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ABSTRACT

Swirl stabilized flames are common in many engineering applications and modelling of such flames are particularly difficult due to their recirculation and vortex characteristics. Most classical approaches such as Reynolds averaged Navier-Stokes (RANS) models, which work very well in other situations, fail to perform well in high recirculation swirling flows. Large eddy simulation (LES) offers the possibility of improving calculations of such flows. This paper is concerned with the application of the large eddy simulation technique to turbulent isothermal swirling flows. The aim was to improve our understanding of the flow physics and turbulence structure of unconfined swirling flows and examine the capability of LES to predict the formation of the vortex breakdown in recirculation zones. In this study a recently developed large eddy simulation (LES) code has been applied to the prediction of isothermal swirling flows experimentally tested by Al-Abdeli and Masri (2003). The filtered Navier-Stokes equations are closed using the Smagorinsky eddy viscosity model with localized dynamic procedure of Piomelli and Liu (1995). Advanced numerical schemes with finite volume formulation on non-uniform Cartesian grids are employed for discretization of the conservation equations. Three different test cases have been investigated here covering a range of swirl numbers and stream wise annular velocities. The cases considered here have swirl numbers ranging from 0 to 1.59 and Reynolds numbers from 32400 to 59000. With suitable inflow, outflow boundary conditions and sufficient grid resolutions the LES calculations found to be in good agreement with experimental data for mean velocities, rms fluctuations and Reynolds shear stresses. It has been found that the onset of downstream recirculation and vortex breakdown does not depend on the attainment of the necessarily high swirl number. It appeared controversial that the bubble type vortex breakdown is achieved in the flow with the lower rather than higher swirl number. The axial momentum of the swirling annulus plays an important role to occur the onset of vortex breakdown. The combination of lower swirl number and higher axial velocity of the primary annulus leads to establish the downstream central recirculation zone.  For the cases considered the present LES calculations were successful in predicting observed recirculation zone and showed good agreement with

experimentally measured mean velocities, their rms fluctuations and Reynolds shear stresses.

NOMENCLATURE
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INTRODUCTION

Swirl is commonly used in many engineering applications of combustion to control essential characteristics of high intensity turbulent flows and to stabilise flames. Introduction of swirl has the capability to generate strong recirculation zones, which helps to improve the whole mechanism of the mixing process. Swirl can reduce the flame length by producing higher rates of entrainment and fast mixing particularly in the shear layer region, which improve flame stability, reduce emissions and as a result the burner can be minimized and has an extended life (Syred and Beér, 1974). In swirling jets and flames sufficient strength of swirl will produce a maximum pressure gradient in the direction of the flow, which in turn produces a reversal of the flow or vortex breakdown. Depending on the degree of swirl, furnace and burner geometry, different recirculation patterns and vortex breakdown regimes can be achieved and these can be controlled by adjusting the degree of swirl to promote better mixing, flame stabilisation and minimise pollutant formation (Sloan et al, 1986).

In the literature different flow configurations have been experimentally investigated to study the formation of recirculation zones and the vortex breakdown process. Theoretical studies have been carried out to analyse the instabilities and onset of vortex breakdown for reacting and non-reacting swirling flows and it has been reported that the influence of swirl depends on different flow parameters such as inflow velocity profiles, Reynolds number, level of swirl and geometrical configuration. Many situations such as combustion related applications (Syred and Beér, 1974, Gupta et al., 1977, Weber et al., 1990, Masri et al., 2004), confined pipe situations (Nathan et al. 1998, Ahmed, 1998) vortex whistles and model cyclone separators (Kitoh, 1991) have been studied in the literature. A number of good reviews and a body of literature exist on these topics ranging from vortex breakdown to instabilities of swirling flows (see for example Sarpkaya, 1971, Syred and Beér, 1974, Escudier and Zehnder, 1982, Escudier, 1988, Lucca-Negro and O’Doherty, 2001, Novak and Sarpkaya, 2001). Numerical modelling has also been used as a tool to understand the fundamental flow physics of laminar and turbulent swirling flows. The numerical prediction of turbulent swirling flows is a challenging subject due to anisotropic turbulence structure in recirculation zones.  An extensive review of the modelling work on swirling flows has been reported by Sloan et al. (1986), which describe the difficulties and complexities associated with CFD approaches to swirling flow calculations.

The majority of current methods to model turbulent swirling flames and practical combustion systems are based on Reynolds averaged Navier-Stokes (RANS) equations accompanying different turbulence models. The review by Slone et al. (1986) summarises many RANS type swirling flow calculations with different turbulence model options and concludes that the performance of the 
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 model is generally poor in the vicinity of recirculation zones. The review also describes various advanced turbulence model options which appear to show some improvements and note that swirling flows are three-dimensional phenomena therefore steady-state axi-symmetric transport equations are incapable of reproducing complex swirl flows.  Weber et al. (1990) have assessed three turbulence models 
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 model, Reynolds stress model (RSM) and algebraic Reynolds stress models (ASM) to simulate confined swirling flows. It was observed that neither the generation of turbulence nor the distribution of tangential momentum was correctly predicted by the 
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 model. In contrast the Reynolds stress model and algebraic Reynolds stress model performance were better and produced reasonable agreement with experimental data for certain confined swirl cases but for certain other cases none of the turbulence models was able to predict the correct reverse flow when compared with measured data. In general RANS models are primarily suitable to calculate stationary flows with non-gradient transport and it is difficult to capture the unsteady nature of the large-scale flow structures typically found in turbulent swirling flows. Guo et al. (2001) have used a three-dimensional unsteady RANS approach with the 
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 model to compute behaviour of unconfined swirling flows in an axisymmetric sudden expansion. The study has successfully predicted precessing phenomena of the swirling flow configuration considered but no detailed comparison of velocity or Reynolds stresses have been presented to assess fine details of the simulation. However the study confirms that to achieve any degree of success in RANS type computations have to be transient and three-dimensional.

Large eddy simulation (LES) in contrast 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 behaviour and contain less turbulent kinetic energy are modelled. With adequate spatial and temporal resolution the method is capable of capturing large-scale dynamic behaviour in flows. Large eddy simulation technique as a tool for the simulation of swirling flow fields in both reacting and a non-reacting cases has emerged only in the 1990s and hence a relatively new field. LES has been applied to variety of swirling applications including combustion such as aircraft engine combustion (Di Mare et al. 2004, Kim el al. 1999), dynamics of swirling premixed and spray flames (Sankaran and Menon, 2002) and combustion instabilities (Wall and Moin, 2005). Recently the application of LES to real combustion devices including highly transient swirling motion has gained increased popularity due to its potential ability to capture detailed flow and mixing fields and the availability of computing power to perform large calculations. For example, the LES simulation of a section of the modern Pratt and Whitney gas turbine combustor by Mahesh et al. 2005 has shown encouraging results for the flow and mixing field. 

One of the main advantages of LES applications is in swirl flows LES can capture oscillatory motions such as pressing vortex core (PVC) seen in experiments. Pierce and Moin (1998) for example showed promising agreement between LES and experimental data for a low swirl number case and Wang et al. (2004) 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, (2005), Kempf et al. (2005), which are not as complex as swirling flows but contain similar recirculation zones near bluff body. The predicted results show very good agreement with experimental data. This bluff body flame series was major step towards more realistic laboratory scale flames, but still lack of swirl, which is probably the most common mechanism to improve the mixing and flame stabilization in technical applications. 

In this paper we consider a well-defined swirl flow configuration where reliable and accurate data is available and apply the LES simulation technique as a predictive tool. The configuration considered is an unconfined, non-reacting 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 and Masri (2003). For this configuration detailed experimental measurements of the flow field obtained using the laser Doppler velocimetry (LDV) are available.  LES simulations obtained with different grid resolutions and appropriate input and outflow boundary conditions are compared with experimental data for three different test cases ranging from no swirl to very high swirl. In this paper we compare predicted mean velocities, rms fluctuations and Reynolds stresses with experimental data. In our LES model the Smagorinsky (1963) viscosity model with the localized dynamic procedure of Piomelli and Liu (1995) is used to model the sub-grid scale (SGS) turbulence. This is a first step in a series of calculations, where the focus is on the fluid dynamical aspects of the mixing process in the recirculation zones. Our ultimate aim is to model combustion characteristics of this swirl burner. The predictive capability of the flow physics of the non-reacting swirling flows is considered in this paper before attempting to include SGS combustion models to simulate reacting swirling flames. In the following sections details of the experimental setup are described, followed by the description of the mathematical model and details of the numerical computations are described. Then we present LES results for three different cases with zero swirl, moderate swirl and high swirl flow configurations.

EXPERIMENTAL SETUP

The experimental set-up of the burner used in this investigation is shown in Figure 1. The burner consists of a 50mm cylindrical face bluff body with 3.6mm diameter central fuel jet. Surrounding the cylindrical bluff body is a 60mm diameter annulus machined down to 0.2mm thickness at the exit plane. The centre of the jet is taken as the geometric centre line of the flow where 
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. The burner is housed in a secondary axial (co-flow) wind tunnel with square cross section and 130mm sides. Swirl is introduced aerodynamically into the primary (axial) air stream at a distance 300mm upstream of the burner exit using tangential swirl ports as shown in Figure 1. An axial stream of air is also supplied through two opposed ports ahead of the tangential inlets. By changing the relative magnitude of the tangential and axial air flow rates the swirl number can be varied. Laser doppler velocimetry (LDV) technique has been used to measure the detailed characteristics of the flow field and for the non-reacting cases they include mean velocity, their rms fluctuations and shear stresses. Further details of the experiments and data are available in Al-Abedeli and Masri (2003), Masri et al. (2004).

Swirl Number 

The swirl number is defined as the ratio between the axial flux of the swirl momentum, 
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 Here we take the radius of the swirl annulus as the characteristic radius. The swirl number is given by:
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Where 
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 are the mean axial and tangential velocities at the exit plane of the swirl generator. Four independent parameters are used to describe the swirl flow conditions in this experimental burner configuration. These parameters are, the bulk axial velocity of fuel stream, 
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 respectively and the mean co-flow velocity of the secondary (air) stream in the wind tunnel, 
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. The  later stream is necessary to provide well defined outer boundary conditions. The Reynolds number of the swirl annulus air stream is defined in terms of the primary (bulk) axial velocity 
[image: image43.wmf](

)

s

U

 radius of the burner annulus 
[image: image44.wmf])

(

s

r

 and the kinematic viscosity of air 
[image: image45.wmf]n

 such that 
[image: image46.wmf]n

s

s

s

r

U

=

Re

. In the experimental measurements 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 velocity to primary axial air velocities (
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). It is found that the actual swirl number, 
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 defined by eq. (1) is linearly proportional to the geometric swirl number
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 (Al-Abdeli, 2003). The following three cases summarised in Table 1 are considered in our simulations. The control parameters shown in Table 1 and case numbers have been obtained from Al-Abdeli and Masri (2003).
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	N21S000


	21.1
	0
	61
	20
	0
	41900

	N29S054


	29.7
	16
	66
	20
	0.54
	59000

	N16S159


	16.3
	25.9
	66
	20
	1.59
	32400


Table 1: Physical flow parameters used in the study

MATHEMATICAL MODELING

Governing Equations

In LES the large-scale energy containing scales of motion are resolved numerically while the small, unresolved scales and their interactions with the large scales are modelled. The grid-filtering operator known, as a spatial filter is applied to decompose the resolved and sub-grid scales in the computational domain. The application of a spatial filter 
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where 
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 is the characteristic width of the filter and 
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 is the position vector in a Cartesian coordinate system. Commonly used filters are Fourier, Gaussian and box filters. A box filter naturally fits into the finite volume formulation and here we apply a box filter of width 
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to the equations. Where 
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 refer to the width of the finite volume cell in three coordinate directions. Applying the spatial box filter to incompressible Navier-Stokes equations, we obtain the filtered continuity and momentum equations for the large-scale motion as follows.

Conservation of mass
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Conservation of momentum
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Where the strain rate tensor, 
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The last term of equation (5) represents the sub-grid scale (SGS) contribution to the momentum and it is known as the SGS stress tensor. Hence subsequent modelling is required for 
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 to close the system of equations. 

SGS Turbulence modelling

The Smagorinsky (1963) eddy viscosity model is used here to model the SGS stress tensor 
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Here the eddy viscosity 
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Where 
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 is a Smagorinsky (1963) model parameter and 
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In the present study the localized dynamic procedure of Piomelli and Liu (1995) to obtained the model parameter 
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, which appears in equation (7) as a part of the SGS turbulence modelling. 

COMPUTATIONAL DETAILS

Numerical Discretisation:

The large eddy simulation code PUFFIN originally developed by Kirkpatrick (2002) is used to perform all calculations presented here. The equations are discretised in space by using a finite volume formulation on a non-uniform, staggered, Cartesian grid. A second order central difference approximation is used for all terms in the momentum equations and pressure correction equation.  The solutions are advanced in time by using the fractional step method. First the momentum equations are integrated using a third order hybrid Adam-Bashforth/ Adam-Moulton scheme to give an approximate solution for the velocity field. Then the mass conservation is enforced through a pressure correction step in which the approximate velocity field is projected onto a subspace of divergence free velocity fields. The pressure correction method of Van Kan (1986) and Bell et al. (1989) was used in the present calculations.  Gresho (1990) has shown analytically that this method is second order accurate in time. 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. Further details of the second order time stepping schemes and fractional step method used here can be found in Kirkpatrick (2003a, b).

The equations, discretised as described above, are solved using a linear equation solver. Here a Bi-Conjugate Gradient Stabilized (BiCGStab) solver with a Modified Strongly Implicit (MSI) preconditioner is used. 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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Boundary conditions:

Correct representation of inflow profiles and turbulence levels is an important issue for successful simulation of swirling flows. This has been widely discussed in the recent TNF8 workshop (2006) and there is general agreement that correct mean and fluctuations at the inlet is required for large eddy simulations to produce accurate results. There are several methods available to introduce turbulent inlet boundary conditions. In this study mean velocity distributions for the fuel and air annulus were specified using power law velocity profiles. This approach has been previously used by Masri et al., 2000 in their two-dimensional, axisymmetric, pdf computation of combustion in this burner configuration. 

In the fuel jet, 
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, and the mean axial velocity is specified by a power law of the form
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where 
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 is bulk velocity, 
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 is the radial distance from the jet centre line and 
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 is fuel jet radius of 1.8 mm. The factor 1.01 is added to ensure that velocity gradients are finite at the walls. The same equation is used for the swirling air stream with 
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. Following the approach of Masri et al. 2000 fluctuations are added to the mean velocity profiles such that the inflow has the correct turbulence kinetic energy levels obtained in the experimental data. 

Statistics:

The time averaged mean velocity components and their mean fluctuating values in the axial, radial and azimuthal directions are obtained by time averaging the transient flow variables obtained from LES results, i.e.

                                       
[image: image99.wmf]2

11

11

,()

tt

NN

nn

rms

nn

tt

NN

fffff

==

<>==-<>

åå



(10)

Where  
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 represents the number of samples. To remove the non-physical artefacts of the initialisation, the simulation should evolve for a sufficiently long time before gathering any statistical results. This allows the flow field to fully develop and initial transients to exit the computational domain. The samples are only taken after the flow filed has fully developed. In this study to obtain statistically stationary results, time averaging of the primitive variables was performed after 12 flow-through-times 
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are axial length of the computational domain and inlet bulk axial velocity respectively. Two non-consecutive sampling periods yielded similar results indicating that the statistics were sufficiently converged. 
The calculations were performed on a Pentium 4, personal computer with 4GB RAM and 3GHz processor running under Linux operating system. A typical run takes 10-17 days depending on the inlet parameters and the number of flow passes. Table 2 summarise typical run times in days for each case considered.

	Flow case
	Grid Type
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	Time (ms)
	Cost days

	N21S000
	Grid1
	100
	100
	100
	150
	10

	N29S054
	Grid1
	100
	100
	100
	150
	12

	N16S159
	Grid1
	100
	100
	100
	200
	14

	N16S159
	Grid2
	120
	120
	100
	300
	17


Table 2: Computational parameters used in the study. 
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are the number of nodes in the x, y and z directions respectively. 

Grid Dependency Tests:

The computational domain used was 130x130x250 mm (see figure 2). Two grids were employed to conduct a grid sensitivity analysis of LES. Grid 1 consisted of 
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directions respectively giving a total of one million grid points. A second grid, Grid 2 that is finer than Grid 1 was used with a total of 1.44 million grid points and consisted of 
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The case N16S159 with a swirl number of 1.59, which has the highest swirl number was used as the test case for grid sensitivity analysis. It is not possible to define classical grid independence with implicit filtering where filter width directly affected by grid (Kempf et al. 2005). However a refined grid can minimize both numerical and modelling errors through better resolution. LES results obtained using the above two grids are compared with experimental measurements in Figure 2 where the mean axial velocity and its rms fluctuations at two different axial locations are shown. Solid lines represent the Grid 1 results (1 million points), dashed lines represent the Grid 2 results (1.44 million grid points) and symbols represent experimental measurements. The comparisons between the experimental measurements and computed mean axial velocity and its rms fluctuations at 
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 are reasonably good. There is a slight difference between grid 1 and grid 2 predictions in the mean axial velocity plots, especially in the outer shear layer of the bluff body stabilized recirculation zone. Overall, from other data (not presented here) it can be seen that both grids give very similar results for mean, rms and Reynolds stresses for the case N16S159 and hence we have used grid 1 with 1 million grid points for all our LES simulations to keep the computational cost at an economical level, (see Table 2) allowing us to compute all the non-reacting cases in this flame series.

RESULTS AND DISCUSSION

In this section the comparison of the LES computations and experimental measurements is discussed for three different test cases namely N21S000, N29S054 and N16S159 (described in Table 1). 

The predictive capability of the flow physics and structure of non-reacting swirling flows over a wide range of swirl numbers is essential to enable the combustion models to simulate the swirling flames. This is because in reacting flows, the interaction between the turbulence and chemistry becomes significant due to the existence of complex dynamical flow structure induces by swirl. Especially introduces of swirl intrinsically associated with the phenomenon of vortex breakdown (Lucca 2001), which adds another dimension to the complexity of the problem. The systematic validation of computation is therefore necessary to have a fully understanding about the complex transient behaviour of swirling motion.

In this configuration adequate swirl can induce two types of recirculation zones. One is known as the torroidal shaped recirculation zone, which stagnates above an obstruction such as a bluff body, placed in axial flows. Other recirculation zones, which can form further downstream, are attributed to vortex breakdown (Al-Abdeli and Masri 2003). The formation of a stagnation point or a region of reversed flow is essential to generate this kind of recirculation zone in a swirling flow.

Experimental results show that for the swirl test cases considered here the mean flow field exhibits one or more recirculation zones depend not only on the swirl number, but also on the Reynolds number of the primary annulus. The appearance of recirculation zone is very much a fluid dynamic feature, which depends on local flow parameters and vortex breakdown, which indicate the level of turbulence. The success of predictions therefore depends on correct representation of the turbulent flow field and swirl flows considered here is very much a test for the LES technique. 

In all figures, presented below, the axial position 
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 is normalized by the diameter of the bluff body 
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 mm and the radial position 
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 is normalized by the radius of the bluff body 
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 mm the radial position.

Flow field and characteristic features of the non-swirl case (N21S000):

Figure 3 shows the streamlines generated from the mean velocity field in the central 
[image: image129.wmf]xz
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plane of the N21S00 case. The mean streamlines show a two-zone flow/turbulence structure. A typical torroidal shape recirculation zone is formed due to the sudden expansion at the bluff body wall. The central jet velocity is dominating the wake: there is no stagnation point located along the centreline. No lateral spread being imposed onto the central jet by the recirculation zone. The schematic streamlines of the two counter-rotating vortices associated with the central jet and co-flow are identified in the plot. The co-flow driven vortex is wider than the central jet affected vortex. Although both central jet and co-flow velocity are operating, the external airflow principally manages the recirculation zone structure.

Figures 4 shows the detailed measured and computed radial profiles of time averaged mean axial velocity comparisons with experimental data at different positions along the axis. The predicted mean axial velocity at 
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 show some prediction of axial velocity at the centreline as a result of the early break up of the central jet in the calculations.  Despite this small discrepancy, the predictions for the mean axial velocity are in good agreement with experimental measurements. 

The existence of negative mean axial velocity indicates the flow reversal, which generate the bluff body stabilized recirculation zone. Good agreement with experimental data show that the length of the bluff body wake is completely captured by the simulation .The recirculation zone mainly created due to the deceleration of the axial velocity by the sudden expansion at the bluff body wall. It can be noted that the recirculation zone extends up to  
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 in the axial direction. This can be seen where the mean axial velocity shows some negative values at 
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 and becomes completely positive at the measurement location 
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 and remain positive after that for all down stream axial positions.

Figure 5 shows the comparison of mean radial velocity with experimental data. The agreement between predictions and experiments are good at most downstream axial locations. Some notable discrepancies are evident at near burner locations. Predictions slightly differ from measurements at 
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 and at 
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 experimental data show an unusual abrupt reversal of the radial velocity magnitude, which is not captured in the predictions. Data taken in an equivalent bluff body configuration (Dally et al. 1998) in which similar non-swirling experiments were conducted does not show such a discontinuity in radial velocity. This could be due to experimental difficulties in measuring radial velocities very near the exit of the swirl annulus. The predicted profile captures the experimental data upto 
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 reasonably well. The predicted radial velocity is underpredicted between the regions 
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at locations 
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. In can be seen that despite the upstream discrepancies, the agreement between predictions and experiments are good at most downstream axial locations. It is worth noting that the magnitude of the radial component is small compared to the axial velocity values hence the discrepancies are small.

Predicted rms fluctuations of axial and radial velocities (
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 and 
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) are compared in Figures 6 and 7. In agreement with the wake properties observed, results show high rms fluctuations in regions where the central jet is constrained by the recirculating flow. At most upstream locations the comparisons for axial rms velocity is good. Although some sharp changes at 
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 are not captured, in general peak values have been correctly predicted and calculations show good agreement up to 
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 Further downstream the predicted profiles show slight over-predictions. Comparison of rms radial velocity shown in Figure 7 shows some discrepancies with experimental data but in general predictions show reasonable agreement in terms of trends and peak values up to 
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 Rms of radial velocities are slightly over predicted at further down stream locations 
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 and 2.5. Given that absolute magnitudes of rms velocities are difficult to predict overall success in predicting peaks and changes of rms velocities appears to be good.

Finally the comparison of predicted and measured Reynolds shear stresses 
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 are shown in Figure 8. The LES predictions capture the peaks and the changes of the stresses inside the recirculation region very well. Although some under predictions can be seen at the axial location 
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, Reynolds stress predictions of LES show very good agreement particularly in the near burner region. The overall agreement between measurements and calculations for mean velocities, rms fluctuations and Reynolds shear stress is seen to be very good. 

Flow field and characteristic features of the medium-swirl case (N29S054): 

Here the LES results for the medium swirl case, which has a swirl number of 
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 are presented. 

The streamlines generated from the mean velocity field of the medium swirl case are shown in Figure 9. Recirculation patterns seen in this case are different to patterns seen in Figure 3. Non-swirl flows stabilized on this burner have a single recirculation zone. With the addition of swirl, the flow field can exhibit more complex flow patterns involving the formation of a second recirculation zone (Al-Abdeli and Masri 2003). In the upstream recirculation zone, two counter rotating vortices similar to the non-swirl case and another small vortex on top of the bluff body wall can be seen. Here the near burner flow features are completely different to the non-swirl case as the flow is now affected by the primary axial and swirling velocity. The size of the eddies inside the upstream recirculation zone are relatively smaller than those formed in the non-swirl case.  As seen in figure 9, the swirl induced downstream recirculation zone stagnates near the central axis away from the burner surface at about 
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. This centreline recirculation zone which appears well away from the burner exit is called the vortex breakdown (VB) bubble. It is interesting to note that present LES simulation has captured both recirculation zones and further comparison of mean data shown in figures and described below confirm the success of LES simulations in predicting recirculation and vortex breakdown.

Figure 12 shows the measured and computed mean axial velocity at different downstream positions. A positive to negative change in mean axial velocity indicates the development of recirculation regions. The first recirculation zone has developed above the bluff body and stagnates at about 
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 from the burner exit plane. 

As mention in the introduction, swirl is often used in combustors to increase chemical and thermal mixing rates and for flame stability. At sufficiently high level of swirl, the Vortex-Breakdown (VB) phenomenon is known to occur. VB is characterised by a flow reversal along the centreline and is a result of an adverse pressure gradient induced by the highly swirling flow. This is due to force imbalance between outward expulsions of fluid and the axial momentum (Escudier, 1988). The second recirculation zone occurrence the vortex breakdown (VB) at about 
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.  As can be seen in Figure 10, the centreline velocity rapidly decays with increasing distance downstream. Between 
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, the centreline velocity become negative and the flow stagnate crating the VB zone. Present LES predictions have correctly reproduced this phenomena but predicted centreline velocity shows slight over prediction. Further downstream of the VB zone predictions show the correct trend but agreement is not as good as the near burner region. Overall it could be said that LES results for axial velocity predictions capture the correct changes in the flow field, recirculation and VB phenomena. 

The mean radial velocities are shown in figure 11. Profiles at upstream locations capture the correct trend and sharp changes and the comparisons with data are reasonably good, especially the peaks at 
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 have been correctly predicted. LES correctly predict the trend at 
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and 0.6 but under predict peak values of radial velocity. Further downstream at 
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 and 2.5 radial velocity is over predicted. The experimental mean radial velocity is about -5 m/s at the centreline. This means the flow has been constantly tilted towards one direction and there has been considerable asymmetry. Our LES predictions have been axisymmetrically averaged for the mean calculation therefore we would not expect a value for the mean radial velocity at the centre line. The predictions therefore show zero radial velocity at the centre line at these locations (which is the correct mean). There are some concerns over experimental data for mean radial velocity at some axial positions, 
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Comparison predicted and measured swirl velocity is shown in Figure 12. The agreement is generally good. Predictions compares very well at locations 
[image: image156.wmf]136

.

0

/

=

D

x

, 0.2 and 0.4 capturing the sharp chages and peak values. At locations 
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 and 0.8 the trend is correctly predicted but the peak values under predicted. Further down stream calculation show slight over predictions with increasing radial distance but generally the agreement is reasonably good.

Figures 13-15 show comparison of measured and computed rms fluctuations of axial, radial and swirling velocities. The centreline rms axial velocity fluctuation values (figure 13) are under predicted at most of the axial locations. In general agreement between the LES predictions and experiments are good for the rm axial velocities. The agreement for rms radial velocity (figure 14) and rms swirling velocity (figure 15) are also generally encouraging at all axial locations. The rms radial velocity is slightly over predicted at the outer shear layer of the upstream recirculation zone at 
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. The same behaviour is observed for the rms swirling velocity as well (figure 15). Magnitudes and distribution of 
[image: image159.wmf]>

¢

<

u

, 
[image: image160.wmf]>

¢

<

v

 and 
[image: image161.wmf]>

¢

<

w

 show significant anisotropy of turbulence inside the upstream and downstream recirculation zones and LES computations have been successful in predicting the trends as well as profiles. Figures 16 and 17 show Reynolds stresses 
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. Given the complexity of the flow LES predicted Reynolds stresses show good agreement, particularly the calculations seems to capture the sharp changes in Reynolds stresses reasonably well. While the mean velocities are quite low inside the vortex bubble, the root mean square (rms) fluctuations remain relatively high in comparison. This is especially true along the boundary of the vortex bubble. Dellenback el al. (1998) concluded that the impact of rms velocity fluctuations on the dynamics of the flow field is consistent with experimental studies of suddenly expanded swirling flows.  The rms fluctuations on the boundary of the vortex bubble remain relatively high compared to the local mean velocity. In combustion systems the high turbulent kinetic energy cause an increase in the local turbulent flame speed, which dramatically effect to shorten the flame length. 

Flow field and characteristic features of the high-swirl case (N16S159):

This is the highest swirl number case 
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 of these experiments and perceived to be the most difficult case to predict. The tangential velocity components at inlet are high in this case, see Table 1, and as results turbulence anisotropy is considerably high. 

The streamlines corresponding to the mean velocity field taken from LES predictions is shown in Figure 18. In comparison to Figures 3 and 9 the recirculation patterns are now completely different. The high swirl causes the flow to spread radially outwards creating a long stagnation zone, which extends down the centreline up to about 
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 from the burner exist plane. In this recirculation zone three different vortices are formed at the axial distance of 
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, 30 and 80 mm corresponding to radial distances of 
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. By comparing Figure 9 and 18 it is interesting to note how the swirl velocity change results in a contrasting difference in flow behaviour. LES in this regard would be useful in mapping flow change in a complete range of swirl numbers.

The axial spread of the recirculation zone is much longer than that found in previous two cases.  The size of the two vortices formed near to the bluff body is different as well. Two counter rotating vertices can be seen and swirling velocity of the primary annulus play a major role in generating these vortices above the bluff body. However, the case N16S159 with the highest swirl number (1.59) has shown that using high swirl number alone is insufficient for the criterion of the downstream recirculation pattern, which appeared in medium swirl case.  Unlike N29S054 case, N16S159 has no downstream recirculation or vortex breakdown despite having a large swirl number. The prediction shows the occurrence of small vortex further downstream at about 
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, which has been observed in experiment (Al-Abdeli and Masri 2003). The central jet decays faster than other two cases (non-swirl and medium swirl) and the values of the centreline velocity is almost zero at 
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. It is worth noting here that N29S054, which had downstream recirculation of some size, had the highest value of primary annulus axial velocity compared to highest swirl number case lacking downstream recirculation.

Figure 19 shows the mean axial velocity profiles at different axial locations. Although the centre line value is over predicted at 
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 the comparison for the mean axial velocity is very good at all downstream axial locations.  In this case, the mean axial velocity along the centreline does not reach negative values. This decreases the axial velocity in the inner part near the axis and an increase in the outer part. Additionally the sudden expansion at the wall introduces another axial velocity declaration and these two affects cause to form the recirculation zone. At 
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axial velocity component is much smaller than the upstream values. This occurs as a result of the high spreading rate of momentum in which is an important property in swirling flows. The comparison of the mean radial velocity is shown in Figure 20. Radial velocity which is small in magnitude shows some notable under predictions at 
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. Figure 21 shows the comparisons for mean swirling velocity. Calculations do not capture the correct trend but not the peak values present in the outer shear layer at 
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. The radial spread of the swirling velocity is slightly differed in the region 
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 at the axial locations 
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. However the overall agreement is resonable for the mean swirling velocity for highest swirl number case, complex flow field which is believed to be much difficult to predict.

Figure 22 shows axial velocity fluctuations (rms). The predictions are in good agreement with experimental measurements. However the predictions do not capture the exact peaks of the fluctuations on the outer shear layer at 
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. Figure 23 shows the comparisons for radial velocity fluctuations. The radial velocity fluctuation are slightly over predicted at 
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 and under predicted at 
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. The overall comparison for the rms radial velocity is still satisfactory.  In figure 24, the swirling velocity fluctuations are shown. LES predictions capture the peaks and the trend reasonably well in the near burner region.  However, the rms swirling velocities are slightly under predicted at last three axial locations, 
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. Figures 25 and 26 show the comparisons for Reynolds stresses 
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. LES calculations show highly varying profiles of Reynolds stresses along the radial direction for both stresses. The stresses are highest near the jet and annulus area. These stresses continue to diminish in magnitude further downstream in the flow. Near burner predictions are reasonably good except at the centre line. Further down stream experimental data do not show the degree of variation seen in the predictions. However, overall magnitudes of the predicted Reynolds stresses agree with the experimental values. The variations in predictions could be due to the high swirl number and the complexity of the turbulence flow field. Given that this case has the highest swirl number and complex flow features, it may conclude that overall LES appear to capture all important flow features reasonably well. 

In all three cases considered in this study LES appear to produce reasonably good predictions. From our other parallel work in this area we have established that RANS based model incorporating Reynolds stress model (RSM) have failed in these test cases but present LES have produced encouraging agreement with experimental data. In particular LES has successfully predicted mean velocities, their fluctuations and flow features such as vortex break down bubble observed in the experiments. With this success in predicting isothermal cases considered in this study we intend to extend this work to reacting cases to predict combusting flows in this burner configuration where data is available for species concentrations, temperature and other important parameters such as mixture fraction and mixture fraction variance. That will be the next phase of this work. The success of LES will also allow us to evaluate the performance of LES based combustion models with the confidence that the turbulence flow field is reasonable well predicted by LES.
CONCLUSIONS

In this paper we have considered Large Eddy Simulation of isothermal swirling flows based on the Sydney swirl burner experimentally investigated by Al-Abdeli and Masri (2003). A set of detailed experimental data including mean velocities, velocity fluctuations and Reynolds stress components are available for validation. Three different test cases have been modelled under various flow conditions. Our simulations show that with appropriate inflow, outflow boundary conditions and sufficient grid resolution LES successfully simulated the experimentally observed structure and topology of the swirling flow fields and agree well with measured mean velocity, rms fluctuations and the Reynolds shear stresses. 

In the non-swirling case turbulence is mostly generated in the shear layer near sudden expansion at the bluff body wall.  In the swirling flows turbulence is not only generated in the shear layer near the sudden expansion, but also in the VB (vortex breakdown) bubble. It is found that the centerline axial flow recirculates or break down (bubble type vortex breakdown) is achieved in the flow with the moderate swirl number (N29S054), rather than the high swirl number (N16S159). However, it is evident from the results that the axial momentum (Reynolds numbers) of the swirling annulus also contributes a major role in determining the onset of vortex breakdown. The combination of low swirl number and higher primary axial velocity seen to occur the vortex breakdown. At low Reynolds numbers, the onset of vortex breakdown is fairly sensitive to the change of Reynolds number; however, at high Reynolds number it is rather insensitive to the Reynolds number. 

The simulations have been able to capture the fast decay of turbulence in swirling flows due to the fast transport of turbulent kinetic energy towards radial direction as a result of the high centrifugal force induced by swirling motion and this helps to reproduce the important recirculation zones seen in experimental results. The results of this study show that LES seems to be more suitable for such complex flows. To fully appreciate these results, the results have compared with those presented at the TNF8 workshop (2006).  

While, a considerable amount of work has been investigated in this work (dynamics of isothermal swirling flow field), still require some effort to improve the accuracy, applicability and efficiency of LES to the field of combustion dynamics modelling. However it is noted that LES simulation still takes significant amount of computational cost. The effort required to accomplish these simulations was reasonably moderate, confirming that LES has a great potential in engineering applications. With further advancement of computer hardware and software technologies LES could be more useful for general engineering flows in the future. 
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FIGURE CAPTIONS

Figure 1: Schematic drawing of the Sydney swirl burner  (adapted from Al-Abdeli and Masri, 2003).

Figure 2: LES predicted time averaged mean and rms fluctuations at 
[image: image183.wmf]4

.

0

/

=

D

x

 using different grid resolutions for case N16S159. Dotted lines represent the Grid 1 results (coarser grid), dashed lines represent the Grid 2 results (finer grid), and symbols represent experimental measurements.

Figure 3: Streamlines generated from the mean velocity field of the non-swirl case (N21S00) obtained from LES calculation.
Figure 4: Comparison of mean axial velocity. Lines represent LES results, and symbols represent experimental measurements.

Figure 5: Comparison of mean radial velocity. Lines represent LES results, and symbols represent experimental measurements.

Figure 6: Comparison of rms of axial velocity fluctuations. Lines represent LES results, and symbols represent experimental measurements.

Figure 7: Comparison of rms of radial velocity fluctuations. Lines represent LES results, and symbols represent experimental measurements.

Figure 8: Comparison of Reynolds shear stress 
[image: image184.wmf]>
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. Lines represent LES results, and symbols represent experimental measurements.

Figure 9: Streamlines generated from the mean velocity field of the moderate swirl case (N29S054) obtained from LES calculation
Figure 10: Comparison of mean axial velocity. Lines represent LES results, and symbols represent experimental measurements.

Figure 11: Comparison of mean radial velocity. Lines represent LES results, and symbols represent experimental measurements.

Figure 12: Comparison of mean swirl velocity. Lines represent LES results, and symbols represent experimental measurements.

Figure 13: Comparison of rms of axial velocity fluctuations. Lines represent LES results, and symbols represent experimental measurements.

Figure 14: Comparison of rms of radial velocity fluctuations. Lines represent LES results, and symbols represent experimental measurements.

Figure 15: Comparison of rms of swirl velocity fluctuations. Lines represent LES results, and symbols represent experimental measurements.

Figure 16: Comparison of Reynolds shear stress 
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. Lines represent LES results, and symbols represent experimental measurements.

Figure 17: Comparison of Reynolds shear stress 
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. Lines represent LES results, and symbols represent experimental measurements.

Figure 18: Streamlines generated from the mean velocity field of the high swirl case (N16S159) obtained from LES calculation
Figure 19: Comparison of mean axial velocity. Lines represent LES results, and symbols represent experimental measurements.

Figure 20: Comparison of mean radial velocity. Lines represent LES results, and symbols represent experimental measurements.

Figure 21: Comparison of mean swirl velocity. Lines represent LES results, and symbols represent experimental measurements.

Figure 22: Comparison of rms of axial velocity fluctuations. Lines represent LES results, and symbols represent experimental measurements.

Figure 23: Comparison of rms of radial velocity fluctuations. Lines represent LES results, and symbols represent experimental measurements.

Figure 24: Comparison of rms of swirl velocity fluctuations. Lines represent LES results, and symbols represent experimental measurements.

Figure 25: Comparison of Reynolds shear stress 
[image: image187.wmf]>
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. Lines represent LES results, and symbols represent experimental measurements.

Figure 26: Comparison of Reynolds shear stress 
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. Lines represent LES results, and symbols represent experimental measurements.
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	Figure 1: Schematic drawing of the Sydney swirl burner  (adapted from Al-Abdeli and Masri, 2003).
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	Figure 2: LES predicted time averaged mean and rms fluctuations of axial velocity at 
[image: image191.wmf]/0.136,0.2

xD

=

 using different grid resolutions for case N16S159. Solid lines represent the Grid 1 results (1 million grid points), dashed lines represent the Grid 2 results (1.44 million grid points), and symbols represent experimental measurements.
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	Figure 3: Streamlines generated from the mean velocity field of the non-swirl case (N21S00) obtained from LES calculation.
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	Figure 4: Comparison of mean axial velocity. Lines represent LES results, and symbols represent experimental measurements.
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	Figure 5: Comparison of mean radial velocity. Lines represent LES results, and symbols represent experimental measurements.
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	Figure 6: Comparison of rms of axial velocity fluctuations. Lines represent LES results, and symbols represent experimental measurements.
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	Figure 7: Comparison of rms of radial velocity fluctuations. Lines represent LES results, and symbols represent experimental measurements.
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	Figure 8: Comparison of Reynolds shear stress 
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	Figure 9: Streamlines generated from the mean velocity field of the moderate swirl case (N29S054) obtained from LES calculation.
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	Figure 10: Comparison of mean axial velocity. Lines represent LES results, and symbols represent experimental measurements.
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	Figure 11: Comparison of mean radial velocity. Lines represent LES results, and symbols represent experimental measurements.
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	Figure 12: Comparison of mean swirl velocity. Lines represent LES results, and symbols represent experimental measurements.
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	Figure 13: Comparison of rms of axial velocity fluctuations. Lines represent LES results, and symbols represent experimental measurements.
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	Figure 14: Comparison of rms of radial velocity fluctuations. Lines represent LES results, and symbols represent experimental measurements.
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	Figure 15: Comparison of rms of swirl velocity fluctuations. Lines represent LES results, and symbols represent experimental measurements.
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	Figure 16: Comparison of Reynolds shear stress 
[image: image207.wmf]>
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. Lines represent LES results, and symbols represent experimental measurements.
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	Figure 17: Comparison of Reynolds shear stress 
[image: image209.wmf]>
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. Lines represent LES results, and symbols represent experimental measurements.
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	Figure 18: Streamlines generated from the mean velocity field of the high swirl case (N16S159) obtained from LES calculation.
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	Figure 19: Comparison of mean axial velocity. Lines represent LES results, and symbols represent experimental measurements.
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	Figure 20: Comparison of mean radial velocity. Lines represent LES results, and symbols represent experimental measurements.
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	Figure 21: Comparison of mean swirl velocity. Lines represent LES results, and symbols represent experimental measurements.
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	Figure 22: Comparison of rms of axial velocity fluctuations. Lines represent LES results, and symbols represent experimental measurements.


	[image: image215.wmf]<

v

'

>

(

m

/

s

)

0

0

.

5

1

1

.

5

0

5

1

0

1

5

x

/

D

=

0

.

1

3

6

0

0

.

5

1

1

.

5

0

5

1

0

1

5

x

/

D

=

0

.

2

<

v

'

>

(

m

/

s

)

0

0

.

5

1

1

.

5

0

5

1

0

1

5

x

/

D

=

0

.

4

0

0

.

5

1

1

.

5

0

5

1

0

1

5

x

/

D

=

0

.

6

<

v

'

>

(

m

/

s

)

0

0

.

5

1

1

.

5

0

5

1

0

1

5

x

/

D

=

0

.

8

0

0

.

5

1

1

.

5

0

5

1

0

1

5

x

/

D

=

1

.

4

r

/

R

<

v

'

>

(

m

/

s

)

0

0

.

5

1

1

.

5

0

5

1

0

1

5

x

/

D

=

2

.

0

r

/

R

0

0

.

5

1

1

.

5

0

5

1

0

1

5

x

/

D

=

2

.

5



	Figure 23: Comparison of rms of radial velocity fluctuations. Lines represent LES results, and symbols represent experimental measurements.


	[image: image216.wmf]<

w

'

>

(

m

/

s

)

0

0

.

5

1

1

.

5

0

5

1

0

1

5

2

0

x

/

D

=

0

.

1

3

6

0

0

.

5

1

1

.

5

0

5

1

0

1

5

2

0

x

/

D

=

0

.

2

<

w

'

>

(

m

/

s

)

0

0

.

5

1

1

.

5

0

5

1

0

1

5

2

0

x

/

D

=

0

.

4

0

0

.

5

1

1

.

5

0

5

1

0

1

5

2

0

x

/

D

=

0

.

6

<

w

'

>

(

m

/

s

)

0

0

.

5

1

1

.

5

0

5

1

0

1

5

2

0

x

/

D

=

0

.

8

0

0

.

5

1

1

.

5

0

5

1

0

1

5

2

0

x

/

D

=

1

.

4

r

/

R

<

w

'

>

(

m

/

s

)

0

0

.

5

1

1

.

5

0

5

1

0

1

5

2

0

x

/

D

=

2

.

0

r

/

R

0

0

.

5

1

1

.

5

0

5

1

0

1

5

2

0

x

/

D

=

2

.

5



	Figure 24: Comparison of rms of swirl velocity fluctuations. Lines represent LES results, and symbols represent experimental measurements.
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	Figure 25: Comparison of Reynolds shear stress 
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. Lines represent LES results, and symbols represent experimental measurements.
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	Figure 26: Comparison of Reynolds shear stress 
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. Lines represent LES results, and symbols represent experimental measurements.
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