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Abstract
Influence of preferential diffusion on the dynamics of hydrogen and syngas nonpremixed impinging jet flames was studied using direct numerical simulation and flamelet generated manifolds based on detailed chemical kinetics. The results presented in this study were obtained from a uniform Cartesian grid with 
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 points. Reynolds number used was 
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, based on the reference quantities. Results reported here indicate that the preferential diffusion significantly affects the structures and the maximum temperature of the hydrogen flame, which deviates significantly from the results obtained without considering the preferential diffusion. The preferential diffusion results in a shift in the equivalence ratio in the reaction zone to leaner conditions. Moreover, the numerical results suggest that the preferential diffusion influences the flame-wall interaction and thus wall heat transfer, which is critical for the design of combustion equipment for clean combustion applications with high hydrogen contents in the fuel.   
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1. Introduction

Global climate change is receiving increasing attention worldwide. International community and national governments are strengthening their efforts to tackle the global climate change across several sectors in the short, mid and long terms. In this context, the technology of clean energy conversion can play a significant role in reducing the greenhouse gas emissions into the atmosphere [1].  Combustion technology is the most important energy conversion method which produces over 80% of the world energy by burning fossil fuels, such as petroleum, coal, and natural gas [2].  However, attention has increasingly turned towards emission control technologies of combustion for the reduction of greenhouse gases (GHGs).  In an effort to reduce the GHGs of combustion processes while maintaining high efficiency power generation, development of combustion technology using more environmentally friendly fuels such as hydrogen and synthesis gas (or syngas) becomes important [3].  However, the possibility of burning hydrogen and syngas in modern combustion devices such as gas turbine combustors or automotive engines can impose challenging constraints which need detailed investigations. Preferential diffusion [4] is an important physical phenomenon for hydrogen-enrich fuels, while near-wall phenomenon [5] can be crucial for all practical combustion applications. Both phenomena can have strong effects on the characteristics of hydrogen enriched combustion systems and need detailed investigations. 

Preferential diffusion affects chemical reaction and heat transfer that can play a significant role in hydrogen combustion [6], and it is often described by the Lewis number, 
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, defined as the ratio of thermal to fuel mass diffusivity. The high diffusivity and reactivity of hydrogen may lead to high flame temperatures in combustion [7].  Nonpremixed hydrogen or syngas jet flames are generally mixing controlled due to the fast chemistry of hydrogen combustion. The high diffusivity of light chemical species such as 
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 and 
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 affects flame characteristics through preferential diffusion. In the reacting flow field, non-unity Lewis numbers correspond to the potential presence of preferential diffusion effects, while different values of the species Lewis numbers correspond to differential diffusion effects. Many theoretical, experimental and computational efforts have been devoted to identify the roles of preferential and differential diffusions. Experimental investigations on differential molecular diffusion  have been carried out using spontaneous Raman scattering by measuring major species mass fraction, combined with Rayleigh scattering to measure temperature. Bilger [4] reported early work on the influence of differential diffusion on turbulent nonpremixed flames and significant effects of differential diffusion on temperature and species concentrations in a 
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 at low Reynolds numbers were later identified [8] . The influence of differential diffusion effects close to the jet nozzle in turbulent 
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flames was investigated [9] and similar findings relevant to 
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 were discussed [10,11]. Barlow and Frank [12] and Dibble and Long [13] stated that modelling of turbulent nonpremixed flames including preferential diffusion effects represents a challenge, while modelling of differential molecular diffusion in round jet has been carried out, e.g. [14]. Computational modelling of species preferential diffusion and differential diffusion of heat and mass often requires the use of detailed chemistry in multi-dimensional simulations. As a promising tool to provide fine details of the reacting flow field, direct numerical simulation (DNS) of differentially diffusing reacting scalars in isotropic decaying turbulence including the quantification of non-unity Schmidt number effects was reported [15,16]. Since the pioneering work of laminar flamelet approach by Peters [17], the flamelet formualtion for nonpremixed combustion has been developed to account for non-unity Lewis number effects [18,19]. Investigation on the influence of differential diffusion on the maximum flame temperature of 
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 flame was also carried out using two-dimensional (2D) DNS [20]. Neveretheless, there is still a lack of detailed three-dimensional (3D) DNS study on preferential and differential diffusion effects on nonpremixed jet flames.

Investigation on the effects of preferential diffusion on hydrogen-enriched combustion including near-wall flame characteristics is an important area of research particularly for the high hydrogen content fuels, which would improve the current understanding of near-wall flame characteristics of hydrogen-enriched combustion. Obtaining reliable and quantitatively accurate results for preferential diffusion and near-wall combustion are challenging, as a broad range of fluid flow and chemical scales are involved. The complexity of preferential diffusion and near-wall combustion can be better understood through high fidelity numerical simulations such as DNS. The objective of this paper was to investigate the effects of preferential diffusion (non-unity Lewis numbers) on hydrogen and then examine the flame characteristics of hydrogen-enriched syngas flames by accounting preferential diffusion using DNS and flamelet generated manifolds (FGM) chemistry [21]. This work is a continuation of our previous investigation in which the vortical structures due to instabilities in the flame [22] and wall-heat fluxes of 
[image: image19.wmf]2

H

 nonpremixed flame [23] and fuel variability effects on nonpremixed syngas impinging flames which involves 
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 [24] were carried out using DNS. In this work, an extended model equation for reaction progress variable which accounts for preferential diffusion has been considered. Given the indications on flame dynamics from previous studies performed using a relatively small nozzle-to-plate distance of the impinging geometry [22-24], larger distance is adopted in this work since it is important to identify the preferential diffusion effects on the flame characteristics in a more developed primary jet region and secondary wall jet region for the impinging flame.   The rest of the paper is organised as follows. Section 2 provides mathematical formulation, chemistry and numerical implementation. Section 3 then discusses the results with respect to 
[image: image22.wmf]2

H

and H2/CO fuel mixtures. Finally, section 4 summarises key findings and conclusions.  
2. Mathematical Formulation, Chemistry and Numerical Implementation    
Nonpremixed hydrogen impinging jet flames were considered as unsteady compressible viscous fluid with buoyancy effects and chemical reactions. The governing equations for the flow field in their non-dimensional form [22-23] can be written as:

Mass conservation:
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Momentum conservation: 


[image: image24.wmf]()()

1

()0,

Re

jjkjkj

a

kjk

uuug

p

txxxFr

rrt

rr

¶¶¶

¶

++-+-=

¶¶¶¶




                         (2)

Energy conservation:
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Equation of state:
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Mixture fraction:
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To examine the influence of preferential diffusion on the syngas flames, a transport equation for the reaction progress variable has been considered in two different forms such that one transport equation is based on unity Lewis number assumption and another transport equation is based on non-unity Lewis numbers. 

Progress variable for unity Lewis number: 
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Progress variable for non-unity Lewis numbers:
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Here the additional term which accounts for non-unity Lewis number explicitly (preferential diffusion) is given by 
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It is important to note that the additional diffusion term has been added in line with the previous model development for the investigation of preferential diffusion effects on hydrogen added premixed turbulent methane-air flames [25, 26]. 
In Equations (1-8), 
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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 viscous stress component, 
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 stands for total energy per unit mass, 
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 stands for pressure, 
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 stands for heat conductivity, 
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 stands for specific heat at constant pressure, 
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 is the ratio of specific heats, 
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 is the source term of the progress variable, 
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 is the density, 
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 is the additional diffusion coefficient for non-unity Lewis number calculation and subscript 
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 stands for the ambient respectively. In addition,
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 represent Mach number, Prandtl number, Froude number, Reynolds number and Schmidt number respectively.  The non-dimensional procedure of the governing equations and the reference quantities used in the normalisation can be found in [22]. 
In this work, the flame chemistry of syngas flames is represented by databases generated using the FGM technique [21], accounting for both chemical and transport processes using the laminar flamelet concept [27]. The detailed kinetic model [28] incorporates the thermodynamic, kinetic, and species transport properties relevant to high temperature 
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 oxidation, consisting of 14 species and 30 reactions. For the 
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 flame, two nonpremixed FGM databases were constructed from steady counter-flow diffusion flamelets by using detailed chemistry and transport models such that one database was constructed with unity Lewis number assumption (
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) and another database was constructed with non-unity Lewis number assumption (
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). The resolution of the manifolds is 301 points in the mixture fraction direction and 101 points in the progress variable direction. For the 
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flames, two nonpremixed FGM databases were constructed with non-unity Lewis number assumption. For both 
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syngas flames, the resolution of the manifolds is 201 points in the mixture fraction direction and 201 points in the progress variable direction where more points have been considered for the progress variable because of the more complex fuel compositions than pure hydrogen. For 
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combustion, the mass fraction of 
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 was selected as the progress variable, while for 
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 combustion, summation of the mass fractions of 
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 and 
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 was selected as the progress variable. 
The solution methods of the governing equations include the high-order numerical schemes for both spatial discretisation and time advancement. The spatial derivates in all three directions are solved using a sixth-order accurate compact finite difference (Padé) scheme [29]. Solutions for the spatial discretised equations are obtained by solving the tri-diagonal system of equations. The spatial discretised equations are advanced in time using a fully explicit low-storage third-order Runge-Kutta scheme [30]. The time step was limited by the Courant number for stability. The governing equations were numerically solved in a Cartesian grid with 
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 points resulting approximately 452 million nodes. The computational domain employed has a size of eight jet nozzle diameters in the streamwise direction (8D) and twelve jet nozzle diameters (12D) in the cross-streamwise directions. The Reynolds number used was 
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 and the Froude number was Fr=1.0.  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 [31] 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 component at the inlet in a sinusoidal form which were added to the mean velocity profile. 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. This simplified condition allows an investigation of the effects of preferential diffusion on flame dynamics in the near-wall region without being over complex in the formulation.
3. Results and Discussion 
The results are presented and discussed in two sections. The first section discusses comparison between DNS results of the non-unity Lewis number case 
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 and unity Lewis number case 
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 for the pure 
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flame. The second section analyses flame structures of 
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flames with the influence of preferential diffusion. 
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syngas flames are named as HCO1 and HCO2 in which flame HCO1 (high  
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) contains a mixture of 70.3% of 
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 and 29.7% of 
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 while flame HCO2 (high 
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) contains a mixture of 33.4% of 
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 and 66.6% 
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 by volume.
Extensive 3D results have been obtained for the instantaneous reacting flow fields. Analysis based on temporal evolution of 2D cross-sectional streamwise and cross-streamwise contour plots, comparisons of scatterplots in the full domain and the wall jet region are presented to discuss the effects of preferential diffusion on the local flame structure including the near-wall region, which constitute the primary focus of this study. The focus of the discussion is on the instantaneous non-dimensional results of key variables such as flame temperature, reaction progress variable, mixture fraction and scalar dissipation rate when the flame has been developed. While time-averaged results can be of interest, they would require an excessive amount of simulation time because of the relatively slow development of the wall boundary layer flow of the impinging jet. Accordingly, the data analysis has been mainly based on typical instantaneous results to analyse the preferential diffusion and the wall boundary effects on the 
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 flame and their relative importance to the 
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 syngas combustion. 
3.1 Preferential diffusion effects on the 
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 flame 
Fig. 1 shows comparisons of the scattered temperature, progress variable, scalar dissipation rate between the non-unity Lewis number and the unity Lewis number cases in the mixture fraction space at a time instant of t=40 when the impinging jet flow is developed, while results at other time instants at the developed stage follow similar trends. The mixture fraction is the most important representative variable in nonpremixed combustion. The present work defined mixture fraction as the solution of the transport equation given in Eq. 5. 

In Fig. 1, it is evident that the inclusion of non-unity Lewis number significantly modifies the results particularly for the flame temperature and reaction progress variable. It should be emphasised that these profiles are shown as guides for the temperature of burnt mixtures including mass fraction of  
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 and scalar dissipation rate with implications on the effects of preferential diffusion on the hydrogen impinging jet considered here. As seen in (a1) and (b1), the scattered temperature for the non-unity Lewis number case show large differences compared to the unity Lewis number case: (1) the peak scattered temperature for the 
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 case is about T=9.0, which is approximately 2637K. However, the peak scattered temperature for the 
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 case is about T=8.15, which is approximately 2388K; (2)  the mixture fraction corresponding to the peak temperature has been shifted from a value of around 0.028 for the 
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 case to a value below 0.018 for the 
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 case. It is clear that the peak temperature occurs on the lean side of stoichiometric mixture fraction of Zst = 0.028 when non-unity Lewis number is considered, while it occurs at the stoichiometric mixture fraction when unity Lewis number is assumed. This is consistent with the previous finding that preferential and differential diffusion effects result in a shift in the equivalence ratio in the reaction zone to leaner conditions [32], because of the diffusive mobility of the fuel, hydrogen, relative to heat and the oxidizer. This shift towards leaner conditions affects the rates of reactants’ consumption, radicals’ production and the subsequent heat release. The difference of maximum temperature between the two cases is likely to occur mainly because of two reasons in the mathematical formulation: the inclusion of non-unity Lewis number in the flamelet equations for FGM construction and inclusion of additional diffusion term into the transport equation of the reaction progress variable. In Fig. 1, it is also noticed that the temperature scattered data is widened for the 
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 case with respect to the case of 
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 for the considered mixture fraction range. The large majority of fluid samples detected for the 
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 case are burnt with a narrow distribution of the mixture fraction, indicating that the unity Lewis number assumption may have limited the extent to which chemical reaction takes place in the fuel/air mixture. As seen in (a2) and (b2), scattered plots of the reaction progress variable also display considerable differences for the non-unity Lewis number case for the entire mixture fraction range compared to the 
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 case. Large values of the reaction progress variable with dense distributions are evident on the lean side of the stoichiometric mixture fraction for the  
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 case compared to narrow distribution of the reaction progress variable near the stoichiometric mixture fraction value for 
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 case. In (a2), it is noticed that the progress variable exhibits wider scattered distribution when the mixture fraction increases in the rest of the domain under the assumption of unity Lewis number, which is perhaps not realistic. In the nonpremixed flame, the scalar dissipation rate represents the local mixing intensity, which can be calculated based on the heat diffusion coefficient and defined as:
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Comparisons of scalar dissipation between the two cases do not reveal significant differences from the results in (a3) and (b3), for which only some minor differences can be observed. This implies that perhaps the unity Lewis number does not affect the local turbulent mixing intensity in a significant manner. The scatterplots presented clearly indicate that the inclusion of non-unity Lewis number affects the local chemical reaction as well as the maximum flame temperature, while the unity Lewis number assumption may lead to unrealistic predictions of the local reaction although it may not affect the mixing to a significant extent. 

Figs. 2 and 3 display instantaneous temperature distributions in the streamwise direction in the primary jet (x=4.0) and the wall jet (x=7.8) regions for the two cases at t=32, 36 and 40 respectively, when the flow field is largely developed. The temperature between the two cases shows large differences in the maximum temperature values with noticeable differences in local distributions as well. The effects of preferential diffusion are evident between the two cases as the 
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 case exhibits strong thick regions of high temperature values compared to the weak thin high temperature areas for the 
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 case. There is an obvious reduction in temperature value for the unity Lewis number case. It can be seen that the preferential diffusion largely affects the outer flame structure and this could be well linked with the high diffusivity of 
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 accounted for through the non-unity Lewis number in both the FGM construction and the transport equation for the reaction progress variable.  Therefore, the present comparison indicates the importance of considering non-unity Lewis number in the prediction of the flame temperature of high hydrogen content fuels as the high 
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 content significantly reduces the flame’s Lewis number because pure hydrogen has a very low Lewis number 
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. For high hydrogen content fuels, the high diffusivity of 
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 modifies the heat release pattern leading to higher temperatures compared to relatively low temperature values observed from the unity Lewis number calculation. The combination of using non-unity Lewis numbers in solving the 1D flamelets and using an additional diffusion term in the transport equation of reaction progress variable seems to be a necessary condition for accurately predict the flame temperature of high hydrogen content fuels with high diffusivity, while the predictions based on unity Lewis number may be regarded as inadequate.  
3.2 
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 syngas flame structures with the influence of preferential diffusion
Preferential diffusion affects the reaction progress variable and flame temperature of the 
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 flame in both the primary and wall jet regions of the reacting flow field, where flame-wall interactions occurring in the wall jet have significant relevance to practical applications. To provide a better understanding on the influence of preferential diffusion on the 
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 syngas fuel mixtures, this section focuses on flame structures of the 
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 mixtures with the influence of preferential diffusion. In order to provide a better understanding on the local flame dynamics in the near-wall region, Figs. 4-6 show the flame properties in a selected wall jet region of 
[image: image96.wmf]x>7.5

 in the streamwise direction where the wall boundary layer is located, on top of the scatterplots of full domain results. Direct comparisons can be made between the full domain and the selected wall jet region in these graphs.

Fig. 4 shows the scattered scalar dissipation rate data plotted versus mixture fraction for flame HCO1 (a1, a2, a3) and HCO2 (b1, b2, b2) at t= 32, 36 and 40 respectively.  The scalar dissipation rate was calculated using Eq. (9). From the scatterplots of scalar dissipation rate of the high 
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 flame HCO1 and the high 
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 flame HCO2, it can be seen that the wall jet region (
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) corresponds to the leaner side of the mixture fraction in comparison to the full domain for both cases. This can be linked with the mixture fraction field development of the impinging flame, where the mixture in the wall jet region is increasingly leaner when approach the wall because most of the fuel has been burnt in the primary jet stream before it touches the cold wall. As shown in Fig. 4, differences of the scattered scalar dissipation rate between two flames indicate that the flow mixing between the two cases is not markedly different, i.e., fuel variability does not have a major impact on the mixing process of the syngas jet flame. 
The instantaneous scatterplots of reaction progress variable for the flame HCO1 and flame HCO2 at t=32, 36 and 40 are shown in Fig. 5 (a1, a2, a3 and b1, b2, b3), respectively. The trends show significant differences between the two syngas flames. A noticeable difference between the two cases in the full domain and the wall jet region (
[image: image100.wmf]x>7.5

) can be observed in Fig. 5: thick and complex shape distributions of the scattered progress variable data are observed for both the flames, but the distributions for the flame HCO1 is much thinner on the leaner side indicating that there are significant differences in the local chemical reaction and flame structures between the two cases. It is important to note that the large scattered distribution of the reaction progress variable of high 
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 content flame HCO2 indicates a sign of local extinction where finite rate chemical kinetics becomes significant [33]. Since the reaction progress variable is strongly linked with the flame temperature, this behaviour could be further identified from the scattered data of the flame temperature. The notable differences between the two flames in the progress variable distributions are mainly associated with the 
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 and 
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content in the fuel mixture which affects the preferential diffusion. In Fig. 5, it is also noticed that at a fixed mixture fraction, the value of the reaction progress variable in the wall jet region lies on the lower side in comparison to that in the full domain, similar to that observed in Fig. 4. 
Fig. 6 shows comparison of scattered flame temperature between the full domain and the wall jet region for the 
[image: image104.wmf]2
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 flames. It is worth noting that the range of mixture fraction shown in Fig. 6 is much narrower than that used in Figs. 4 and 5. The wide range of mixture fraction distribution at a fixed temperature can be attributed to the preferential diffusion which enhances the chemical reactions at the molecular level and leads to chemical reactions at leaner conditions with high flame temperatures. The scattered data of high 
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flame HCO1 exhibits little or no local extinction. However, the scattered data (both progress variable and temperature) of the high 
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 flame HCO2 shows that the large fluctuations of temperature take place in a range of relatively high mixture fraction compared to the high 
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 flame HCO1. As the flame approaches extinction, the data points generally populate the domain between the flamelet profiles and the frozen limits [33]. The observed scattered temperature fluctuation of the high 
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 flame HCO2 is highly correlated with the local extinction which is a phenomenon greatly depends on the fuel mixture. However, there is a possibility of intermittent re-ignition at regions where the mixing rates are more relaxed, but this can only occur if there are burnt fluid parcels convected from the intense mixing region [33]. It should be emphasised that these profiles are shown as guides for the temperature of combustion mixtures with implications on the relevance of flamelet generated manifold to the 
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 content in the 
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fuel mixture. In Fig. 6, one important observation is that high temperature occurs in the wall jet region on the leaner side of the syngas fuel mixture, which is consistent with the reaction progress variable shown in Fig. 5. 
The scatterplots of scalar dissipation rate, progress variable and temperature provide the global features of 
[image: image111.wmf]2
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syngas flame structures. There are nevertheless, the shape distributions and the peak values exhibited in these scatterplots need to be further discussed. For example, all the scatterplots shown in Figs. 4-6 exhibit a “Λ” shape, where there is a critical mixture fraction value “Zcritical” corresponding to the peak of the “Λ” shape. Table 1 shows the values of this critical mixture fraction for both syngas flames, for the scalar dissipation rate, reaction progress variable and flame temperature respectively. Clearly there is a difference in the Zcritical value of the reaction progress variable between the two cases and a noticeable difference in Zcritical of the temperature, while there is almost no difference in Zcritical of the scalar dissipation rate between these two syngas flames. It should be noted that the calculated scalar dissipation rate is largely based on the mixture fraction value and therefore does not significantly change with respect to fuel variability. Furthermore, it is also found that the scatterplots of the high 
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H

 flame HCO1 follow similar behaviour as the pure
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flame. Therefore it can be concluded that the Zcritical values are similar for both pure
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and high 
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 flames. 
The possibility of such sensitivity around the critical mixture fraction region raises an important issue relevant to local mixing and chemical kinetics that may stimulate further fundamental understanding of scatterplots. This leads to an appreciation that the shape distribution of the scatterplots “Λ” (in this case either scalar dissipation rate, progress variable or flame temperature) is either dependent on the local mixing or the chemical kinetics or both. Since the local mixing rate is represented by the scalar dissipation rate [34] and the chemical kinetics is represented by the reaction progress variable [35], while the scattered shape distribution of the temperature depends on both the local mixing and the chemical kinetics, it can be concluded that the two syngas flames HCO1 and HCO2 are very different in their chemical kinetics, while they are similar in local mixing in the non-premixed flame configuration, leading to different flame temperatures.
To investigate in greater detail of the unsteady flame structures of 
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mixtures, Figs.7 and 8 illustrate a temporal sequence of instantaneous snapshots of the temperature in the 2D cross-sectional planes including one cutting through the wall jet region (x=7.8) at time t=32 (a1,b1), 36 (a2,b2) and 40 (a3,b3) respectively. It is interesting to observe how the 
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 and 
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 percentages in the fuel mixture affect the flame structure as the high 
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 content flame HCO1 displays much strong and broad temperature distribution with weak vortical structure while the high 
[image: image120.wmf]CO

 content flame HCO2 shows slightly narrow temperature distribution with more rotating vortical structures. However, both cases exhibit complex dynamic vortical structures including weak inner and relatively strong outer vortical structures.  These vortical structures are moving downwards together with the mean flow.  Furthermore, Fig. 7 shows that the strong reaction zone of the high 
[image: image121.wmf]2

H

 content flame HCO1 which has a low stoichiometric mixture fraction value (0.124) is less vortical compared to the high 
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 content flame HCO2 with a high stoichiometric mixture fraction (0.220) which is apparently more vortical with better mixing in regions near the jet centreline. This is indeed the case for fuels with low stoichiometric mixture fraction values such as 
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 which exhibit a different behaviour in the transition to turbulence [36]. Also, as these flames approach the cold wall, the reactive scalars such as flame temperature are more likely to undergo a complex transition process from full reacted to possible quenching. Therefore further investigation on the complex dynamic process of reactive scalars in the vicinity of cold wall is of great interest. It is also worth noting that the strong high temperature reaction zone in the high 
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 content flame HCO1 is influenced by the preferential diffusion and thereby inducing greater heat transfer into the wall for near-wall combustion applications which may be a crucial factor in the design of hydrogen powered combustion equipment.   
In an impinging configuration, the primary jet stream is deflected near the stagnation region, which is the starting location of the wall boundary layer. The thermal boundary layer starts its formation in the stagnation region, while the jet velocity deflects nearby and spreads in the cross-streamwise direction near the wall surface. To further examine the effects of fuel variability and preferential diffusion on 
[image: image125.wmf]2
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 flame dynamics and flame-wall interaction, instantaneous mixture fraction, progress variable and flame temperature profiles at representative directions and locations are compared between the two cases in Figs. 9 and 10, which provide additional details regarding the local flame behaviour in the primary jet and the wall-jet regions for the 
[image: image126.wmf]2
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 syngas flames. In Fig. 9 and 10, comparisons of mixture fraction between the two 
[image: image127.wmf]2
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 cases are shown along the jet centreline and along a line within the wall jet region at time instants t=32, 36 and 40, respectively. It can be observed that vortical structures in the flow fields lead to the spatial oscillations in the mixture fraction profiles. There are some differences between the two cases in terms of the amplitudes and exact locations of the peaks/troughs in the mixture fraction distribution profiles, but the differences are not significant. However, the differences between the two cases become more evident when the reaction progress variable and temperature distribution profiles are compared in Figs. 9 and 10. It can be seen that the reaction progress variable exhibits complex profiles with sharp gradients at both locations for the HCO2 case, where the progress variable decreases and then increases very sharply at several locations particularly along the line within the wall jet region. The differences between the two cases are also evident in the temperature profiles. The results shown in Figs. 9 and 10 confirm again that the two syngas flames differ significantly in their chemical reactions because of the different preferential diffusion effects associated with the different hydrogen contents in the fuel mixture, while their differences in local mixing are less significant. 
4. Conclusions
Effects of preferential diffusion (non-unity Lewis numbers) on local flame structure and near-wall flame dynamics of 
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 and 
[image: image129.wmf]2

H/CO

syngas nonpremixed flames have been studied using direct numerical simulation and detailed chemical kinetics incorporated into the flamelet generated manifold chemistry. Comparisons were first made between DNS results obtained using non-unity Lewis number and unity Lewis number for the 
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 flame and then extended to the investigation for the two 
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 syngas mixtures, where the results have been analysed in terms of the instantaneous distributions of the mixture fraction, scalar dissipation, reaction progress variable and flame temperature when the impinging jet flow has been developed. 

The main conclusions are as follows:

a. It has been found that the preferential diffusion plays a significant role in the local chemical reaction as well as the maximum flame temperature for high 
[image: image132.wmf]2

H

 content fuels, although it may not affect the mixing intensity in a significant manner. With the inclusion of non-unity Lewis number effects, there is a shift to leaner conditions for the intense chemical reaction and peak flame temperature to take place.
b. The flame predicted using non-unity Lewis number develops a much higher peak temperature compared to the case with unity Lewis number for the 
[image: image133.wmf]2
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 flame.
c. For the two 
[image: image134.wmf]2
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 syngas flames with fuel variability effects, it has been found from the scatterplot distributions of the instantaneous results that the two syngas flames HCO1 and HCO2 are very different in their chemical kinetics, while they are similar in local mixing in the non-premixed jet flame configuration, leading to different flame temperatures.
d. Preferential diffusion associated with the hydrogen content in the fuel mixture largely influences the flame dynamics of the 
[image: image135.wmf]2
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 syngas flames, through its impact on the local chemical reactions and combustion heat release.
e. The results show the capability of combined DNS and FGM in investigating the flame dynamics and structures of the
[image: image136.wmf]2
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 and 
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 syngas flames including vital flame characteristics in the near-wall region with the inclusion of preferential diffusion.
Further investigations on compositional structures and flame analysis of high hydrogen content syngas mixtures would be of great interest, especially with the influence of preferential diffusion on the mass fraction of chemical species. An effort is currently underway to fully investigate the influence of preferential diffusion on the compositional structures of the 
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 and 
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 syngas flames using one-point DNS analysis and theoretical analysis of flame surface, flame normal and flame index of the 
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 and 
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 syngas flames, which will be reported in subsequent efforts. 
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Tables

Table 1. The “Zcritical” value of the “Λ” shape of the scatterplots for the flames HCO1 and HCO2.
	
	Scalar dissipation rate
	Reaction progress variable
	Temperature

	Flame HCO1
	0.6
	0.16
	0.1

	Flame HCO2
	0.6
	0.5
	0.15


Figure Captions 

Fig. 1. Scatterplots of temperature, progress variable and scalar dissipation rate for the 
[image: image143.wmf]2

H

 flame with non-unity Lewis number (a1, a2, a3) and with unity Lewis number (b1,b2,b3) at t=40.
Fig. 2. Instantaneous cross-streamwise temperature fields at the axial location x=4.0 for the 
[image: image144.wmf]2

H

 flame with non-unity Lewis number (a1, a2, a3) and with unity Lewis number (b1, b2, b3) at t=32 (a1, b1), t=36 (a2, b2) and t=40 (a3, b3).

Fig. 3. Instantaneous cross-streamwise temperature fields at the wall jet axial location x=7.8 for the 
[image: image145.wmf]2

H

 flame with non-unity Lewis number (a1, a2, a3) and with unity Lewis number (b1, b2, b3) at t=32 (a1, b1), t=36 (a2, b2) and t=40 (a3, b3).

Fig. 4. Scatterplots of scalar dissipation rate for the flame HCO1 (a1, a2, a3) and flame HCO2 (b1, b2, b3) at t=32 (a1, b1), t=36 (a2, b2) and t=40 (a3, b3), in blue: full-domain, in red: only the points corresponding to x > 7. 5 in the near-wall region.

Fig. 5. Scatterplots of progress variable for the flame HCO1 (a1, a2, a3) and flame HCO2 (b1, b2, b3) at t=32 (a1, b1), t=36 (a2, b2) and t=40 (a3, b3), in blue: full-domain, in red: only the points corresponding to x > 7. 5 in the near-wall region.

Fig. 6. Scatterplots of flame temperature for the flame HCO1 (a1, a2, a3) and flame HCO2 (b1, b2, b3) at t=32 (a1, b1), t=36 (a2, b2) and t=40 (a3, b3), in blue: full-domain, in red: only the points corresponding to x > 7. 5 in the near-wall region.

Fig. 7. Instantaneous temperature fields for the flame HCO1 (a1, a2, a3) and flame HCO2 (b1, b2, b3) in the middle plane (z=6) at t= 32 (a1, b1), t=36 (a2, b2) and t=40 (a3, b3).

Fig. 8. Instantaneous cross-streamwise temperature fields at the wall jet location x=7.8 for the flame HCO1 (a1, a2, a3) and flame HCO2 (b1, b2, b3) at t=32 (a1, b1), t=36 (a2, b2) and t=40 (a3, b3).

Fig. 9. Comparisons of mixture fraction (a1, b1), progress variable (a2, b2) and flame temperature (a3, b3) between the flame HCO1 (a1, a2, a3) and flame HCO2 (b1, b2, b3) along the centreline (y=6, z=6) at time t=32, 36 and 40, respectively.

Fig. 10. Comparisons of mixture fraction (a1, b1), progress variable (a2, b2) and flame temperature (a3, b3) between the flame HCO1 (a1, a2, a3) and flame HCO2 (b1, b2, b3) along the line (x=7.8, z=6) within the wall jet region at time t=32, 36 and 40, respectively.
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Fig. 1. Scatterplots of temperature, progress variable and scalar dissipation rate for the 
[image: image147.wmf]2

H

 flame with non-unity Lewis number (a1, a2, a3) and with unity Lewis number (b1,b2,b3) at t=40.
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Fig. 2. Instantaneous cross-streamwise temperature fields at the axial location x=4.0 for the 
[image: image149.wmf]2

H

 flame with non-unity Lewis number (a1, a2, a3) and with unity Lewis number (b1, b2, b3) at t=32 (a1, b1), t=36 (a2, b2) and t=40 (a3, b3).
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Fig. 3. Instantaneous cross-streamwise temperature fields at the wall jet axial location x=7.8 for the 
[image: image151.wmf]2

H

 flame with non-unity Lewis number (a1, a2, a3) and with unity Lewis number (b1, b2, b3) at t=32 (a1, b1), t=36 (a2, b2) and t=40 (a3, b3).
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Fig. 4. Scatterplots of scalar dissipation rate for the flame HCO1 (a1, a2, a3) and flame HCO2 (b1, b2, b3) at t=32 (a1, b1), t=36 (a2, b2) and t=40 (a3, b3), 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 progress variable for the flame HCO1 (a1, a2, a3) and flame HCO2 (b1, b2, b3) at t=32 (a1, b1), t=36 (a2, b2) and t=40 (a3, b3), 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 flame temperature for the flame HCO1 (a1, a2, a3) and flame HCO2 (b1, b2, b3) at t=32 (a1, b1), t=36 (a2, b2) and t=40 (a3, b3), 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. Instantaneous temperature fields for the flame HCO1 (a1, a2, a3) and flame HCO2 (b1, b2, b3) in the middle plane (z=6) at t= 32 (a1, b1), t=36 (a2, b2) and t=40 (a3, b3).
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Fig. 8. Instantaneous cross-streamwise temperature fields at the wall jet location x=7.8 for the flame HCO1 (a1, a2, a3) and flame HCO2 (b1, b2, b3) at t=32 (a1, b1), t=36 (a2, b2) and t=40 (a3, b3).
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Fig. 9. Comparisons of mixture fraction (a1, b1), progress variable (a2, b2) and flame temperature (a3, b3) between the flame HCO1 (a1, a2, a3) and flame HCO2 (b1, b2, b3) along the centreline (y=6, z=6) at time t=32, 36 and 40, respectively.
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Fig. 10. Comparisons of mixture fraction (a1, b1), progress variable (a2, b2) and flame temperature (a3, b3) between the flame HCO1 (a1, a2, a3) and flame HCO2 (b1, b2, b3) along the line (x=7.8, z=6) within the wall jet region at time t=32, 36 and 40, respectively.
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