hot flame propagates towards the cold wall and quenches in its vicinity can be conveniently described by the wall heat flux. Here the instantaneous convective wall heat flux is defined as
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             (5) where 
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 is the gas flame temperature, 
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 is the wall-normal direction and 
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 is the local gas thermal conductivity of the gaseous mixture. 

Fig. 11 shows that the pure 
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H

 flame H has a higher wall heat flux than the other two flames which exhibit a gradual decrease in heat flux with the increased addition of 
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 in the fuel mixture. The profile of 
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 shows considerably higher values for flames H and HCO1 than those for flame HCO2. In the meantime, profiles of 
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 and 
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 for flame HCO2 exhibit similar distributions. It is also worth noting that fluctuations with identical peak/trough value locations are observed for the major species mass fractions for both flames HCO1 and HCO2.  Furthermore, profiles of 
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HO

 and 
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 reveal that strong vortex interactions in the wall jet region leads to form large fluctuations for the 
[image: image192.wmf]CO-rich

flame HCO2 compared to smoother profiles for the 
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H-rich

flames H and HCO1. Conversely, the hydroxyl radical 
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 concentration exhibits large fluctuations for the 
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H-rich

flames H and HCO1 compared to relatively small fluctuations for the 
[image: image196.wmf]CO-rich

flame HCO2.  This may be associated with high temperature in the wall jet region.  From profiles of major species and radicals in the wall jet region, a couple of distinctive trends are evident. First, the mass fractions of major combustion products such as 
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 and 
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 tends to form strong fluctuations with more 
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 addition to the 
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 flame. Second, fluctuations of the minor radical species profiles such as 
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 could be explained solely by the flame temperature irrespective to fuel mixture with only quantitative differences with respect to fuel variability. Furthermore, it is important to note that there is no obvious link between the profiles of wall heat flux and species mass fractions. 
4. Conclusions 
Compositional analyses of 
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 and 
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H/CO

 syngas non-premixed flames have been carried out using three-dimensional DNS and FGM detailed chemistry. Single-point scatter data, radial and axial profiles have been analysed using the DNS database to obtain an understanding on the instantaneous distributions of major, minor and radical species concentrations in the hydrogen-enriched combustion. 
Scattered data of species concentrations show considerable changes with respect to fuel variability from pure 
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 to 
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 and 
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 flames. It is found that the level of
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concentration in the 
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 syngas flame influences the distributions of species concentrations to a considerable level including the behaviour in the near-wall region. High 
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 concentration tends to induce local flame extinction in the 
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 syngas flame in which fluid parcels are highly populated in the rich side of the stoichiometric mixture fraction. Such behaviour is likely to occur due to complex chemical reactions of 
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 combustion. Furthermore, examination of the scatterplots and profiles in the wall jet region indicate a considerable difference in the formation of major, intermediate and radical species concentrations with respect to 
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 and 
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 percentages in the 
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 fuel mixture. 
The research indicates that the pure 
[image: image216.wmf]2

H

 flame H and 
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H-rich

 flame HCO1 are similar in terms of the compositional structures, while flame HCO2 exhibits a different trend where flame extinction in the primary jet stream is observed. The results are important to the application of 
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 and 
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 syngas combustion to future cleaner energy conversions. Further investigation on critical chemical reactions including detailed chemistry mechanisms and effects of dilution such as 
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H/CO/CO

 and 
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 should provide more details about the compositional flame structures and their relation to local extinction with respect to fuel variability.  
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Table 1. Fuel composition, stoichiometric mixture fraction and grid resolution for the three simulated flames. 
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	Adiabatic flame temperature (K)

	H
	100
	0
	0.028
	2637

	HCO1
	70.3
	29.7
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	2430

	HCO2
	33.4
	66.6
	0.220
	2344


Table 2. Chemical reactions of 
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Table 3. Rate coefficient in the Arrhenius form 
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for reaction R22 in Table 2.
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	Rate coefficient at initial temperature (293K)
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Figure Captions: 

Fig. 1. Instantaneous flame temperature (T) and mass fractions of 
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OH, HO

and 
[image: image265.wmf]2

CO

 for flames H, HCO1 and HCO2 in the plane of z=6 at t=40, plotted between the local minimum and maximum values.
Fig. 2. Scatterplots of mass fraction of 
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H

 for the flame H (a, b), flame HCO1 (a, b) and flame HCO2 (a, b) at t=36 (a), t=40 (b), in blue: full-domain, in red: only the points corresponding to x > 7.5 in the near-wall region and dashed line: data with unity Lewis number.

Fig. 3. Scatterplots of mass fraction of 
[image: image267.wmf]CO

 for the flame HCO1 (a, b) and flame HCO2 (a, b) at t=36 (a), t=40 (b), in blue: full-domain, in red: only the points corresponding to x > 7.5 in the near-wall region.

Fig. 4. Scatterplots of mass fraction of 
[image: image268.wmf]2

O

 for the flame H (a, b), flame HCO1 (a, b) and flame HCO2 (a, b) at t=36 (a), t=40 (b), in blue: full-domain, in red: only the points corresponding to x > 7.5 in the near-wall region.

Fig. 5. Scatterplots of mass fraction of 
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HO

 for the flame H (a, b), flame HCO1 (a, b) and flame HCO2 (a, b) at t=36 (a), t=40 (b), in blue: full-domain, in red: only the points corresponding to x > 7.5 in the near-wall region.

Fig. 6. Scatterplots of mass fraction of 
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CO

 for the flame HCO1 (a, b) and flame HCO2 (a, b) at t=36 (a), t=40 (b), in blue: full-domain, in red: only the points corresponding to x > 7.5 in the near-wall region.

Fig. 7. Scatterplots of mass fraction of 
[image: image271.wmf]2

HO

 for the flame H (a, b), flame HCO1 (a, b) and flame HCO2 (a, b) at t=36 (a), t=40 (b), in blue: full-domain, in red: only the points corresponding to x > 7.5 in the near-wall region.

Fig. 8. Scatterplots of mass fraction of 
[image: image272.wmf]OH

 for the flame H (a, b), flame HCO1 (a, b) and flame HCO2 (a, b) at t=36 (a), t=40 (b), in blue: full-domain, in red: only the points corresponding to x > 7.5 in the near-wall region and in green: only the points corresponding to x< 7.5. 

Fig.9. Comparisons of hydrogen based major and minor species components for flames H, HCO1 and HCO2 along the centreline (y=6, z=6) at time t=40.

Fig.10. Comparisons of carbon based major and minor species components for flames HCO1 and HCO2 along the centreline (y=6, z=6) at time t=40.

Fig.11. Instantaneous wall heat flux at z=6 on the wall, and mass fractions of 
[image: image273.wmf]22

HO, CO

 and radical species 
[image: image274.wmf]OH

 along the line (x=7.8, z=6) within the wall jet region for flames H, HCO1 and HCO2 at time t=40.
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Fig. 1. Instantaneous flame temperature (T) and mass fractions of 
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OH, HO

and 
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CO

 for flames H, HCO1 and HCO2 in the plane of z=6 at t=40, plotted between the local minimum and maximum values.
[image: image278.jpg]014

012

01

0.08

0.08

0.04

0.0z

0.04

0.03%

0.0

0.0

0.0z

0.015

00

0.005

014

012

01

0.0

0.08

0.04

0.0z

[
HCO1(a)

04 0E 08 1
F

07
HCO1(b)

04 0E 08 1
F

0.04

0.03%

0.0

0.0

0.0z

0.015

00

0.008

02
HCO2(b)

04 05 08 1
F




Fig. 2. Scatterplots of mass fraction of 
[image: image279.wmf]2

H

 for the flame H (a, b), flame HCO1 (a, b) and flame HCO2 (a, b) at t=36 (a), t=40 (b), in blue: full-domain, in red: only the points corresponding to x > 7.5 in the near-wall region and dashed line: data with unity Lewis number.
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Fig. 3. Scatterplots of mass fraction of 
[image: image281.wmf]CO

 for the flame HCO1 (a, b) and flame HCO2 (a, b) at t=36 (a), t=40 (b), in blue: full-domain, in red: only the points corresponding to x > 7.5 in the near-wall region.
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Fig. 4. Scatterplots of mass fraction of 
[image: image283.wmf]2

O

 for the flame H (a, b), flame HCO1 (a, b) and flame HCO2 (a, b) at t=36 (a), t=40 (b), in blue: full-domain, in red: only the points corresponding to x > 7.5 in the near-wall region.
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Fig. 5. Scatterplots of mass fraction of 
[image: image285.wmf]2

HO

 for the flame H (a, b), flame HCO1 (a, b) and flame HCO2 (a, b) at t=36 (a), t=40 (b), in blue: full-domain, in red: only the points corresponding to x > 7.5 in the near-wall region.
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Fig. 6. Scatterplots of mass fraction of 
[image: image287.wmf]2

CO

 for the flame HCO1 (a, b) and flame HCO2 (a, b) at t=36 (a), t=40 (b), in blue: full-domain, in red: only the points corresponding to x > 7.5 in the near-wall region.
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Fig. 7. Scatterplots of mass fraction of 
[image: image289.wmf]2

HO

 for the flame H (a, b), flame HCO1 (a, b) and flame HCO2 (a, b) at t=36 (a), t=40 (b), in blue: full-domain, in red: only the points corresponding to x > 7.5 in the near-wall region.
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Fig. 8. Scatterplots of mass fraction of 
[image: image291.wmf]OH

 for the flame H (a, b), flame HCO1 (a, b) and flame HCO2 (a, b) at t=36 (a), t=40 (b), in blue: full-domain, in red: only the points corresponding to x > 7.5 in the near-wall region and in green: only the points corresponding to x< 7.5. 
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Fig.9. Comparisons of hydrogen based major and minor species components for flames H, HCO1 and HCO2 along the centreline (y=6, z=6) at time t=40.
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Fig.10. Comparisons of carbon based major and minor species components for flames HCO1 and HCO2 along the centreline (y=6, z=6) at time t=40.
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Fig.11. Instantaneous wall heat flux at z=6 on the wall, and mass fractions of 
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HO, CO

 and radical species 
[image: image296.wmf]OH

 along the line (x=7.8, z=6) within the wall jet region for flames H, HCO1 and HCO2 at time t=40.
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