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Introduction

Interest in carbon capture relevant to syngas based oxy-fuel combustion has inspired an extension of the high-resolution direct numerical simulation (DNS) to investigate the comprehensive nature of oxy-syngas combustion. The current research was motivated by two observations: (1) the local flame extinction of CO2-diluted oxy-syngas combustion has not been fully understood; (2) there is a lack of high resolution numerical data to gain new physical insights and to facilitate model development for oxy-fuel combustion. This work was aimed at clarifying the flame extinction characteristics of fundamentally important oxy-syngas turbulent nonpremixed flames using DNS and detailed chemistry with flamelet generated manifolds. The goal of this work is to facilitate the fundamental understanding of the flame structure of CO2-diluted H2/CO oxy-syngas nonpremixed jet flames and highlight the influence of the Reynolds number on CO2-diluted oxy-syngas flames and demonstrate the differences between flame characteristics of CO2-diluted oxy-syngas and syngas-air H2/CO nonpremixed jet flames. 
DNS Set-Up

Two oxy-syngas flames OSFRE1 and OSFRE2 are simulated with a Reynolds number of Re=3000 and 6000 respectively and, one syngas-air flame SARE2 is simulated with a Reynolds number of Re=6000 respectively. For both oxy-syngas and syngas-air flame, the fuel stream is CO-rich H2/CO mixture with 34% of H2 and 66% of CO by volume.  For oxy-syngas flame, the air has been replaced by an O2/CO2 mixture with 67% CO2.The oxy-syngas and syngas-air flames have been simulated using DNS incorporating detailed chemistry. The three-dimensional DNS code solves the non-dimensional continuity equation, Navier-Stokes momentum equations, the energy equation, transport equations of the mixture fraction and the progress variable together with auxiliary equations such as the state equation for a compressible reacting gas mixture. The progress variable has an additional model term which accounts for non-unity Lewis number to include the preferential diffusion effects. The tabulated detailed flame chemistry used in the DNS is flamelet generated manifold reduction (FGM) developed at Eindhoven University of Technology. The detailed H2/CO kinetic model incorporates the thermodynamic, kinetic, and species transport properties related to high temperature H2 and CO oxidation, consisting of 14 species and 30 reactions. DNS calculations have been performed with three-dimensional higher order numerical code DSTAR. The governing equations were numerically solved in a Cartesian grid with 
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 points resulting approximately 203 million nodes. The computational domain employed has a size of ten jet nozzle diameters in the streamwise direction (10D) and seven jet nozzle diameters (7D) in the cross-streamwise directions.  
Results and Discussion 
In the present section results from DNS of two H2/CO oxy-syngas flames at Reynolds number 3000 (OSFRE1) and 6000 (OSFRE2) and one H2/CO syngas-air flame at Reynolds number 6000 (SARE2) are presented. The intention was to study the influence of the Reynolds number (Re=3000, 6000) on the flame structure of oxy-syngas jet flame and compare the flame characteristics between oxy-syngas and syngas-air flames at the higher Reynolds number of Re=6000. 
Figure 1 illustrates the instantaneous iso-contour plots of the flame temperature at a non-dimensional time instant t=30. For simulated turbulent jet flames in the radial direction, the concentric layers can be defined into three regions: the centreline region, the shear layer and the outer layer. It can be seen that all three flames show similar behaviour in the near field potential core. The asymmetric behaviour is propagating downstream and differences occur in the centreline region for all three flames. The oxy-syngas flame OSFRE1 shows only inner vortical structures with predominantly laminar like behaviour at shear layer region and outer region layer. Furthermore, the flame OSFRE1 shows intense burning at the downstream centreline region. The increased Reynolds number leads to the formation of vortices at the shear layer and the outer layer for the oxy-syngas flame.  It can be also observed that the strongest vortices appear in SARE2 syngas-air flame. It is important to note that the different vortex structures form at the centreline region, the shear layer region and the outer layer region in OSFRE2 and SARE2 flames reflecting the different trends between the oxy-syngas and the syngas-air flame structure at a fix Reynolds number of 6000, which are attributed to thermo-physical-chemical effects such as density variation and heat release of oxy-syngas and syngas-air flames.
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Figure 1: Iso-surfaces of three-dimensional flame temperature for oxy-syngas flames at Re=3000 (OSFRE1), Re=6000 (OSFRE2) and syngas-air flame at Re=6000 (SARE2). 
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Figure 2: Scatter plots of flame temperature versus mixture fraction for oxy-syngas flames OSFRE1, OSFRE2 and syngas-air flame SARE2. Here (a1), (b1) and (c1) show results for the full domain while (a2), (b2) and (c2) show results for the region A (stoichiometric region).
Figure 2 shows scattered flame temperature of the full domain and the stoichiometric region for all three flames.  The scattered data of oxy-syngas flame OSFRE1 exhibits little or no local extinction. However, with increased Reynolds number the scattered data of OSFRE2 show a wide range of temperature values for each mixture fraction around the stoichiometric mixture fraction region
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 and on the fuel-rich side.  Furthermore, the syngas-air SARE2 flame shows a similar pattern of a wide temperature scatter but the corresponding range of mixture fraction is different compared to the oxy-syngas OSFRE2 at the Reynolds number of 6000.
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Figure 3: Fully burning probability at axial locations z=3, 6 and 9, based on the PDF of the temperature above (a) T (threshold) =2100 and (b) T (threshold) =2200 within a thin layer of mixture fraction at the flame front oxy-syngas flames OSFRE1, OSFRE2 and syngas-air flame SARE2.
In order to give a quantitative estimate of the onset of local extinction in oxy-syngas and syngas-air flames, we now determine a fully burning probability (FBP), within a thin layer of the reaction zone
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centred on the location of the maximum flame temperature, which is one of several criteria to estimate the degree of local extinction.  FBP can be thought as an indicator function that has a value of unity when the flame is fully burnt, corresponding to the temperatures above a threshold temperature, and zero when those temperatures are below threshold temperature, i.e. it represents the fraction of burning during which a point is inside the fully burning state.  In the present calculations, FBP is calculated using a summation of probability of the flame temperature values above a certain threshold temperature. 
FBP profiles derived from temperature pdfs for axial locations z=3, 6 and 9 are shown in Figure 3.  Given the adiabatic flame temperature of approximately of 2400K for all three flames, we selected two temperature threshold values of 
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T=2100K and 2200K

 for the analysis of threshold sensitivity. It should be noted that selected
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values are reasonable and well below the adiabatic flame temperature for three flames and still reasonably high. As expected, the variation of the FBP values at z=3, 6 and 9 indicate that the oxy-syngas OSFRE1 flame burns very well with values close to fully burning state. However, as observed in flame OSFRE2, the increase of Reynolds number reduces the FBP values, and thus indicates the decrease of fully burning state over its whole computed length. Furthermore, it is observed that the FBP values of syngas-air flame SARE2 start to deviate more significantly with rapid variation with respect to two given threshold values. Figure 3 also shows that all three flames burn reasonably well in the intermediate region, but indicate signs of local flame extinction in the near field and the immediate downstream region.
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