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Abstract 

A non-premixed impinging jet flame is studied using three-dimensional direct numerical simulation with detailed chemical kinetics in order to investigate the influence of fuel variability on flame surface density, flame normal, and flame index for syngas combustion. Analyses indicate that the fuel composition greatly influences the 
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 syngas combustion, not only on the local stoichiometric iso-mixture fraction surface distribution but also on the vortical structures in the flow field. As a result of CO addition to hydrogen-enriched combustion, changes of the reaction zone in the flammable layer, shift of peak flame surface density distribution, shift of nonpremixed regions and formation of widely populated scalar dissipation rate with respect to tangential strain rate are all found to appear.

Introduction

Direct numerical simulation (DNS) in which the complete spectrum of scales is resolved, produces realistic realisation of turbulent combusting flames which can potentially help to identify fundamental physical mechanisms of flame dynamics [1-3]. The integration of DNS and theoretical formulations enables us to analyse the mechanisms in detail to reveal the underlying physics and therefore systematically link the information obtained from numerical simulations to combustion modelling theory to characterise chemically reacting flows.   
There is a variety of theoretical analysis of non-premixed combustion available in the literature, e.g. [1-3], where the conserved scalar description of the flow field is often employed [4, 5]. Vervisch and Poinsot [2] reviewed four different techniques for the analysis of DNS results of turbulent non-premixed combustion. The first is the flame surface analysis [6 ,7], which describes the dynamics and physical properties of iso-concentration surfaces. This analysis also provides evidence on the effects of turbulence on scalar mixing and therefore it can be used to develop modelling strategies in line with flame surface defined by the set of points on the stoichiometric surface of the mixture fraction which is a conserved scalar. The second is the flame normal analysis which describes the structure of the reacting flow in the direction normal to the flame surface and evaluates the curvature effects [2]. One-point scatter data analysis [8] and edge-flame analysis are also theoretical tools which can be used to study DNS data. In addition to these four techniques, there are other qualitative and quantitative tools that can be used to identify the mixing and heat release characteristics of combusting flows. Such tools can provide further insight into DNS results, which are particularly important with respect to diluted fuel mixtures. For example, Yamashita et al. [9] proposed analysis of the flame index defined as the degree of alignment of the fuel and oxidizer concentration gradients which distinguishes premixed flame from non-premixed flame in turbulent non-premixed jet flames. Flame index analysis has been employed in several DNS studies, not only to distinguish premixed flame from non-premixed flame but also to measure the mixedness of the flow [10, 11].

It remains a challenge to systematically extract information on flow physics from a large scale DNS database and analyse the flame dynamics such as the combustion characteristics of 
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 syngas combustion, which is important to establish a fundamental understanding of the flame behaviour to facilitate the combustion model development for the prediction of combustion of cleaner fuels in practical applications. In response to these challenges, in the present study, DNS results of non-premixed impinging jet flames were analysed using four different types of analysis methods: flame surface analysis, flame normal analysis and flame index analysis. The purpose of this study is to provide a comprehensive analysis of the fundamental combustion characteristics of 
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 syngas non-premixed flames using three methods of data analysis. 
Flame Configuration and Numerics 
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Fig. 1. Geometry of the impinging jet flame configuration with domain dimensions of eight jet nozzle diameters in the streamwise direction (Lx=8D) and twelve jet diameters in the cross-streamwise directions (Ly=Lz=12D) including two types of data analysis for the non-premixed flame 

DNS solves for all scales of the fluid motion and thus numerical solution of the governing equations must capture relevant scales of the fluid flow, chemical reaction, viscous dissipation and diffusion. Simulations have been carried out using a parallel compressible DNS code [12] coupled with the flamelet generated manifold chemistry tabulation [13] for hydrogen-enriched combustion. The code solves the continuity equation, Navier-Stokes momentum equations, the energy equation, the mixture fraction equation, and the progress variable equation which accounts for preferential diffusion (non-unity Lewis number) effects, and the state equation for the fuel mixture. Details of the governing equations and flamelet generated manifold equations are reported elsewhere [12]. The spatial derivatives in all three directions are solved using a sixth-order accurate compact finite difference (Padé) scheme [14]. Fully explicit third order Runge-Kutta scheme [15] is used for time integration. 
Figure 1 shows the geometry of the impinging jet flame configuration, indicating the two types of data analysis performed for the non-premixed flame. The computational domain employed has dimensions of eight jet diameters (Lx = 8D) in the streamwise direction and twelve jet diameters (Ly = Lz = 12D) in the cross-streamwise directions in the Cartesian coordinate system employed. Approximately 453 million grid points were used to resolve the flame structures. The Reynolds number used was 
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 and the Froude number was Fr=1.0, based on the reference quantities specified. The computational domain contains an inlet and impinging wall boundaries in the streamwise direction where the buoyancy force is acting. At the inlet, the mean streamwise velocity was specified using a hyperbolic tangent profile and the flow was specified using the Navier-Stokes characteristic boundary conditions with the temperature treated as a soft variable (temperature was allowed to fluctuate according to the characteristic waves at the boundary). External unsteady disturbances were artificially added to all three velocity components at the inlet in a sinusoidal form which were added to the mean velocity profiles. At the side boundaries, non-reflecting characteristics boundary condition is used. The non-slip wall boundary condition is applied at the downstream impinging wall, which is assumed to be at the ambient temperature and impermeable to mass. At the impinging wall boundary, the mixture fraction is assumed zero-gradient corresponding to the impermeability, while the progress variable for chemistry is taken as zero at the wall boundary.
The flame chemistry is represented by the flamelet generated manifold reduction (FGM) approach, which has been coupled to the DNS solver. In the FGM approach, the detailed
[image: image7.wmf]2

H-CO

 kinetic model [16] incorporates the thermodynamic, kinetic, and species transport properties related to high temperature 
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 oxidation, consisting of 14 species and 30 reactions. 
Results and Discussion
In light of the importance of data analysis of DNS results for 
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 combustion, the objective here is to discuss the different aspects of the flame dynamics using three different analytical tools: flame surface analysis, flame normal analysis and flame index analysis. In order to understand the effect of fuel variability on the flame dynamics, two different fuel mixtures in an impinging jet flame configuration were investigated. The fuel compositions of numerically simulated
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 flame HCO1 and 
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 flame HCO2 and their stoichiometric mixture fractions are given in Table 1.
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Table 1. Fuel compositions and stoichiometric mixture fractions of the fuels for the two simulated flames 

Flame Surface Analysis 
Flame surface indicates the local chemical reaction as well as mixing in the non-premixed flame, which is an important parameter to represent the flame dynamics which can be greatly affected by the fuel variability. Instantaneous DNS results are analysed using instantaneous iso-mixture fraction surfaces including the geometrical view of flammable layer (the continuous layer between the two contours of mixture fraction) and the instantaneous flame surface density. Non-premixed flames contain a diffusive layer in which a reaction zone is embedded. The thickness of the diffusive layer is indicated by the mixture fraction distribution. Using the DNS data, the instantaneous flammable layer and the location of flames or the stoichiometric surface for two flames are shown in Figure 2 for the time instant of t=40. Results at other time instants when the flames are fully developed follow the same trends. In Figure 2, it is evident that the flammable layer and the reaction zone for two flames are strongly affected by the vortical flow field. More importantly, the flame surface structures show a significant geometrical change in the flammable layer when the fuel composition changes. Combustion starts in locations where fuel and oxidiser mix in stoichiometric proportion. When 
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, the flame shifts towards the inner side of the flammable layer which is the case for 
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 flame HCO1. More noticeably, probable extinction can occur when more 
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 is added, which is the case for flame HCO2 that has the highest 
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 fuel mixture. In Figure 2, it is clear that the 
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 fuel shifting towards the inner side of the flammable layer.
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Fig. 2. Sketches of the flammable layer for flames (a) HCO1 and (b) HCO2, at t=40; flammable layer is defined as the continuous layer between the two contours of mixture fraction, while flame corresponds to the stoichiometric mixture fraction. 
It is important to note that the location of the shear layer with respect to the scalar distribution is one of the critical factors that lead to a bimodal transition (a transition from one state to another) from fully reacted to fully mixed state with little, if any partial reactedness when fuel dilution is present. This has been evident from Figure 2 as dilution with 
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 clearly weakens the 
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 flame (
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) inside the flammable layer and thus promotes a possible partial reactedness or flame extinction. Furthermore, it is noted that the flame surface structures are greatly affected by the fuel variability, where the fuel mixtures have very different diffusivities (non-unity Lewis numbers) which are accounted for in the theoretical formulations of the present work. The shift of the flame surface towards the inner side of the flammable layer with respect to 
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 addition mainly appears as a result of heat release effects and wrinkling of mixture fraction surfaces. This suggests that the 
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 dilution affects the dynamics of the flame such as the location of the stoichiometric surface with respect to the thickness of the flammable layer of the fuel mixture. The movements of the reaction zone or the stoichiometric iso-mixture fraction surface in the flammable layer are affected by two different physical phenomena: transport and micromixing. To achieve a better understanding of these phenomena, the instantaneous flame surface density 
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 which is widely used in turbulent combustion modelling [6, 7] is calculated in this study. The instantaneous flame surface density is defined as [7]: 

[image: image34.wmf]()

st

ZZZ

d

å=Ñ-




              (1)

where 
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 is the mixture fraction while 
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 is the Dirac function. Integrating the flame surface density 
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Kalmthout et al. [7] found that 
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 is a suitable estimation for generalised flame surface density. Therefore the variation of generalised flame surface density 
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Fig. 3. Conditional averaged generalised flame surface density of the iso-level surface plotted versus mixture fraction for flames H, HCO1 and HCO2 at t=40.

Figure 3 shows the conditional averaged 
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 versus mixture fraction for two flames. It can be seen that the instantaneous 
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 generally follows the Gaussian distribution. With 30% 
[image: image48.wmf]CO

 addition, the peak 
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 of HCO1 flame occurs around 0.55. However, with more 
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 addition (67%) in flame HCO2, the fluid experiences even larger different local molecular mixing behaviour and reactions. Accordingly the peak 
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 shifts further towards the oxidiser side with a value of 0.5 for the mixture fraction. The movements of the peak instantaneous 
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 dilution on the flame surface density distribution of 
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 flames.

Flame Normal Analysis

To determine the impact of strain rate effects on mixing and combustion of the 
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flames, flame normal analysis can be effectively used. This section discusses the strain rate tangent to the flame surface with an aim of evaluating scalar mixing with respect to tangent strain rate. Together with the flame surface density analysis, variation of the tangential strain rates provides comprehensive details about flame behaviour on the stoichiometric surface. To quantitatively determine the relative importance of tangential strain rate, the behaviour of the scalar dissipation rate with respect to tangential strain rate are investigated. The scalar dissipation rate is calculated using the standard formulation:  
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where 
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 stands for mixture fraction, 
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 heat conductivity, 
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 specific heat at constant pressure, variable and 
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 the density. For the purpose of evaluating strain rate tangent to the flame surface, the location of the flame surface is defined by the stoichiometric mixture fraction. The flame normal is defined using the local gradient of the mixture fraction Z as: 
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and the strain rate tangent to the flame surface is given by 
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where 
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 is the flame temperature and 
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 is the velocity vector. 

In order to characterise the strain effects on scalar dissipation rate, Figure 4 shows the scatter plots of the stretch effects on scalar dissipation rate. Dilution with 
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 seems to have affected the distributions of scalar dissipation rate against tangential strain rate significantly. Increasing the amount of 
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 fuel mixture tends to lead to a more scattered distribution of scalar dissipation rate with respect to tangential strain rate with more irregularities, which in turn will affect the dependence of the flame temperature on the strain rate and lead to incomplete combustion. The changes of the scalar dissipation rate with respect to tangential strain rates on the stoichiometric iso-mixture fraction surface demonstrate the importance of mixing and chemical kinetics with respect to dilution.  The wide range of scalar dissipation rate distributions observed for the 
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 mixtures (flames HCO1 and HCO2) also indicates the existence of intense flow vorticity, which wrinkles the flame and leads to possible local flame extinguishment. Typically for the lean mixtures such as the flame HCO2, the scalar dissipation rate increases nonlinearly with tangential strain rate. In addition to the increase in strain rate which affects the flame stability, the addition of 
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 also significantly increases the flame’s Lewis number and thus reduces the influence of preferential diffusion, because of the smaller diffusivity of 
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 fuel mixture. It is observed from comparisons of the tangential strain rates and scalar dissipation rate that the increasing the amount of 
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 in the 
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 syngas fuel mixture leads to more irregularities in the flame structure.  
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Fig. 4. Scatter plots of scalar dissipation rate as a function of tangential strain rate for flames HCO1 and HCO2 at t=40.
Flame Index Analysis
Flame index has been originally defined [9] to distinguish premixed flames from non-premixed flames in turbulent non-premixed jet flames such that:  
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in which positive 
[image: image77.wmf]FI

 represents premixed flame and negative 
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 represents non-premixed flame. Here the subscripts F and O represent fuel and oxidiser, respectively. The instantaneous distributions of cross-stream scalar dissipation rate and flame index at highly vortical mid-primary jet location (x1=4.0) are shown in Figure 5. Since the flame index is most important at the location of the flame front, the stoichiometric iso-contours of the mixture fraction is also marked in the graphs. There are few points to note about the behaviour of flame index with respect to fuel dilution. Firstly, the flame index shows its minimum values approximately in regions where maximum scalar dissipation occurs. Secondly, it is also in this region where heat release is the maximum and flame is being enclosed and strained by the vortex.  It is noted that further downstream in the wall jet region (not shown here), significant fractions of the flame index values for high 
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 concentrated flame HCO2 are more close to zero indicating a possible behaviour of partially premixed state. It is expected that the partially premixed burning region exists in downstream locations as a result of 
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 dilution with 
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 depending on the local micro-mixing and chemical kinetics processes.    
Conclusions
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 nonpremixed syngas flames were studied using direct numerical simulation and flamelet generated manifolds based chemistry. Three different types of data analysis known as flame surface density, flame normal and flame index have been performed to understand the flame dynamics. 
The results show structural changes of the reaction zone in the flammable layer with respect of fuel composition change. The flame surface density distributions indicate the Gaussian shape, but show a peak value migration from the fuel side to oxidiser side with respect to 
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 addition in the 
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 mixture. Increasing the amount of 
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 fuel mixture exhibits a more complex and widely populated scalar dissipation distribution rate with respect to tangential strain rate and thus indicates a sign of incomplete combustion.  The distributions of the flame index demonstrate that the flames are primarily burning as non-premixed. However, as 
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 content increases, flame index values move towards a smaller value, indicating possible partially premixed regions in the 
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 non-premixed flame. 
From the analysis of the flame surface, flame normal and flame index, it is found that the fuel composition not only affects the flame structure, but also influences the micromixing behaviour which has significance in turbulent combustion modelling. For the micromixing modelling of high hydrogen content fuels using the transported pdf methods, DNS analysis can directly befit. Calculation of micromixing process associated with reaction heat release of high diffusivity pure 
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 combusting flames may provide significant insight into the mixing and combustion characteristics of 
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 syngas combustion.   
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Fig. 5. Instantaneous snapshots of cross-streamwise flame index (FI) for flames HCO1 and HCO2 at highly vortex axial location x=4.0 at t=40; dark broken line: stoichiometric value of the mixture fraction.
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