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In this study large eddy simulation (LES) technique has been used to predict the influence of fuel variability on flame characteristics of three syngas turbulent nonpremixed flames.  The LES governing equations are solved on a structured non-uniform Cartesian grid with the finite volume method, where the Smagorinsky eddy viscosity model with the localised dynamic procedure is used to model the subgrid scale turbulence. The conserved scalar mixture fraction based thermo-chemical variables are described using the steady laminar flamelet model. The Favre filtered scalars are obtained from the presumed beta probability density function approach. Results are discussed for the instantaneous flame structure, time-averaged flame temperature and combustion product mass fractions. In the LES results, significant differences in flame temperature and species mass fractions have been observed, depending on the amount of 
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 and 
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 in the fuel mixture. Detailed comparison of LES results with experimental measurements showed that the predicted mean temperature and mass fraction of species agree well with the experimental data. Higher diffusivity and reactivity of 
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 largely affect the flame temperature, but 
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 ratio have small influence on flame temperature. The study demonstrates that LES together with the laminar flamelet model is capable of predicting the influence of fuel variability and flame characteristics of nonpremixed syngas flames.

I. Introduction

C
lean combustion as a means of energy conversion with limited environmental impact has a great potential in addressing major challenges in reducing greenhouse gas (GHG) emissions, in association with new energy technologies such as carbon capture and storage which is one of the most effective approaches to reduce 
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CO

emissions
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. As a result of interest in clean combustion, hydrogen (
[image: image7.wmf]2

H

) and syngas combustion (mainly mixture of 
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H

 and carbon monoxide 
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) is receiving renewed and increased interest, as it can be flexibly generated from a wide range of solid fuels including coal, biomass and waste products as well as from natural gas
[image: image10.wmf]2

.
Because of the large amount of resources available worldwide, especially coal in the U.S., Europe, and Asia, there is an interest in using hydrogen and syngas fuels to significantly cut GHG emissions. 
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 production from fossil fuels and biomass involves conversion technologies such as reforming (hydrocarbons, oil), gasification, and pyrolysis (coal/biomass), while other conversion technologies such as electrolysis and photolysis can possibly be used when the source of 
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 is water
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.  The synthesis gas or syngas is mainly a mixture of 
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, 
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and 
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N

with the exact compositions dictated by the type of fuel source (often fossil fuels, biomass or waste product) and the conversion technology used. The available hydrogen in syngas mixtures largely increases the rate of 
[image: image17.wmf]CO

 oxidation as radicals are propagated through faster hydrogen-related reactions
[image: image18.wmf]4

. The higher diffusivity and reactivity of hydrogen may lead to a higher flame temperature in combustion. In clean energy technologies based on syngas combustion, the fundamental issue is associated with the significant variation in syngas compositions that can influence flame dynamics including flame temperature, combustion products etc. Therefore design and development of syngas combustion for future clean energy systems need careful consideration of the effects of fuel variability on the flame properties such as flame dynamics, ignition and extinction limits.
Numerical simulation has the potential of closing the gap between theory and experiment and enabling dramatic progresses in combustion science and technology. LES has emerged as a promising numerical tool to simulate turbulent combustion problems corresponding to laboratory and practical scale configurations
[image: image19.wmf]5

. Combustion models which have been successfully used in the Reynolds-Averaged Navier-Stokes (RANS) context have been extended to LES to create sub-grid scale combustion models. For example, several groups employed equilibrium chemistry as a LES sub-grid model for the chemical reactions and obtained reasonable predictions for the thermo-chemical variables for laboratory scale nonpremixed jet flames
[image: image20.wmf]6

. The steady flamelet modelling concept has been widely used in combustion LES, because of its simplicity and ability to predict minor species. LES with steady laminar flamelet model has been successfully applied to simulate the laboratory scale nonpremixed bluff-body flames and excellent comparisons with experimental measurements were obtained
[image: image21.wmf]57

-

. However, the steady flamelet assumption is not strictly valid for flows with slow chemical and physical processes. The unsteady flamelet equations have to be used to account for such physical processes for nonpremixed jet flames
[image: image22.wmf]8

. Nevertheless, there is a lack of common knowledge on the general suitability of these models. In this context, experimental validation can play a significant role in assessing the model performance.

Interest in clean combustion relevant to syngas mixtures has inspired an extension of the existing numerical resources to investigate the comprehensive nature of nonpremixed syngas combustion. The lack of reports on the influence of fuel variability on characteristics of flame structures and validation of LES of syngas combustion motivated the present study. Unlike practical complex flames, laboratory scale turbulent flames represent an excellent starting point for understading the influence of fuel variability and flame characteristics of nonpremixed syngas flames. The primary objective of the present modelling effort is to achieve accurate prediction of the hydrogen-enriched nonpremixed syngas flames by validating against the experimental data and to obtain insights into the influence of fuel variability on characteristics of flame structures and combustion products in the context of LES.  
II. Test Cases
	Case 
	Flame H
	Flame HN
	Flame HCO

	Jet diameter (mm)
	3.75
	8.0
	8.0

	Jet velocity (m/s)
	296.0
	42.3
	42.3

	H2 %
	100
	75
	30

	N2 %
	0
	25
	0

	CO%
	0
	0
	70



Three different nonpremixed jet flames varying from 
[image: image23.wmf]2

H-rich

 to 
[image: image24.wmf]CO-rich

 fuels including 
[image: image25.wmf]2
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 have been considered. Two out of the three simulated flames have been selected from well-established experimental data archives
[image: image26.wmf]910

-

, and the fuel mixture of the second syngas flame is similar to one of the syngas fuels provided by BP Alternative Energy International Ltd. The flame conditions and their fuel compositions for all cases are presented in Table 1.  Considering the fuel composition, the three flames have been named as flame H (100% 
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), flame HN (75% 
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 and 25% 
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), and flame HCO (30% 
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 and 70% 
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). 
III. Numerical Computation
In LES, the energy containing eddies are divided by a spatial filter and only large eddies are resolved while the small (sub-grid) eddies are modelled. In the present work, an implicit box (top-hat) filter was employed, which naturally fits into the finite volume formulation. The Favre filtered governing equations in their incompressible variable density formulation are resolved in a 3D computational domain. The laminar Schmidt number was set to be 0.7 and the turbulent Schmidt number for the mixture fraction was set to be 0.4. For the unclosed terms in the momentum and the mixture fraction equations, the subgrid scale contribution is modelled via turbulent eddy viscosity by applying a Smagorinsky eddy viscosity model
[image: image32.wmf]11

and the model parameter is dynamically evaluated using a dynamic procedure of Piomelli and Liu
[image: image33.wmf]12

. 
In LES, chemical reactions occur at the sub-grid scales and therefore modelling is required for combustion chemistry. Here an assumed probability density function (PDF) for the mixture fraction is chosen as a means of modelling the sub-grid scale mixing. A 
[image: image34.wmf]b

-PDF is used for the mixture fraction. The functional dependence of the thermo-chemical variables is closed through the steady laminar flamelet approach
[image: image35.wmf]7

. In the laminar flamelet model, the mixture fraction and the non-equilibrium parameter scalar dissipation rate are the two key parameters, which determine the thermochemical composition of the turbulent flame. In the flamelet approach a joint PDF for mixture fraction and scalar dissipation rate is used to determine the filtered values of temperature, density and species mass fractions. The flamelet calculations were obtained incorporating the GRI 2.11 mechanism with detailed chemistry
[image: image36.wmf]13

. The mathematical formulations for Favre filtered governing equations are numerically solved by means of a pressure based finite volume method using the LES code PUFFIN developed by Kirkpatrick et al.
[image: image37.wmf]14

. Spatial discretisation is achieved using a non-uniform Cartesian grid with a staggered cell arrangement. Second-order central difference is used for the spatial discretisation of all terms in both the momentum equation and the pressure correction equation. The convection term of the mixture fraction transport equation is discretised using a third-order numerical scheme. The momentum equations are integrated in time using a second order hybrid scheme. Advection terms are calculated explicitly using the second-order Adams-Bashforth scheme while diffusion terms are calculated implicitly using the second-order Adams-Moulton scheme to yield an approximate solution for the velocity field. Finally, mass conservation is enforced through a pressure correction step in which the approximate velocity field is projected onto a subspace of divergence free velocity field. The Bi-Conjugate Gradient Stabilized method with a Modified Strongly Implicit pre-conditioner is used to solve the system of algebraic equations resulting from the discretisation.
Three LES calculations of syngas flames have been performed using non-uniform Cartesian grids. The experimentally based pure hydrogen flame H
[image: image38.wmf]9

 was simulated with a domain of  
[image: image39.wmf]800×200×200mm

 in the x (axial direction), y and z directions respectively using a non-uniform Cartesian grids with 
[image: image40.wmf]200×130×130

 (approximately 3.4 million) cells. Since the other experimentally based flame HN
[image: image41.wmf]10

 involve relatively lower fuel jet velocity compared to flame H, a domain with dimensions of 
[image: image42.wmf]600×200×200mm

 in the x (axial direction), y and z directions respectively was employed using the same number of computational cells.  The BP syngas flame HCO was simulated using the same domain and grid resolution as HN. The mean axial velocity distribution for the fuel inlet is specified using power low profile and turbulent fluctuation is generated from a Gaussian random number generator, which is then added to the mean axial profile such that the inflow has the same turbulence kinetic energy levels as those obtained from the experimental data. A top hat profile is used as the inflow condition for the mixture fraction. All computations were carried out for a sufficient time to ensure that the solution has achieved a sufficient number of flow passes to provide good statistical data. The total simulation time for the flame H was 0.05s and it was 0.27s for flames HN and HCO.
IV. Results and Discussion
The results presented in this section are considered to be of adequate spatial and temporal resolutions based on the tests performed, which will be presented in terms of instantaneous temperature and time-averaged statistics. The three cases have different fuel mixture concentrations: from pure 
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 (flame H) to 
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mixture (flame HN) and 
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H-CO

 mixtures (flame HCO). The intention was to study the influence of fuel variability on the flame characteristics of pure 
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H

, high 
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and high 
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turbulent nonpremixed syngas mixtures including the dilution of 
[image: image49.wmf]2

N

. The analysis is focused on both instantaneous and time-averaged quantities such as temperature and combustion product mass fractions including comprehensive validation with well-established experimental data.   
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	Figure 1.Instantaneous three-dimensional iso-surfaces (iso-value=1500K) and 2D cross-sectional contour plots of the flame temperature of flames H (t=0.05s), HN, and HCO at t=0.2s.  


Figure 1 shows the instantaneous 3D visualisation at an iso-surafce value of 1500K and two-dimensional (2D) cross-sectional filtered flame temperature of flame H, HN and HCO.  These iso-surfaces demonstrate the dynamic nature of the 3D hydrogen and hydrogen-enriched syngas flame structures.  The filtered 3D temperature fields demonstrate major structural changes between the three flames in terms of the local flame topology, jet penetration as well as spreading. The pure 
[image: image56.wmf]2
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 flame H exhibits less vortical structures compared to the relatively low 
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 content flames HN and HCO. With the addition of 
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, flame HN shows significant structural changes compared to the pure 
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 flame H, where flame HN is shorter but more vortical and more spread in the radial direction. With the addition of 
[image: image60.wmf]CO

, flame HCO again displays a different 3D flame structure particularly compared to 
[image: image61.wmf]2

H-rich

 flames for the considered iso-value. In general, Fig.1 reveals that the level of 
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H

 and 
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in the syngas mixture largely affect the 3D flame structure as a result of the varying diffusivity levels, while the pure hydrogen flame H displays a much smoother topology and large penetration because of the large diffusivity and the higher jet velocity used to stabilize the flame in this case. As seen in Fig. 1, the 2D cross-sectional instantaneous temperature distributions of syngas flames H, HN and HCO appear to be highly contorted each other, showing significant structural changes near the centreline and downstream regions. The range of high temperature spots can be seen at both upstream and downstream regions for all three flames. For 
[image: image64.wmf]CO-rich

flame HCO, wide high temperature spots can be seen similar to those of the other two 
[image: image65.wmf]2

H-rich

 flames. This finding indicates that the 
[image: image66.wmf]2
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 ratio have little effect on flame temperature despite different levels of diffusivity corresponds to fuel mixture. The variations of transport properties and chemistry associated with fuel variability can change the mixing rate and accordingly the chemical heat release and temperature distributions. The maximum instantaneous temperature of flames H, HN, and HCO are 2305K, 2141K, 2268K respectively. It is important to note that the instantaneous temperature distributions including the 3D iso-surfaces reveal that addition of 
[image: image67.wmf]2

N

tends to reduce the flame temperature of 
[image: image68.wmf]2

H

combustion, while
[image: image69.wmf]2

H/CO

 ratio does not play a major role on the maximum flame tempetature of nonpremixed syngas combustion. However, syngas fuel composition variation affects the fluid dynamic behaviours such as vortical structures in the reacting flow field which has been observed from Fig.1. 
In order to further analyse the flame dynamics and assess the LES predictions, the time-averaged flame statistics are now discussed. The comparison of the predicted mean temperature field is shown in Fig. 2. For the 
[image: image70.wmf]2

N

 diluted flame HN, the peak flame temperature is lower than that of the pure 
[image: image71.wmf]2

H

 flame. The temperature distribution of 
[image: image72.wmf]CO-rich

flame HCO exhibits similar distribution to other two flames. The high temperature in flame H is mainly because of the high level of diffusivity and reactivity of 
[image: image73.wmf]2

H

. However the higher molar heating value of 
[image: image74.wmf]CO

 also increases the flame temperature, therefore flames HN and HCO have similar peak temperatures.  
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	Figure 2. Comparison of mean temperature for flames H, HN, and HCO. Lines denote LES data and symbols denote experimental data.


In Fig. 2, it can be seen that the mean temperature is slightly under-predicted at x=253, 338mm for flame H and at x=160mm for flame HN, which might appear as a result of discrepancy of the radial spread of the mean mixture fraction. Although the mixture fraction predictions are satisfactory at most axial locations (not shown here for brevity), the calculated flame temperature appears to deviate from the experimental measurements. This might be associated with the turbulent combustion modelling especially for the flame HN because the 
[image: image78.wmf]22

H-N

 mixture may have a lower flame speed compared to 
[image: image79.wmf]2

H

 and the diffusive based molecular mixing rate and heat release may not have been well modelled. The flame may be subject to different shear effects associated with the fuel variability, while the selected flamelets with thermo-chemical properties extracted from the corresponding strain rates may not be accurate enough. In addition, the steady flamelet assumption may not be perfectly valid for variable syngas fuel compositions such as the HN flame, which could have resulted in these discrepancies. However, given the large density gradient between 
[image: image80.wmf]2

H

 and air, the comparison of calculated temperature field with experimental data for flames H and HN are reasonable at most of the axial locations. The mean temperature profiles of the three cases indicate that the amount of 
[image: image81.wmf]22

H/N/CO

in the fuel mixture largely affect the flame dynamics while the LES is generally capable of quantitatively predicting the flame temperature distributions.The next parameters of interest are the combustion products. The comparisons for the mass fractions of 
[image: image82.wmf]2

HO

 are shown in Fig. 3. The trends of mass fractions of 
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HO

 are consistent with those of temperature showing different peak values for all three flames.  The highest value of 
[image: image84.wmf]2

HO

 mass fractions is seen for flame H and the values are gradually decreasing for HN and and HCO with lower amount of 
[image: image85.wmf]2

H

 available in the syngas fuel mixture. 
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	Figure 3. Comparison of 
[image: image89.wmf]2

HO

 for flames H, HN, and HCO. Lines denote LES data and symbols denote experimental data.


V. Conclusion

The characteristics of nonpremixed turbulent flames of hydrogen-enriched fuels have been investigated using large eddy simulations. A hydrogen flame, a hydrogen-nitrogen flame and a hydrogen-carbon monoxide flame were studied in detail by considering validation against well-established experimental data. The fuel variability effects have been investigated by examining both the instantaneous flame structures and time-averaged flame properties.

The overall effects of 
[image: image90.wmf]2

H

 with and without diluents in nonpremixed jet flames has been inferred. The presence of 
[image: image91.wmf]2

H

 in syngas introduces a multitude of complexities to the nonpremixed turbulent flame processes. It has been found that the high diffusivity of 
[image: image92.wmf]2

H

 can alter the diffusion flame structure including the local flame topologies and the mixing process. Due to the high reactivity and diffusivity of hydrogen, the flame dynamics of simulated H, HN, and HCO cases display several important differences including the flame surface topology and flame temperature.  The influences of 
[image: image93.wmf]CO

 and 
[image: image94.wmf]2

N

 as dilutions of the fuel mixture on the flame temperature and mass fractions of the combustion products are evident. It has been found that the fuel variability not only affects the flame temperature, but also plays a key role in the formation of the vortical structures in the flow fields. 

Further investigations on issues such influence of differential diffusion on hydrogen-enriched combustion should be considered, which could also be vital to identify local flame extinctions. Furthermore, the effects of swirl on flame dynamics of hydrogen-enriched combustion should be investigated as most practical combustion systems including clean gas turbine combustion will be developed in the presence of swirl, which plays a significant role in enhancing the mixing. Clearly more work especially improvements in modelling of 
[image: image95.wmf]2

H-rich

 and 
[image: image96.wmf]CO-rich

 syngas combustion for various engineering applications oriented at cleaner combustion needs to be pursued in future efforts.
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