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Abstract

In this study large eddy simulation (LES) technique has been applied to predict a selected swirling flame from the Sydney swirl burner experiments. The selected flame is known as the SM1 flame operated with fuel CH4 at a swirl number of 0.5. In the numerical method used, the governing equations for mass, momentum and mixture fraction have been solved on a structured Cartesian grid with 1 million cells. Smagorinsky eddy viscosity model with the localised dynamic procedure of Piomelli and Liu is used as the subgrid scale turbulence model. The conserved scalar mixture fraction based thermo-chemical variables are described using the steady laminar flamelet model. The GRI 2.11 is used as the chemical mechanism. The Favre filtered scalars are obtained from the presumed beta probability density function (
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-PDF) approach. With appropriate inflow and outflow boundary conditions LES predicts the upstream recirculation zone generated by the bluff body and the downstream vortex breakdown zone induced by swirl with a high level of accuracy. Detailed comparison of LES results with experimental measurements show that the mean velocity field and their rms fluctuations are predicted very well. The predictions for the mean mixture fraction, subgrid variance and temperature are also successful at most axial locations. The study demonstrates that LES together with the laminar flamelet model provides a good technique for predicting the structure of turbulent swirling flames.

Introduction

  Swirl stabilised turbulent flames are widely used in a range of practical combustion applications such as gas turbines, furnaces, power station combustors and boilers. Depending on the strength of swirl, a number of recirculation zones and central vortex breakdown regions can be seen in many swirl-stabilised flames. Recirculation zones in swirl-stabilised flames are effective in providing a source of well-mixed combustion products and acts as storage of heat and chemically active species to sustain combustion and provide flame stabilization. Another type of a coherent structure referred to as precessing vortex core (PVC), which is an asymmetric three-dimensional time dependent flow structure is also present in some high swirl number flows. In general these features makes swirl flows and flames to exhibits highly three-dimensional, large-scale turbulent structures with complex turbulent shear flow regions. 

During the past four decades, a number of theoretical and experimental studies have been carried out to investigate characteristics swirling flames, which have mainly focused on instabilities and onset of vortex breakdown in combustion systems [1-4]. The complexity of the swirling flow behaviour depends on several key parameters such as the geometry of the working fluids and conditions that have been adopted in various research works to explore these phenomena [2]. Due to complex asymmetric and transient behaviour of swirling flames, a full theoretical or experimental description of the physical mechanism of recirculation and vortex breakdown has not been achieved. 
Numerical calculation of swirl flows has also received considerable attention. The accurate prediction of recirculation and vortex breakdown, unsteady time dependent phenomena such as jet precession and asymmetric behaviour are computationally difficult problems to handle. Numerous researchers have applied different modelling approaches to predict swirling reacting and non-reacting flows in practical applications as well as in laboratory scale experiments. Large eddy simulation (LES) technique in this regard is a powerful and effective tool for handling large-scale turbulent motions as the method is based on time resolved three-dimensional unsteady large-scale turbulent motions. In LES only the small scale eddies which have more universal behavior and contain less turbulent kinetic energy are modelled. With adequate spatial and temporal resolution the method is capable of capturing large-scale dynamic behavior in flows. 

LES has been applied to a variety of swirling applications including combustion problems such as aircraft engine combustion by Kim et al. [5], dynamics of swirling premixed and spray flames by Sankaran and Menon [6]. One of the main advantages of LES is, in swirl flows LES can capture oscillatory motions such as precessing vortex core (PVC) seen in experiments. Pierce and Moin [7] for example showed promising agreement between LES and experimental data for a low swirl number case and Wang [8] have showed successful comparison between LES predictions and experimental measurements operating under different conditions in confined turbulent swirling flows. More recently several LES simulations have also been carried out for laboratory scale bluff body stabilized flames, Raman and Pitsch [9], Kempf et al [10], which are not as complex as swirling flows but contain similar recirculation zones near the bluff body. The predicted results showed very good agreement with experimental data.

This paper presents the large eddy simulation based methodology for the modelling of turbulent swirling flames based on a laboratory scale swirl burner. The test rig considered is an unconfined, swirling flow configuration known as the Sydney swirl burner, which is an extension of the above mentioned bluff body burner to swirling flames, experimentally investigated by Al-Abdeli [11], Masri [12]. The Sydney swirl burner has also been a target flame series for predictions in the workshops series on turbulent non-premixed flames, TNF [13]. This flame series allows the examination of the effect of various parameters such as fuel composition, flow rates and swirl number. The LES for the Sydney swirling flame series is major steps toward more realistic laboratory applications in turbulent combustion and the entire flame series provide detailed experimental data suitable for validation of LES. The selected swirling flame in this study is known as SM1 and has a swirl number 0.5. Prior to this work we have successfully performed isothermal LES calculations for the Sydney swirling flame series [14], and the work reported in this paper is an extension of our previous work to combusting cases.

Sydney Swirl Burner

The Sydney swirl burner configuration is an extension of the well-characterised Sydney bluff body burner to swirling flames. It has a 60mm diameter annulus for a primary swirling air stream surrounding the circular bluff body of diameter D=50mm. The central fuel jet is 3.6mm in diameter. The burner is housed in a secondary co-flow wind tunnel with a square cross section of 130mm sides. Swirl is introduced aerodynamically into the primary annulus air stream at a distance of 300mm upstream of the burner exit plane and inclined 15 degrees upward to the horizontal plane. Swirl number can be varied by changing the relative magnitude of tangential and axial flow rates. The velocity measurements for mean velocity, rms fluctuations and Reynolds shear stresses were made at The Sydney University [11] and compositional measurements in the combusting cases were made at Sandia National Laboratories [12].

The flow behaviour and flame characteristics were determined by four main parameters: the bulk axial velocity of fuel jet 
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 of the wind tunnel. The swirl number is usually defined as the ratio between the axial flux of the swirl momentum to the axial flux of the axial momentum. In this experiment, a quantitative representation of the swirl intensity has been introduced by using the geometric swirl number
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, which is expressed as the ratio of integrated (bulk) tangential to primary axial velocities 
[image: image7.wmf]s

s

WU

. This SM1 flame considered here used compressed natural gas (CNG) as the fuel, operated at a swirl number of 0.5 and used a fuel jet velocity of 32.7 m/s, which was 54% of the blow-off velocity. The Reynolds number was based on the fuel jet diameter of 3.6mm. Table 1 lists the details of the physical properties and characteristics of the flame SM1. In the experiments Laser Doppler velocimetry (LDV) technique has been used to measure the velocities. All the scalar measurements have been measured by using the Raman-Rayleigh technique.
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	SM1
	CNG
	32.7
	38.2
	19.1
	20.0
	0.5
	75,900


Table1. Details about the characteristics properties of flame SM1

Modelling and Mathematical Formulations

   In LES the governing equations resolve the large scale features, which must be obtain by applying the filtering operator. The filtered field 
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Where the integration is carried out over the entire flow domain 
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 and 
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 is the filter width, which vary with the position. A number of filters are used in LES and a top hat filter having the filter-width 
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 of the local cell is used in the present work. In turbulent reacting flows large density variation occur and that is treated using Favre filtered variables. The transport equations for Favre filtered mass, momentum and mixture fraction are given by  
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The transport equation for conserved scalar mixture fraction is written as 
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In the above equations 
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 is the density, 
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 is the pressure, 
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 is the kinematics viscosity, 
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 is the mixture fraction, 
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 is the turbulent viscosity, 
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 is the laminar Schmidt number, 
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 is the turbulent Schmidt number. An over-bar describes the application of the spatial filter while the tilde denotes Favre filtered quantities. The laminar Schmidt number was set to 0.7 and the turbulent Schmidt number for mixture fraction was set to 0.4. 

Turbulence model

The subgrid contributions to the momentum flux is computed using Smagorinsky eddy viscosity model [15], which uses a model constant 
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The model parameter 
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 is obtained through the localised dynamic procedure of Piomelli and Liu [16].

Combustion model

In LES, the chemical reactions occur mostly in the sub-grid scales and therefore consequent modelling is required for combustion chemistry. Here a presumed probability density function (PDF) of the mixture fraction is chosen as a means of modelling the sub-grid scale mixing. A 
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 function is used for the mixture fraction PDF. The functional dependence of the thermo-chemical variables is closed through the steady laminar flamelet approach. In this approach the variables, density, temperature and species concentrations only depend on Favre filtered mixture fraction, mixture fraction variance and scalar dissipation rate. 

In the present selected case (SM1), there is no experimental evidence of significant local extinction. Hence a single flamelet with a strain rate of 500 /s has been used to calculate the characteristic flamelet profiles. This strain rate was chosen after comparing laminar flamlet profiles of density, temperature and species generated at different strain rates with experimental data and a rate of 500 /s seems to show a reasonably good agreement to be used as a single strain rate. The sub-grid scale variance of the mixture fraction is modelled assuming the gradient transport model proposed by Branly and Jones [17]. The flamelet calculations have been performed using the FLAMEMASTER code [18] incorporating the GRI 2.11 mechanism for detailed chemistry. 

Numerical Description

   The program used to perform simulations is the PUFFIN code developed by Kirkpatrick [19] and Malalasekera et al. [14]. PUFFIN computes the temporal development of large-scale flow structures by solving the transport equations for the spatially filtered mass, momentum and mixture fraction. The equations are discretised in space with a finite volume formulation (FVM) using Cartesian coordinates on a non-uniform staggered grid. Second order central differences (CDS) is used for the spatial discretisation of all terms in both the momentum equation and the pressure correction equation. This minimizes the projection error and ensures convergence in conjunction with an iterative solver. The diffusion terms of the scalar transport equation are also discretised using second order CDS. A linear interpolation based numerical scheme is used here to calculate the variables at cell faces, which is equivalent to a second order central difference scheme in finite difference method. The convection term of the mixture fraction transport equation is discretised using the SHARP scheme [20]. 

An iterative time advancement scheme is used for variable density calculation.  First, the time derivative of the mixture fraction is approximated using a Crank-Nicolson scheme. The flamelet library yields the density and calculate filtered density field at the end of the time step. The new density at this time step is then used to advance the momentum equations. The momentum equations are integrated in time using a second order hybrid scheme. Advection terms are calculated explicitly using second order Adams-Bashforth while diffusion terms are calculated implicitly using second order Adams-Moulton 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 pressure correction method of Van Kan [21] and Bell [22] is the method used here. Typically 8-10 outer iterations of this procedure are required to obtain satisfactory convergence at each time step.

The time step is varied to ensure that the Courant number 
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 direction. The solution is advanced with a time stepping corresponding to Courant number in the range of 
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0.3 to 0.6. The equations, discretised as described above, are solved using a linear equation solver. Bi-Conjugate Gradient Stabilized (BiCGStab) methods with Modified Strongly Implicit (MSI) preconditioner are used to solve the system of algebraic equations resulting from the discretisation. The momentum residual error is typically of the order 
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 per time step and the mass conservation error is of the order of 
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The computational domain used dimensions 
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 and employed a non-uniform Cartesian grid consisting
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directions respectively giving a total of 1 million grid points. In the present case the mean axial velocity distribution for fuel inlet and mean axial and swirling velocity distributions for air annulus are specified using power low profiles. A laminar velocity of 20 m/s is used for the co-flow velocity. The fluctuations are generated from a Gaussian random number generator and added to mean velocity profiles such that the inflow has correct turbulence kinetic energy levels obtained from experimental data. A top hat profile is used as inflow condition for the mixture fraction. No-slip boundary condition is applied on the solid walls. At the outflow plane, a mass conserving convective outlet boundary condition is used for velocities and zero normal gradients is used for the mixture fraction.

The computations suggest that the statistical calculations can be started after 0.04s. This allows the flow field to fully develop and initial transients to exit the computational domain. The number of samples used for statistics is 1000 and corresponds to a sampling time of 0.02s and the total time for the complete simulation is 0.06s. The length of the sampling interval used is sufficient to permit converged statistics. 

Results and Discussion

The Sydney swirl burner is designed to study reacting and non-reacting swirling flow structures for a range of swirl numbers and Reynolds numbers. The swirl induced recirculation and vortex breakdown leads to a very complex flow field, hence the accurate predictions of non-reacting swirling flow field is quite important for the simulation of combustion, where an upstream bluff body stabilized recirculation zone and a downstream vortex breakdown zone can be seen certain cases. The structure of the swirling flow reveals the existence of rotating zones of gas within flames. Such rotating zones of gas leads to form the collar-like flow features [11], where the flow dynamics are substantially different from those in the wider and adjoining flow. 

In our earlier work [14], we have successfully predicted the non-reacting swirling flow fields and captured the occurrence of recirculation and vortex breakdown. The present work is an extension of the application to reacting turbulent non-premixed swirling flames. Results from LES predictions and comparison with experimental measurements for flame SM1 is presented in the following sections to determine the success of LES. The velocity and scalar fields are discussed separately. The comparison is conducted for Favre averaged velocities and scalars quantities.  

Figure 1 (a) and (b) shows the snapshots of the filtered axial and swirl velocities. Figure 2 (a) and (b) shows instantaneous density and temperature respectively. These snapshots have been taken from animations, which provide more insight into the complex transient turbulent swirling flow behaviour and chemical interactions. The animation of the filtered axial velocity contour plot shows the dynamics of fuel jet break-up in the upstream recirculation zone. The bluff body stabilized strong recirculation zone is formed at upstream of the burner tip. The combustion products inside the recirculation zone continuously provide an ignition source, thereby stabilizing the flame. This can be seen in the animation and in the snapshot of filtered temperature (Figure 2(b)). The animation of filtered axial velocity also shows the downstream vortex breakdown (VB) observed in the experiments.
Velocity Fields: 

The contour plot for the mean axial velocity is shown in Figure 3. Here, LES appear to be very successful in reproducing all the flow features seen in the experiments. As shown, the bluff body stabilized upstream recirculation zone and the downstream vortex breakdown (VB) zone is well predicted by LES.

The success of the LES predictions is further demonstrated by the comparisons of the time averaged mean axial velocity, swirl velocity and rms values of axial and swirl velocities at different axial locations 
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. Figure 4 shows the comparison of axial velocity with experimental data. The experimental data shows that there is a relatively short bluff body stabilized upstream recirculation zone towards the axial direction from the burner exit plane, and a highly rotating downstream collar-like flow feature leading to the occurrence of a vortex breakdown (VB). The predicted negative values of the mean axial velocity at
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 (Figure 4) and the contour plot (Figure 3) of the mean velocity indicate the flow reversal, which generate the upstream bluff body stabilized recirculation zone. The toroidal shaped recirculation zone stagnates at about 43mm downstream of the bluff body face as observed in the experiment. LES predictions show the second downstream recirculation zone formed around the jet centreline in between 70mm and 110mm. As shown in Figure 3 the bubble shaped vortex breakdown is found to occur in this region, which stagnates around 85mm from the burner exit plane. The downstream recirculation zone coincides with the highly rotating flow mixture called collar-like flow feature as shown in Figure 3. The calculations have reproduced all peaks of the mean axial velocity well, which appears above the primary annulus (Figure 4).  However the mean axial velocity is slightly over predicted at the centreline at 
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. In this case the axial momentum of the central jet is much lower due to the lower jet velocity in comparison to the axial velocity of the annulus. As a result of this low axial momentum, in the simulation the central jet breaks faster than that observed in the experiments. No experimental data for radial velocities are available for comparison in this case. 

The comparison of the mean swirling velocity is shown in Figure 5. The comparisons between calculations and measurements are very good at most of the axial locations. The predictions have captured peaks appearing on the inner and outer shear layer of the upstream recirculation zone. At
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 the predicted values of the swirl velocity is over predicted above bluff body face. This may be attributed to the shear layer instability and jet precession of the upstream recirculation zone. However, the overall agreement is quite good for the mean swirling velocity. The collar-like body lies between upstream and downstream recirculation zones. It has been found that the mean swirling velocity increases near the burner centreline in the region between 
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and leads to form a highly rotating collar-like flow feature downstream the bluff body stabilized recirculation zone. 

Figure 6 shows comparison for the axial velocity fluctuations. The rms axial velocity fluctuations are found to be slightly under predicted at the last three axial locations in the region between 
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 and slightly over predicted at 
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 above the primary annulus. The overall agreement however is good for the rms axial velocity and its profiles are in reasonable agreement with measurements. Figure 7 shows the comparison of the swirl velocity fluctuations. The agreement between measurements and predictions is reasonable, but under-prediction of the swirl velocity fluctuations at some axial locations can be seen. It should be noted that the magnitude of both axial and swirl velocity fluctuations are small in comparison to their respective mean values and therefore discrepancies in these rms values are small in comparison. Overall, the LES of SM1 yield a good qualitative agreement with experimental observations, while some quantitative discrepancies are apparent. 

Scalar fields: 

The instantaneous snapshot of the density and flame temperature is shown in Figure 2 (a) and (b). The calculations show two high temperature regions, one inside the upstream recirculation zone, the second located further downstream near to the centreline. Furthermore, the necking occurs around, 
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(downstream from the burner exit plane), which is linked to the collar-like flow feature and as a result, the visible flame width is reduced to about 
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. It has been observed experimentally that, the flame SM1 is relatively shorter than other flames [11]. 

Figure 8 shows comparisons for the radial profiles of the mean mixture fraction at different downstream axial locations. It is evident that the radial spread of the mixture fraction is slightly over predicted in the regions between 
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. Despite this slight discrepancy, the agreement between calculations and measurements are good at all other downstream axial locations. Furthermore, at any given axial position, the narrower regime of the upstream recirculation zone shifts the radial profiles toward central axis. 

The comparison of the predicted mean temperature field is shown in Figure 9. Given the complexity of the flow field, the comparison of the temperature field with experimental data is reasonable at most of the axial locations. However, it appears that the overestimation of the radial spread of the mixture fraction leads to a corresponding deviation of the temperature, which can be seen at locations 
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. In experiments, the peak temperature appears in the outer shear layer at 
[image: image63.wmf]/0.8

xD

=



 EMBED Equation.DSMT4  [image: image64.wmf](/0.6)

rR

=

. The calculated temperature is somewhat over-predicted at this location. Furthermore, the steady flamelet assumption may not be perfectly valid in this region, which could have resulted in these discrepancies. Despite these discrepancies the comparisons in general shows that the overall predictions of the mean temperature are in reasonably good agreement with experimental measurements.
Conclusion

   In this paper we have considered large eddy simulation of a turbulent swirling reacting flow  test case from the Sydney swirl burner experimental series investigated by Masri and co-workers [11-12]. Here LES is performed for a swirling flame from the SM group known as the SM1 flame having a swirl number of 0.5. A Cartesian grid with 1 million nodes was used to perform the simulations. The steady laminar flamelet model that incorporates detailed chemical kinetics has been employed to obtain the thermo-chemical variables as a function of mixture fraction. The presumed beta probability density function approach has been used to model the sub-grid mixture fraction fluctuations.

In the experiments a number of complex recirculation zones including a vortex breakdown zone has been observed. The predictions show that the LES has successfully captured the bluff body stabilized upstream recirculation zone and the downstream vortex breakdown (VB) region very well. The upstream recirculation zone in flame SM1 stretches for about two bluff body diameters. The SM1 flame modelled also contain zones of gas, which rotate around the geometric centreline of the flow. These zones leads to the formation of the collar-like flow features downstream of the bluff body stabilized recirculation zone near the necking region of the flame. This feature has been correctly predicted by the present simulation. Detailed comparison shows that the agreement between LES predictions and experimental data are good for mean and fluctuating velocity profiles, mean mixture fraction profiles and temperature. Given the complexity of the flow this is a good achievement and confirm the ability of LES to predict turbulence chemistry interactions in complex combusting flows. Some discrepancies between experimental data and predictions suggests that the steady laminar flamelet model may not be valid in some regions of swirling flames and further improvements of the combustion models will help to improve the temperature predictions. 

Further improvement in grid resolution, refinement of boundary conditions, longer transitional run times and the advanced numerical schemes for variable density flows are the possible directions that could improve the agreement between predictions and measurements.
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	Figure 1: Snapshots of filtered axial and swirl velocity.
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	Figure 2: Snapshots of filtered density and temperature.
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	Figure 3: Contour plot of mean axial velocity obtained from LES calculation.
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	Figure 4: Comparisons for the mean axial velocity.
	Figure 5: Comparisons for the mean swirling velocity.
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	Figure 6: Comparisons for the RMS axial velocity
	Figure 7: Comparisons for the RMS swirling velocity
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	Figure 8: Comparisons for the mean mixture fraction.


	Figure 9: Comparisons for the Mean temperature.
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