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Abstract

Direct numerical simulations (DNS) of high hydrogen content (HHC) syngas nonpremixed jet flames have been carried out to study the nitric oxide (NO) formation. The detailed chemistry employed is the GRI 3.0 updated with the influence of the NCN radical chemistry using flamelet generated manifolds (FGM). Preferential diffusion effects have been considered via FGM tabulation and the progress variable transport equation. The results indicate a strong correlation between the flame temperature and NO concentration for pure H2 flame, in which NO formation is characterised by the thermal and NNH mechanisms. The results also indicate a rapid decrease of maximum NO values in the syngas mixtures due to lower temperatures associated with the CO-dilution into H2, thereby increasing the contribution of the prompt-NO mechanism via CH radicals. 
© 2014 The Authors. Published by Elsevier Ltd. 
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1. Introduction
Over the last several years, computationally intensive direct numerical simulation (DNS) technique which provides detailed information on turbulent reacting flows has been successfully applied to simulate a broad range of combustion problems. Many review articles also reported advances in DNS of turbulent combustion, for example [1]. However, despite many DNS investigations of turbulent combustion problems have been carried out including hydrogen combustion, no three-dimensional DNS with detailed chemistry is reported for NO formation of high hydrogen content (HHC) syngas fuel burning in turbulent flames. The aim of the present work is to study the NO formation in pure hydrogen and H2/CO syngas nonpremixed flames using DNS and detailed chemistry using flamelet generated manifolds, and to explore the possibility of better understanding the behaviour of basic mechanisms of NO formations for high hydrogen content nonpremixed syngas burning. Given the nature of HHC turbulent combustion, it is important to ask two key questions: (i) how does NO form with respect to hydrogen content in the HHC syngas fuel mixture, (ii) how does preferential diffusion influence NO distribution in the HHC syngas fuel mixture. To answer the questions, unsteady compressible three-dimensional DNS calculations with detailed chemistry have been carried out. The remainder of the paper is organised as follows: the chemistry and numerical details are presented in the next section followed by results and discussion. Finally, conclusions are summarised. 
2. DNS Equations, Chemistry and Numerical Implementation
The three-dimensional code solves non-dimensional continuity equation, Navier-Stokes momentum equations, the energy equation, transport equations for the mixture fraction, progress variable, and nitric oxide mass fraction together with auxiliary equations such as the state equation for a compressible reacting gas mixture [2]. The detailed flame chemistry of HHC syngas flames is represented by databases of the FGM chemistry [3], accounting for both chemical and transport processes using the laminar flamelet concept [4]. The mechanism contains 54 species, in which 53 species are from GRI 3.0 and the NCN radical, and 329 reactions, in which 325 reactions are from GRI 3.0 and 4 reactions involving the NCN radical reactions.  
DNS calculations have been performed using the three-dimensional higher order numerical code. The spatial derivatives in all three directions are computed using a sixth-order accurate compact finite difference (Padé) scheme [5] with fourth-order and third-order schemes at the boundaries. 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 [6]. 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 262 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. The Reynolds number used was
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. 
3. Results and Discussion

The fuel compositions of the three numerically simulated HHC flames H, HCO1 and HCO2 at Reynolds number Re=6000, their stoichiometric mixture fractions and adiabatic flame temperatures are reported in Table 1. 
	Flame
	H2 vol%
	CO vol%
	Zst
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	H
	100
	0
	0.028
	2637

	HCO1
	70
	30
	0.124
	2480

	HCO2
	50
	50
	0.179
	2434


Table 1. Fuel composition, stoichiometric mixture fraction and adiabatic flame temperature for the three simulated flames. 
Generally, there are two major pathways for NO formation in combustion environments, namely the thermal-NO (Zeldovich) and prompt-NO (Fenimore) mechanisms. In addition, there exist two minor routes for NO formations, known as the N2O route and the NNH route. Instantaneous cross-sectional mid-plane contour plots of flame temperature and mass fraction of NO at non-dimensional time instant t=30 are shown in Fig.1. The flame structures between the three cases show large differences with respect to CO-dilution, which is a regulated pollutant and a component of unburned syngas, resulting from inefficient mixing that yields equivalence ratio outside the ignition range and an incomplete combustion of hydrocarbon species in the syngas. The flame temperatures of the three flames show a decreasing maximum value but an increasing vortical level from flames H to HCO1 and HCO2 because of the decreasing hydrogen content in the fuel. It is important to note that preferential diffusion largely affects the reaction zone and this has been well linked with the high diffusivity of H2 accounted for through the non-unity Lewis number in both the FGM construction and the transport equation for the reaction progress variable. The distribution of NO mass fraction exhibits some formation near the flame base in zone A for the flame H. The contour plots indicate a strong correlation between the flame temperature and the mass fractions of NO, particularly for the pure hydrogen flame H, in which NO is mainly formed through the Zeldovich mechanism as the Fenimore mechanism cannot occur in this flame due to the absence of CH radicals. Furthermore, the formation of NO appears to be rapid for the H2 flame, thus indicating possible reaction between H radicals and N2 via the NNH mechanism. As we move downstream, pockets of high NO values are apparent for CO-diluted flames at intermediate zone B and downstream zone C. Here, the Fenimore mechanism is the dominant source, where the reaction between the maximum CH radical concentration and N2 leads to the highest NO rate of formation. However, both the Zeldovich and NNH mechanisms may also influence the NO formation of CO-diluted flames due to high H2 concentration in the H2/CO fuel mixture. 
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Fig.1. Snapshots of flame temperature and NO mass fraction for flame H, HCO1 and HCO2 at non-dimensional time t=30.
Fig.2 shows the instantaneous scatter plots of flame temperature, mass fraction of NO and source term of the transport equation of NO versus mixture fraction. The pure H2 flame shows considerably higher flame temperatures for all three zones thus highest NO values compared to the CO-diluted H2/CO flames. The scatter plots also reveal decrease of the maximum NO value due to lower temperature of the post-flame gas with respect to CO-dilution, thereby reducing the contribution of the Zeldovich mechanism. The Fenimore mechanism takes place in a thin area of the flame with large concentration of CH radicals and therefore can be the dominant route of NO formation in the case of CO-dilution. The NO concentration of flame H shows the peak values of 130 (PPM), and the NO concentration of flame HCO1 shows peak values of 120 (PPM). 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. However, this behaviour is starting to deviate more towards local extinction with CO addition to H2. The scattered data of flame temperature of both the flames HCO1 and HCO2 show that a wide range of temperature are found in a range of relatively high mixture fraction compared to the pure H2 flame H. 
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Fig.2. Scatter plots for flame temperature, NO mass fraction and source term of the transport equation of NO mass fraction vs. mixture fraction.
4. Conclusions 
NO formation of syngas flames at Reynolds number 6000 have been studied using direct numerical simulation and detailed chemical kinetics incorporated into the flamelet generated manifold chemistry. It has been found that preferential diffusion plays a significant role in capturing higher NO levels near the flame base depending on the hydrogen content in the fuel mixture. The analysis indicates a strong correlation between the flame temperature and the mass fractions of NO, particularly for the flame H, in which NO is mainly formed through the Zeldovich mechanism and partially via the NNH mechanism. The results also indicate a rapid decrease of NO concentration values due to the lower temperature of the post-flame gas with respect to CO-dilution, thereby reducing the contribution of the Zeldovich mechanism. To fill the gap, the Fenimore mechanism takes place in a thin area of the flame with the presence of large concentration of CH radicals and therefore acts as a major NO source with respect to CO-dilution.
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