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Abstract 

Hydrogen nonpremixed impinging jets at difference nozzle-plate distances were examined using results obtained from direct numerical simulation (DNS) with flamelet generated manifold (FGM) chemistry.  The Reynolds number used was
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.  The results presented were obtained for two different nozzle-plate distances of 4 and 8 jet nozzle diameters.  The three-dimensional simulations clearly show the effects of nozzle-plate distances on flame temperature and thus wall heat transfer, which is critical for the design of combustors for hydrogen combustion. Results reported here also indicate that the preferential diffusion affects flame temperature and species mass fraction distributions. Moreover, 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. 
Introduction

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 [1].  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 [2]. 
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. For example, preferential diffusion [3] is an important physical phenomenon for hydrogen-enriched fuels, while near-wall phenomena [4] can be crucial for all practical combustion applications. Both phenomena can have strong effects on the characteristics of hydrogen enriched combustion systems. 
Preferential diffusion affects chemical reaction and heat transfer that can play a significant role in hydrogen combustion [5], and it is often described by the Lewis number, 
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, defined as the ratio of thermal to fuel mass diffusivities. The high diffusivity and reactivity of hydrogen may lead to high flame temperatures in combustion [6].  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. 
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 state-of-the-art numerical techniques to investigate near-wall reacting flow and thus generate a detailed database for such a problem using very large scale massively parallel computations. 

In addition, there is also a great interest in the investigation on compositional structures in hydrogen combustion due to their importance in the estimation of combustion products, as well as the wide range of emission issues for hydrogen-enriched combustion technologies [7]. Such investigation is extremely useful since compositional structures provide information on the flame structure of hydrogen fuel burning particularly with the presence of wall. 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. 
In order to explore above noted challenges, a comparative DNS study was performed in an impinging non-premixed jet flame configuration with two different nozzle-plate distances. The objective of this work was to provide a comprehensive analysis on flame characteristics and compositional structures and their role in the near-wall region for hydrogen flame with respect to different nozzle-to-plate distances.
Numerical Details
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 can be written as:

Mass conservation:
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Momentum conservation: 
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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 hydrogen flames, a transport equation for the reaction progress variable has been considered with non-unity Lewis numbers.

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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. In Equations (1-6), 
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 stands for time, 
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 the velocity components in the 
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 direction, 
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 viscous stress component, 
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 total energy per unit mass, 
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 pressure, 
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 heat conductivity, 
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 specific heat at constant pressure, 
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 the ratio of specific heats, 
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 the source term of the progress variable, 
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 the density, 
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 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 flame chemistry used in the DNS is flamelet generated manifold reduction (FGM) developed at Eindhoven University of Technology [8].  The detailed kinetic model [9] incorporates the thermodynamic, kinetic, and species transport properties related to high temperature hydrogen-oxidation, consisting of 14 species and 30 reactions. The resolution of the manifolds is 301 points in the mixture fraction direction and 101 points in the progress variable direction and the mass fraction of 
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 was selected as the progress variable. 
The DNS code solves the equations with a fully explicit low-storage third-order Runge-Kutta scheme [10] for time integration, and a sixth-order accurate compact finite difference (Padé) scheme [11] for spatial differentiation. The studied two configurations are an impinging jets which have dimensions of four and eight jet nozzle diameters (Lx=4D, 8D) in the streamwise direction and twelve jet diameters (Ly=Lz=12D) in the cross-streamwise directions. The governing equations were numerically solved in uniform Cartesian grids with 
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 for the jet with four nozzle jet diameters in the streamwise directions and 
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for the jet with eight nozzle jet diameters in the streamwise directions. 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.
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 [12] 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. 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.
Results and Discussion
The results are presented and discussed in two sections. The first section discusses results between two different nozzle-to-plate distances.  The second section analyses species concentrations for the jet with eight jet diameter nozzle-to-plate distances.
Comparisons between 4D and 8D nozzle-to-plate distances: 

Figure 1 shows flame temperature distributions of 4D and 8D nozzle-to-plate distances at non-dimensional time instant t=40, when the flames have developed. The temperature distributions show large structural changes in the primary and wall jet regions between two flames.  The combustion reaction zone is much thicker for the hydrogen flame owing to higher diffusivity and thus makes less wrinkled structures. It is interesting to observe how different nozzle-to-plate distances affect the flame temperature at primary and wall jet regions as two flames exhibit much strong and broad temperature distributions with weak vortical structures. This is indeed the case for fuels with low stoichiometric mixture fraction values such as hydrogen which exhibit a different behaviour in the transition to turbulence. Also, as the flame approaches the cold wall, the reactive scalars such as flame temperature are more likely to undergo a complex transition process from fullly 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 should be noted that both flames show complex flow patterns with weak inner and relatively strong outer vortical structures. These vortical structures are moving downwards together with the mean flow which is clearly seen in the flame with large nozzle-to-plate distances. 
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Fig.1.Instataneous temperature fields for the hydrogen flame at time t=40. Here T is the non-dimensional temperature with reference to 293K. 
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Fig.2. Instantaneous Nusselt number of hydrogen flame at the wall in the plane z=6.0 at t=40. Here the solid and dashed lines indicate results for the 8D and 4D nozzle-to-plate distances. 
The near-wall heat transfer can be measured by the Nusselt number, which is a dimensionless number that measures the enhancement of heat transfer from a surface that occurs in a real situation, compared to the heat transfer that would be measured if only conduction could occur. The Nusselt number can be defined as
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, where 
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 is the jet nozzle diameter, 
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 the thermal conductivity of the fluid and 
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 the heat transfer coefficient. The Nusselt number is used to measure the enhancement of heat transfer when convection takes place.
As seen in Figure 2, the wall heat transfer takes place with increased radial distance from the wall stagnation point showing fluctuations in the Nusselt number, which are linked to the existence of vortical structures near the wall jet regions. 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. In the case with nozzle-to-plate distance of 4D, there is no heat transfer in the stagnation point y=6 because no flame exists here due to the unmixed fuel. Furthermore, Figure 2 clearly displays the significance of the effects of nozzle-to-plate distances on the near-wall heat transfer characteristics, which can be important to the design of combustors for hydrogen-enriched combustion. It should be noted that although there is no directly comparable experimental data to validate the Nusselt number shown in Figure 2, the values are within the range of experimental measurements of impinging flames. It is worth noting that the present simulations did not take into account heterogeneous surface chemistry, which can affect the wall heat transfer related to the wall material and the near-wall combustion characteristics. 
Near-wall species mass fractions of 8D nozzle-to-plate distance jet:
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Fig. 3. Scatterplots of mass fraction of 
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 at t=40, 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. 4. Scatterplots of mass fraction of 
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at time t=40, 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: image42.wmf]OH

 at time t=40, 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. 
Figures 3-5 show the instantaneous scatterplots for mass fractions of 
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at time instant t=40. 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. 
In Figure 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 Figure 3 using the dashed lines and appears as a result of negligence of additional diffusion model term in the transport equation of the progress variable. 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. In Figure 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. 
Figure 4 shows scatterplot for the mass fractions of major combustion product 
[image: image46.wmf]2

HO

 in hydrogen flame. It can be seen that here is a bulk of densely populated fluid parcels appearing at its peak value, which demonstrates the strong combustion process for the hydrogen flame at the stoichiometric condition. In general, the scatterplots of combustion products 
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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, with the exception of a few regions where locally extinguished or unburnt fluid particles are present. It is also of interest to study the scatterplots of radical species concentrations in the hydrogen combustion. Figure 5 shows scatterplots of the hydroxyl radical 
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 concentration. The hydroxyl radical
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 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.
Figures 6 and 7 show the comparison of major and minor species mass fractions along the jet centreline at time t=40. It should be noted from Figure 6 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 hydrogen flame. 
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Fig.6. Comparisons of hydrogen based major species components along the centreline (y=6, z=6) at time t=40.
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Fig.7. Comparisons of hydrogen based radical species components along the centreline (y=6, z=6) at time t=40.

The distributions of the instantaneous mass fractions of 
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and 
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along a line within the wall jet region are shown in Figures 8 and 9. The profile of 
[image: image59.wmf]2

HO

 shows considerably higher values due to high temperature within the wall jet region. In addition, the large fluctuations of 
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could be explained solely by the flame temperature. 
It is noted that the preferential diffusion largely affects the outer flame structure and species mass fractions and this could be well linked with the high diffusivity of hydrogen 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 results indicate the importance of considering non-unity Lewis number in the prediction of the flame temperature and species mass fractions of high hydrogen content fuels as the high hydrogen content significantly reduces the flame’s Lewis number because hydrogen has a very low Lewis number 
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. For high hydrogen content fuels, the high diffusivity of hydrogen modifies the heat release pattern leading to higher temperatures which may not be 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 and species mass fractions of high hydrogen content fuels with high diffusivity, while the predictions based on unity Lewis number may be regarded as inadequate.  
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Fig.8. Mass fractions of 
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along the line (x=7.8, z=6) within the wall jet region at non-dimensional time t=40.
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Fig.9. Mass fractions of 
[image: image65.wmf]OH

along the line (x=7.8, z=6) within the wall jet region at non-dimensional time t=40.

Conclusions 
The local flame structure and near-wall flame dynamics of hydrogen nonpremixed impinging flame have been studied using direct numerical simulation and detailed chemical kinetics incorporated into the flamelet generated manifold chemistry.  Comparisons were made between two different nozzle-to-plate distances of 4 jet diameters and 8 jet diameters.  It has found that the nozzle-to-plate distance plays a significant role in the local mixing and the near-wall combustion processes.  In addition, the preferential diffusion associated with the hydrogen also influences the flame dynamics through its impact on the local chemical reactions and combustion heat release. 
The results show the capability of combined DNS and FGM in investigating the flame dynamics and structures of the hydrogen impinging flame including vital flame characteristics in the near-wall region with the inclusion of preferential diffusion.
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