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ABSTRACT

In this paper we present the modelled results of velocity and mixture fraction intermittency for selected isothermal swirling jet flows using large eddy simulation (LES). The modelled problems considered three different swirl numbers S=0.3, 0.54 and 0.8 respectively.  The probability density functions (pdf) and intermittency of velocity and mixture fraction are presented. The simulations capture well complex flow features such as centre jet precession, a bluff body stabilised recirculation zone, and swirl induced vortex breakdown and also describe the effects of far field flow as well as scalar distributions. The calculated probability density distributions exhibit changes from a Gaussian to a delta function with increased radial distance from the jet centreline, and also a non-Gaussian shape on the jet centreline near the precession region. The radial variation of the intermittency shows differences between results with increased swirl number, especially inside the downstream swirl-induced recirculation region.
Key Words: Jet, Bluff body, Swirl, Mixing, Intermittency, LES

1. INTRODUCTION
Use of swirl as a positive mixing factor has been growing in the last six decades. Swirl provides advantages for the mixing in engineering applications over a wide range of areas in energy, environmental, biological sciences etc. Many swirling flows exhibit different flow regions such as recirculation zones and vortex breakdown (VB) bubbles and therefore effectively improve the mixing quantities especially for combustion applications (Escudier, 1988, Gupta et al., 1984). Highly unsteady flow features such as flow oscillations and precessing vortex core (PVC) structures also occur in swirling flows (Syred, 2006). Intermittent generation of turbulence and mixing in swirling flow is particularly important due to existence of high levels of fluctuations generated in different flow regions.  The combination of recirculation, vortex breakdown and precession motion involve a hierarchy of scales with intensive exchange of energy between scales of motion and therefore the study of intermittency should help determine different physical insight in complex swirling flows.  In particular, free shear swirling flows display an intermittent behaviour in key regions, such as inside the recirculation zones and close to the outer edge of the flow, where it alternates between turbulent and irrotational states (external intermittency) as well as due to differences in kinetic energy and scalar dissipation rates (internal intermittency). 
The physical interpretation of this flow intermittency has to be divided into two distinct parts; with separate consideration of external intermittency and internal intermittency.  The interfacial distinction between turbulent-bearing fluid (e.g. the jet or the boundary layer) and non-turbulent fluid (free stream) is referred to as the external intermittency; whilst internal intermittency refers to spotiness of local fluctuations of small scale turbulence intensity and dissipation (intermittency within an inertial energy range of a turbulent flow).  Both external and internal intermittency can be seen as multiscale spatio-temporal random processes. Mathematically external intermittency can be expressed using an indicator function with the value of one in turbulent regions and zero in non-turbulent (laminar) regions.
Initial experimental and analytical studies focused on calculating intermittency for various benchmark problems in fairly simple geometries. Townsend (1948) first reported spatial (internal) intermittency in the fine scale structure of a turbulent velocity field. Becker et al. (1965) have taken intermittency data for the scalar in turbulent jets. Wygnanski and Fiedler (1969) also obtained intermittency data for a self-preserving high Reynolds number axisymmetric turbulent jet. Bilger et al. (1976) investigated the temperature intermittency using a probability density function approach while Shefer and Dibble (2001) reported the (external) intermittency as a function of time for the mixture fraction for a propane round jet. Many theoretical analyses have also been reported. For example, Libby (1975), Dopazo (1977) and Chevray and Tutu (1978) have initiated theoretical explanations for (both internal and external) intermittent flows. Later Sreenivasan (1985), Jimenez (2000), Gibbson and Doering (2003) and Li and Meneveau (2006) discussed various analytical explanations on turbulent intermittency. 

In recent decades, numerical simulation has made remarkable advances in many areas including turbulence and combustion. With recent advances in computer processing techniques and speed, applications of Direct Numerical Simulation (DNS) and Large Eddy Simulation (LES) techniques have become feasible especially for more fundamental investigations.  In DNS, all the length and time scales of turbulence are directly resolved and hence no turbulence models are required.  In LES, large scales of turbulence are directly computed from spatially filtered equations with the effect of the small scales requiring a sub-grid scale turbulence model. Reynolds Averaged Navier-Stokes (RANS) techniques in which mean quantities are solved for across all scales have been successfully used to predict intermittency in both non-reacting and reacting applications.  For example, a 
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 model based intermittency model was developed by Byggstoyl and Kollomann (1981) and Kollmann and Janicka (1982) studied the intermittency using transport probability density function (PDF). Cho and Chung (1992) developed a more economical intermittency model by incorporating an intermittency transport equation into an already existing 
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turbulence model. Several groups extended the Cho and Chung (1992) intermittency model and applied this to different applications such as an axisymmetric plume (1997), and a plane plume (2000). Pope (1984) also calculated intermittency using velocity-composition transported PDF, while Savill (2005) discussed the development of a Reynolds stress intermittency transport model for predicting intermittency in transitional flows, which has subsequently also been used successfully by Alvani (2004) to improve PDF predictions for the pre-ignition mixing of combusting ignitability. 
Arguably, direct numerical simulation (DNS) in which all scales are resolved, could be the best numerical technique to simulate both turbulence and intermittency in flows with and without swirl. In practice, computational capacity limits the direct use of fully resolved numerical technique for high Reynolds number time-dependent multidimensional problems such as considered in the present work. Recently however LES technique has made considerable progress towards the prediction of swirling flows. For example, Wegner et al. (2004) carried out LES calculations for isothermal swirling flow fields and predicted the PVC phenomena with a good degree of success. Roux et al. (2005) studied an LES of an isothermal flow field for a gas turbine combustor and correctly predicted both the major PVC oscillation frequency and a strong second acoustic mode. Their work also demonstrated the capability of LES to capture the strong coupling between the acoustics and the swirl flow dynamics. Selle et al. (2004) carried out LES of an industrial gas turbine burner, and captured the entire PVC structure for the isothermal flow fields. Wang et al. (2004) detected low frequency oscillations and precession in their LES calculations of confined isothermal swirl flows.  Furthermore Wang et al. (2007) have conducted successful LES calculations of flow dynamics for an operational aero engine combustor and found encouraging results for the PVC phenomena. 
Despite this broad range of LES investigations that have been carried out for complex swirling flows, the physical interpretation of intermittent characteristics for turbulent free swirling jets are not well understood. Since the radial transport of momentum and scalar quantities in free swirling flow is strongly dependent on intermittency phenomena, the behaviour of both external and internal intermittency in free swirling flows with the presence of recirculation, vortex breakdown and precession motion is not only a classical problem, but also a starting point for comprehension of the intermittency involved in swirling flows.  In swirling jets, 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 and therefore numerical prediction of external intermittency becomes challenging due to the resulting anisotropic turbulence structure found in such recirculation zones. The work described in this paper represents an investigation into the effects of swirl on external intermittency characteristics of such turbulent unconfined swirling flows using the LES technique. 
The paper extends a previous investigation which provided comprehensive analysis of external intermittency for a high Reynolds number turbulent round jet, and round jet with a circular bluff body stabilised near field recirculation zone (Ranga Dinesh et al. 2010). The present objective was to examine the effects of swirl on intermittent behaviour of velocity and mixture fraction in different flow regions of swirling jet flows, and their variation with respect to swirl number at four important axial locations: inside the bluff body stabilised recirculation zone; between the upstream and downstream recirculation zones; inside the downstream recirculation zone also known as the vortex breakdown (VB) bubble;  and further downstream at the boundary of the vortex breakdown bubble.  The swirl configuration used in  this work features unconfined swirling flow fields generated by an upstream recirculation zone and, a second downstream recirculation zone induced by swirl, which greatly improves the mixing process. In addition, the swirling flow fields generate central jet precession close to the burner exit, for which more details can be found in (Al-Abdeli and Masri, 2003, 2004). 
The paper is organised as follows: Section 2 describes the details of the burner geometry; followed by the governing equations, theoretical formulations and modelling considerations in section 3. In section 4 we discuss the numerical setup; followed by the results and discussion in section 5, which focuses on LES validation, the probability density functions (pdfs), and radial profiles of intermittency for the axial velocity and the mixture fraction behaviour with respect to three different swirl numbers. We summarise the conclusions in section 6 and suggest future work.

2. DETAILS OF THE MODELLED GEOMETRY 
A schematic of the swirl burner configuration used in this work is shown in Fig. 1 (Al-Abdeli and Masri, 2003, 2004). It has a 60mm diameter annulus for a primary swirling air stream surrounding the circular bluff body of diameter 
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diameter central fuel jet. The jet fluid for isothermal cases is air. 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 300mm upstream of the burner exit plane and inclined 15 degrees upward to the horizontal plane. 
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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, bulk axial and tangential velocities of the primary (air) stream, 
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 respectively, and the mean co-flow velocity of the secondary (air) free stream in the wind tunnel, 
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. The is outflow provides well defined outer boundary conditions.
Generally the swirl number defined as the ratio between the axial flux of the swirl momentum, 
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where 
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 are the mean axial and tangential velocities at the exit plane of the swirl generator. However, 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 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
[image: image31.wmf]g

S

 (Al-Abdeli and Masri, 2003). 
In the present work, we have considered three different isothermal test cases with three different swirl numbers
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. For numerical investigation the same experimental expression has been used to define the swirl number. The test case with the swirl number 
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was selected from the experimental database where it is defined as N29S054 (Al-Abdeli and Masri, 2003, 2004). In addition two more numerical flow fields have been considered corresponding to N29S030 and N29S080 with swirl number 0.3 and 0.8 respectively. The flow conditions considered in the simulations presented here are shown in Table 1. Here 
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are bulk axial and swirling velocities of the annulus, 
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	N29S030

	29.7
	8.9
	66.0
	20.0
	0.3
	59000

	N29S054


	29.7
	16.0
	66.0
	20.0
	0.54
	59000

	N29S080

	29.7
	23.7
	66.0
	20.0
	0.8
	59000


Table 1. Parameters of the investigated numerical cases 
3. GOVERNING EQUATIONS AND MODELLING
3.1 Governing Equations 
The LES technique is based on the computation of the largest scales explicitly whilst the effect of the smaller scales (the so called sub-grid scales) are modelled using a sub-grid scale (SGS) model. The governing equations are the spatially filtered incompressible mass, momentum and mixture fraction equations and can be written as: 
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where 
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 denote the velocity, density, pressure, kinematic viscosity, mixture fraction concentration and laminar Schmidt numbers, and the strain rate tensor, 
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. Since these swirling flames contain relatively high velocities, we do not consider the buoyancy effects and thus neglect the gravitational force in the momentum equations. 
The terms 
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 in equation (4) result from the unresolved sub-grid scale contributions and hence subsequent modelling is required to close the filtered momentum equations and filtered mixture fraction equation. Here we employed the Smagorinsky (1963) eddy viscosity model to calculate the SGS stress tensor 
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and the 
[image: image55.wmf]()

j

j

ufuf

g

=-

 such that 
 
[image: image56.wmf]sgs

tj

f

x

n

g

s

-

¶

=

¶

                                                                                                              (6)

where 
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 is the turbulent Schmidt number. The eddy viscosity 
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where 
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 is a Smagorinsky [31] model parameter and 
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. We employed the localised dynamics procedure of Piomelli and Liu (1995) to obtain the subgrid scale turbulent Schmidt number (
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) and the model parameter 
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appearing in equations (6) and (7). 
To calculate the model parameters 
[image: image64.wmf]s

C

 dynamically, here we used the well known dynamic procedure which calculates the model coefficient dynamically using instantaneous local flow conditions. This dynamic procedure involves the application of two filters and the model coefficient are computed dynamically as the calculation progresses (rather than imposed a priori) based on the energy content of the smallest resolved scale. In addition to the grid filter, which defines the resolved and sub-grid scales, a test filter is used, whose width 
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.Similar to grid scale filter, the test scale filter can also defines the new set of stresses leading to a test level sub-grid scale tensor 
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The resolved turbulent stresses or Leonard stresses
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Which represent the contribution of the smallest resolved scales to the Reynolds stresses, can be computed from the resolved velocity, and they are related to the sub-grid scale stresses, 
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The sub-grid and sub-test scale stresses are then parameterised by eddy viscosity approach 
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Substituting equations (11) and (12) into (10) yields 
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This is a set of five independent equations. To obtain a single coefficient from the five independent equations, Lilly (1992) proposed to minimise the sum of the squares of the residual:
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By contracting both sides (13) with 
[image: image75.wmf]µ

ij

ij

ab

-

to yields 


[image: image76.wmf]µ

µ

µ

()

1

(,)

2

()()

a

ij

ijij

mnmn

mnmn

L

Cxt

ab

abab

-

=-

--







           (15)

The Smagorinsky coefficient 
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can be computed as
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. However, the Germano et al. (1991) dynamic procedure can exhibit some drawbacks such as prediction of local negative eddy viscosity values.  A number of techniques have therefore been developed to avoid any negative values arising from the procedure, such as averaging along the homogeneous direction, time averaging the local value (Eulerian), time averaging along streamline (Lagrangian), filtering in space.  
In comparison, the present work employed a less expensive localised dynamic procedure proposed by Piomelli and Liu (1995), which involves finding an approximate solution to the integral equation by using the value of constant 
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at previous time step. In addition, a local average over the test cell is needed in this localised dynamic model and this has been implemented by running the model coefficient field through the test filter at the end of the procedure.
4. NUMERICAL SETUP
4.1 Numerical Discretisation 

The mathematical formulations for mass, momentum and mixture fraction are solved numerically by means of a pressure based finite volume method using the large eddy simulation code PUFFIN developed by Kirkpatrick et al. (2003) and validated for a wide range applications including reacting and non-reacting swirl flows (Ranga Dinesh et al., 2009, Kempf et al., 2008). Spatial discretisation is achieved using a non-uniform Cartesian grid with a staggered cell arrangement.  Second order central differences (CDS) are used for the spatial discretisation of all terms in both the momentum equation and the pressure correction equation. The diffusion terms of the mixture fraction transport equation are also discretised using the second order CDS. The convection term of the mixture fraction transport equation is discretised using a third order QUICK with ULTRA flux limiter (Leonard and Mokhtari, 1990) to ensure that the solution remains monotonic. The momentum and mixture fraction transport equations are integrated in time using a second order hybrid Adams-Bashforth/Adams-Moulton scheme. The pressure correction method of Van Kan (1986) and Bell et al. (1989) which involves solving an equation for pressure correction rather than the pressure is used for the present work. The solution to this equation is then used to project the approximate velocity field that results from the integration of the momentum equations onto a subset of divergence free velocity fields. The time step is varied to ensure that the maximum Courant number 
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remains approximately constant where 
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 direction. The solution is advanced with time steps corresponding to a Courant number in the range of 
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0.3 to 0.5.  A Gauss-Seidel solver is used to solve the system of algebraic equations resulting from the numerical discretisation of momentum and mixture fraction transport equations.  The BiCGStab method with a Zebra Gauss-Seidel preconditioner using successive overrelaxation (SOR) and Chebyshev acceleration is used to solve the algebraic equations resulting from the discretisation of pressure correction equation. 

4.2 Grid resolution and boundary conditions 
The computations were performed on a non-uniform Cartesian grid in a domain with dimensions
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directions respectively. Initially two different grid resolutions were employed to check the grid sensitivity analysis of LES. Two grids with 
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(approximately 3 million) cells in the x, y and z directions were employed.  Although both grids offered similar comparisons with experimental data, the results presented in this work were all produced using the higher resolution grid with three million grid points. For this grid, grid lines in 
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 is used in the z-direction. 
The mean velocity distributions for the jet and annulus flows were specified using power law velocity profiles such as: 

[image: image95.wmf]1/7

1.2181

j

y

UU

d

æö

<>=-

ç÷

èø

                                                  


           (16)

Where 
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 is the bulk velocity, 
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 the radial distance from the jet centre line and
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. A similar approach is used for the primary annulus to specify the mean axial and swirl velocities by replacing corresponding parameters. 
Here we employed an artificial inflow condition to produce instantaneous velocity component 
[image: image100.wmf]In

U

 such that 


[image: image101.wmf](,)(,)

InMeanrms

UxtUxtu

q

¢

=+

 

                   
                                               (17)

where 
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is the mean inflow velocity, 
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is the root mean square turbulent fluctuation and 
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is a random number having a Gaussian distribution. This method has been successfully employed to generate turbulence in previous investigations (Kempf et al. 2008, Ranga Dinesh and Kirkpatrick, 2009). A top-hat profile is used as the inflow conditions for the mixture fraction in which mixture fraction value is equal to 1.0 at the fuel inlet and 0.0 elsewhere including the primary annulus air stream and secondary co-flow stream. A free slip boundary conditions is applied at the solid walls, while at the outflow plane a zero normal gradient is used for the velocities and the mixture fraction. All simulations were carried out for the total time period of 
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 and two non-consecutive sampling periods yielded similar results, indicating that the statistics were well converged. 

5. RESULTS AND DISCUSSION 

The results are discussed in terms of distributions of both time-averaged and instantaneous quantities. This section commences with comparisons of the LES computations and available experimental measurements. Next a detailed discussion of external intermittency estimations is provided. Then in a final sub-section, we focus on the derivation of probability density function (pdf) distributions for both axial and swirl velocity, alongside radial variation of external intermittency, respectively for low, medium and high swirl numbers. 
5.1 Validation 

Before discussing the intermittency results from this study, the accuracy of the current LES results has been addressed. For this, we considered a test case N29S054 with medium swirl number
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for which experimental measurements are available for LES model validation (Al-Abdeli and Masri, 2003, 2004).
A comparison between LES results and experimental measurements for the time averaged mean axial (left side) and mean swirl (right side) velocity at x/D=0.136, 0.4, 0.8 and 2.0 is shown in Figure 2. Where D=50mm is the diameter of the bluff body and R=25mm is the radius of the bluff body.  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 x/D=0.4 from the burner exit plane. The centreline axial velocity rapidly decays with increasing distance downstream. Between 0.8<x/D<1.0, the centreline velocity become negative and the flow stagnate and thus exhibit the vortex breakdown zone. Further downstream of the VB zone predictions show the correct trend but agreement is not as good as the near burner region. Figure 2 also shows the time averaged swirl velocity (left side) at four different axial locations. The agreement is generally good. The comparisons between LES results and experimental data are good at axial locations x/D=0.136, 0.2 and 0.4, capturing the sharp changes and peak values. Further downstream the LES computations exhibit slight over predictions with increasing radial distance, but generally the agreement is reasonably good.

Radial profiles of time-averaged rms fluctuations of axial (left-hand side) and swirling (right-hand side) are shown in Figure 3. The centreline rms axial velocity fluctuation values are somewhat underpredict at most of the axial locations. The rms swirl velocity is slightly over predicted at the outer shear layer of the upstream recirculation zone at x/D=0.136 and 0.2. Magnitudes and distribution of rms axial and swirl velocity fluctuations indicate significant anisotropy of turbulence inside the upstream and downstream recirculation zones and LES computations with sufficient grid resolutions have been successful in predicting the trends as well as profiles. 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. 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.  
Having cross-validated the experimental and LES techniques in this way, next we extended our investigation to the probability density function (pdf) distribution analysis and intermittency calculation respect to different swirl numbers. The following sub-sections thus present a detailed analysis of pdf and intermittency in the context of large eddy simulation with respect to low, medium and high swirl strengths. 

5.2. Intermittency Calculation 

We first describe how the external intermittency is calculated from an available numerical/experimental database: Generally, a statistical tool is required for external intermittency calculations. Since external intermittency is an instantaneous phenomenon, the numerical/experimental data base should contain only instantaneous values for corresponding variables. In the present LES calculation we stored instantaneous axial velocity and mixture fraction at various axial and radial locations aiming to produce the probability density function (pdf) distributions and then calculate the intermittency based on pdf values.  Therefore the probability density function (pdf) plays an important role in this regard. For example, a normalised histogram method tested by Andreotti and Douady (1999) can be used to determine the pdf.  Thus the intermittency value can be calculated using a summation of probability values for a given threshold value.  For consistency, we adopted a similar technique to that used by Schefer and Dibble (2001) to calculate the external intermittency for this round jet configuration. In their method, the intermittency for a particular variable can be calculated from pdfs for which we assumed that the pdf is smooth at the scale of one histogram bin. Both experiment and simulation used 8000 measurements at each spatial location with 50 bins over 
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 limits of data. As such the normalised PDF’s can be written as 
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The intermittency value 
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 (Gamma) can be calculated from the probability values with respect to a specified threshold value such that 
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5.3 Velocity Field 

Figures 4 (a-c) show instantaneous velocity fields for three different swirl numbers. The plots show an increase of the recirculation zone sizes both axially and radially with increased swirl number. The flow field for S=0.3 (Figure 4(a)) shows separation of a near field bluff body stabilised recirculation zone and far field swirl stabilised recirculation zone at around x=55mm downstream axial location. However, both recirculation zones merge for the increased swirl number S=0.54 (Figure 4(b)) and continue to extend for the highest swirl number, as shown in Figure 4(c) (S=0.8). As seen in all three plots, the introduction of the swirl causes rapid axial momentum decay and also creates more rotational vortices in the near field and far field regions. These rotational vortices interact with the swirl velocities and form complex flow patterns. Depending on the swirl strength and jet velocity, a high level of turbulence occurs between shear layers and also a precession motion for the centre jet. Snapshots of the filtered swirl velocity for cases with swirl numbers S=0.3, 0.54 and 0.8 are shown in Figures 5 (a-c).  The plots reveal the variation of swirl velocities with respect to increased swirl number and the occurrence of high centrifugal forces in boundary regions of the recirculation zones. 
Here we focus on four important axial locations and produce pdf and radial intermittency profiles for axial velocity and mixture fraction. The first axial location is selected inside the bluff body stabilised recirculation zone (x=30 mm), the second location is situated between the upstream and downstream recirculation zones (x=55 mm), the third axial location is inside the downstream recirculation zone also known as the vortex breakdown bubble (x=100mm) and the fourth axial location is further downstream and on the boundary of the downstream recirculation zone (x=155 mm). The selected axial locations are marked in each figure.
Figures 6-9 illustrate the pdf of axial velocity at four different axial locations x=30mm, 55mm, 100mm and 155mm respectively. The pdf shapes exhibit similar variation for many radial locations particularly at downstream axial locations (r=0mm, 12mm, 32mm at x=100mm, 155mm). It is important to note that we have observed the centre jet precession for all three cases. Since the centre jet axially moves close to x=30mm, the centreline pdf variation (r=0mm) shows non-Gaussian behaviour due to the direct effect of centre jet precession.  However, the pdf distributions for all three cases become Gaussian at intermediate locations (r=12mm, 24mm) and eventually convert to a delta function at far radial locations (r=32mm). As seen in Figure 7, the pdf of velocity at x=55mm has a Gaussian shape at r=0mm, 12mm and 24mm for all three cases. However, at r=32mm only the pdf of velocity becomes delta function for S=0.3 remains Gaussian for the cases with swirl numbers S=0.54 and 0.8. 
Figure 8 shows the pdf of velocity at x=100mm. Despite having a small variation, pdfs of velocity follow the Gaussian shape on the centreline and surrounded region (r=0mm, 12mm, 24mm) before changing to a delta function at radial locations (r=32mm). As seen in Figure 9 similar behaviour is apparent at the far downstream axial location x=155mm. Furthermore, except at x=30mm where jet precession occurs, the pdfs of the velocity distributions are broad and usually Gaussian, whereas with increasing radial distance they narrow and ultimately form spikes on the co-flow velocity (r=32mm).  However, since some radial locations (r=0mm, 12mm) of all selected axial locations are situated in either upstream or downstream recirculation zones, the pdfs of axial velocity show rapid decay particularly in the near field axial locations (x=30mm, 55mm). The pdfs of velocity at these locations (r=0mm, 12mm) further illustrate a coupling relation  between turbulence and jet precession that could lead to the formation of intermittent regions closer to the centreline in contrast to the standard turbulent round jet, where intermittency can be expected only in the outer region.  

Figure 10 displays the radial variation of velocity intermittency at four different axial locations x=30mm, 55mm, 100mm and 155mm respectively.  Here the radial distance (r mm) is normalised by the bluff body diameter (D=50mm). Since the burner has a secondary co-flow velocity of 20 m/s, the calculation used a threshold value of 
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(half of the secondary axial co-flow velocity). This has been further supported by the vortex breakdown (VB) phenomenon for all three cases. The formation of the centre recirculation zone (VB bubble) creates a negative axial velocity near the centreline region. Therefore using a lower threshold value (10 m/s) compared to the inlet axial velocity (32.7 m/s) flow conditions should demonstrate the effect of swirl on intermittency of the axial velocity near the centreline region due to the axial extends of negative axial velocity (recirculation and vortex breakdown) depend on the strength of swirl. However, it is important to note that the shape of the external intermittency distribution for the axial velocity component is more sensitive to the threshold value, especially with the addition of swirl due to formation of the negative axial velocity region on the centreline compared to a standard round jet where the intermittency profile of the axial velocity should follow a standard Gaussian distribution.
As seen in Figure 10, the velocity intermittency at x=30mm shows little effect from the swirl velocity as a result of the formation of a bluff body stabilised upstream recirculation zone. However, the intermittent behaviour varies significantly with respect to swirl strength at further downstream axial locations. For all three cases, the centreline intermittency values at x=55mm, 100mm and 155mm illustrate a non-turbulent behaviour with respect to the selected threshold velocity value. The intermittency values spread more towards the radial direction with increased swirl number as a result of the high centrifugal force. The effect of swirl on velocity intermittency also indicates the phenomenon of a small scale turbulent fluctuation which is an important issue for example to identify the local extinction and re-ignition in turbulent swirl combustion applications. 
5.4 Mixture Fraction Field 
Figure 11 (a-c) show snapshots of the mixture fraction for swirl number S=0.3, 0.54 and 0.8 respectively. Such information provides a good insight into the development of the mixture fraction field with respect to the swirl number before analysing the intermittency. The mixture fraction fields for all three cases show similar expansion in the bluff body stabilised recirculation zone. However, swirl does not appear to improve the mixing in the upstream recirculation region which is mainly dominated by the bluff body stabilised recirculation zone. More rapid expansion in the radial direction is visible for the cases with increased swirl number (Figure 11 (b) and (c)). The largest swirl case S=0.8 shows more turbulence structures in both the upstream and downstream recirculation regions. The recirculation zones act directly to spread the mixture fraction and thus improve the mixing as shown in Figure 11 (b) and (c).  

The pdf of a mixture fraction at radial locations r=0mm, 12mm, 24mm and 32mm at four different axial locations x=30mm, 55mm, 100mm and 155mm are shown in Figures 12-15. A similar approach to that discussed in the velocity intermittency section was applied to determine the pdfs of the mixture fraction. The pdf plots are qualitatively similar to those derived from the velocity pdfs. As seen in Figure 12, the centreline pdf shows a non-Gaussian shape due to the centre jet precession and thus indicates important extra characteristics of mixing compared with the standard Gaussian behaviour of a turbulent round jet. This finding might be more useful for the combustion application in the presence of turbulence and heat release. The centreline pdfs of mixture fraction at x=55mm (Figure 13) show a Gaussian shape for the lowest swirl case (S=0.3), but show non-Gaussian behaviour with increased swirl number (S=0.54, 0.8).  The shapes show much more irregular patterns at intermediate regions (r=12mm) before converting to a delta function at far radial locations (r=24mm, 32mm).  However, at far downstream axial locations x=100mm and 155mm (Figure 14 and 15) the pdfs of the mixture fraction follow the Gaussian shape near the centreline region (r=0mm, 12mm) and convert to delta function at far radial locations (r=24mm, 32mm).  
The radial profiles of the mixture fraction intermittency at x=30, 55, 100, 155mm are shown in Figure 16. Here we used a mixture fraction threshold value of
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, which is similar to the value used in the intermittency jet investigation carried out by Schefer and Dibble (2001). The effect of swirl on mixture fraction intermittency is a minimum at the first two axial locations (x=30mm, 55mm) for the selected threshold value. However, swirl starts to affect the mixture fraction intermittency at far downstream axial locations (x=100mm, 155mm). As seen in Figure 16, the centreline mixture fraction intermittency values become less for increased swirl number and follow a non-Gaussian shape. Again the mixture fraction intermittency profiles demonstrate the effect of swirl on mixture fraction intermittency as the centreline mixture fraction intermittency show changes from turbulent to non-turbulent inside the centre recirculation zone.  
6. CONCLUSIONS 

The primary focus of this work was to examine the effects of swirl on the external intermittency of isothermal swirling jets using large eddy simulations. The modelled problems involved three different swirl numbers 0.3, 0.54 and 0.8. The instantaneous velocity fields show the formation and extension of bluff body stabilised and swirl induced recirculation zones which depend on the swirl number. Derived probability density function distributions for both velocity and mixture fraction indicate changes from Gaussian distributions to a delta function at the considered axial and radial locations. Non-Gaussian behaviour of both velocity and mixture fraction pdfs were observed on the centreline as a result of centre jet precession and the precessing vortex core.  The precession motion of the centre jet not only affects the region close to the jet, but also the downstream region in the free swirl jet. The intermittency factors calculated at different axial locations demonstrate the regional changes between turbulent and laminar values with respect to a given threshold. The radial intermittency profiles further indicate differences at near and far fields due to the formation of one or more recirculation zones.  Particularly the radial profiles of mixture fraction intermittency show less Gaussian behaviour close to the centre recirculation region for high swirl cases compared with corresponding velocity intermittency. The sharp gradient of turbulence levels due to increasing swirl velocity in the shear layer regions affect the radial variation of mixture fraction intermittency. The swirl induced intermittency also indicates increased entrainment and an adjustment to mixing characteristics which can influence turbulent non-premixed combustion. The entrainment process of sheared and stretched fluid in these swirling free jets is governed by the large scale motions of turbulent eddies enclosing irrotational fluid and is thus further modified by swirl induced intermittency. 
In addition, the observed pdf distributions and intermittency results also highlight some important issues relevant to further development of turbulence models to tackle intermittency more effectively; either explicitly or implicitly.   In the context of LES, solving an additional modified intermittency transport equation and then including the intermittency factor into the Smagorinsky eddy viscosity model is one possible method. Further extraction of the characteristic time, length scales and velocities of the entrained irrotational fluid could permit us to quantitatively estimate the involvement of swirl induced intermittency in the complete momentum exchange. 

Acknowledgment: We are grateful to the EPSRC for their financial support under grant EP/E036945/1 on the Modelling and Simulation of Intermittent Flows. 

REFERENCES

Al-Abdeli, Y.M, Masri, A.R., 2003, Recirculation and flow field regimes of unconfined non-reacting swirling flow. Exp. Therm. Fluid Sci. 23, pp. 655-665.
Al-Abdeli, Y.M, Masri, A.R., 2004, Precession and recirculation in turbulent swirling isothermal jets. Combust. Sci. Tech. 176, pp. 645-665.
Alvani, R.F., 2004, Mathematical modelling of the ignition characteristics of flammable jets. PhD Thesis, University of Leeds, UK
Andreotti, B, Douady, S., 1999, On probability distribution functions in turbulence.  Part 1. A regularisation method to improve the estimate of a PDF from an experimental histogram, Physica D 32, pp. 111-132.
Bell, J.B, Colella, P, Glaz, H.M., 1989, A second order projection method for the incompressible Navier-Stokes equations, J. Comput. Phys. 85, pp. 257-283.
Becker, H.A,  Hottel, H.C, Williams, G.C., 1965, Concentration intermittency in jets. Tenth Symp Combut , The Combust  Inst. 
Bilger, R.W, Antonia, R.A, Sreenivasan, K.R., 1976, Determination of intermitency from the probability density function of a passive scalar. Phys Fluids 19 (10), pp. 1471-1474.
Byggstoyl, S, Kollmann, W., 1981, Closure model for intermittent turbulent flows. Int J Heat Mass Transfer 24, pp. 1811-1818.

Cho, J.R, Chung, M.K., 1992, A 
[image: image113.wmf]g

e

-

-

k

equation turbulence model. J Fluid Mech 237, pp. 301-322.
Chevray, R, Tutu, N.K., 1978, Intermittency and preferential transport of heat in a round jet. J Fluid Mech 88, pp.133-145.

Dopazo, C., 1977, On conditioned averages for intermittent turbulent flows. J Fluid Mech 81, pp. 433-445.

Dewan, A, Arakeri, J.H, Srinivasan, J.A., 1997, A new turbulence model for the axisymmetric plane. J Appl Math Model 21, pp. 709-791.
Escudier, M., 1988, Vortex breakdown: observations and explanations. Prog. Aero. Sci. 25, pp.189-229.
Germano, M, Piomelli, U, Moin, P, Cabot, W.H., 1991, A dynamic sub-grid scale eddy viscosity model,  Phy. Fluids 3, pp. 1760-1765
Gupta, A.K, Lilley, D.J, Syred, N., 1984, Swirl flows. Tunbridge Wells, UK: Abacus Press.
Gibbson, J.D, Doering, C.R., 2003, Intermittency in solutions of the three dimensional Navier-stokes equations. J. Fluid Mech. 478, pp. 227-235

Jimenez, J., 2000, Intermittency and cascades. J. Fluid Mech. 409, pp. 99-120
Kalita, K,  Dewan, A, Dass, A.K., 2000, Computation of the turbulent plane plume using the model. J Appl Math Model 24(11), pp. 815-826
Kempf, A, Malalasekera, W, Ranga Dinesh, K.K.J, Stein, O., 2008, Large eddy simulation with swirling non-premixed flames with flamelet model: A comparison of numerical methods, Flow Turb. Combust. 81, pp.523-561

Kirkpatrick, M.P, Armfield, S.W, Kent J.H., 2003, A representation of curved boundaries for the solutions of the Navier-Stokes equations on a staggered three dimensional Cartesian grid.  J. Comput. Phy 104, pp. 1-36

Kollomann, W, Janicka, J., 1982, The probability function of a passive scalar in turbulent shear flows. Phy Fluids 25(10), pp. 1755-1769. 
Leonard, B.P, Mokhtari, S., 1990, Beyond first order upwind: The ULTRA SHARP alternative for non-oscillatory steady-simulation of convection, Int. J. Num. Meth. Eng. 30, pp. 729-766

Libby, P.A., 1975, On the prediction of intermittent turbulent flows. J Fluid Mech. 68, pp. 273-279.
Li Y and C. Meneveau., 2006, Intermittency trends and Lagrangian evolution of Non-Gaussian statistics in turbulent flow and scalar transport. J. Fluid Mech. 558, pp. 133-142.
Malalasekera, W, Ranga Dinesh, K.K.J, Ibrahim, S.S, Kirkpatrick, M.P, 2007, Large eddy simulation of isothermal turbulent swirling jets, Combust. Sci. Tech. 179, pp. 1481-1525.
Piomelli, U, Liu, J., 1995, Large eddy simulation of channel flows using a localized dynamic model. Phy. Fluids 7, pp. 839-848.

Pope, S.B., 1984, Calculation of plane turbulent jet. AIAA J. 22(7), pp. 896-904.
Ranga Dinesh, K.K.J, Kirkpatrick, M.P., 2009, Study of jet precession, recirculation and vortex breakdown in turbulent swirling jets using LES, Int. J. Comput. Fluids 38 (6), pp. 1232-1242.
Ranga Dinesh, K.K.J, Savill, A.M, Jenkins, K.W, Kirkpatrick, M.P., 2010, LES of intermittency in a turbulent round jet with different inlet conditions, Int. J. Comput. Fluids 39 (9), pp. 1685-1695.
Roux, S, Lartigue, G, Poinsot, T, Meier, U, Berat, C., 2005, Studies of mean and unsteady flow in s a swirled combustor using experiments, acoustic analysis and large eddy simulations. Combust. Flame 141, pp. 40-54.
Savill, A.M., 2005, New Strategies in modelling bypass transition. Closure Staregies in Turbulent & Transitional Flows, Cambridge University Press Chapter 18. 
Schefer, R.W, Dibble, R.W., 2001, Mixture fraction field in a turbulent nonreacting propane jet. AIAA J. 39, pp. 64-72.
Selle, L, Lartigue, G, Poinsot, T, Koch, R et al., 2004, Compressible large eddy simulation of turbulent combustion in complex geometry on unstructured meshes. Combust. Flame137, pp. 489-505.
Smagorinsky, J., 1963, General circulation experiments with the primitive equations. M. Weather Review. 91, pp. 99-164.
Sreenivasan, K.R., 1985, On the fine scale intermittency of turbulence. J. Fluid Mech.151, pp. 81-103.
Syred, N., 2006, A review of oscillation mechanisms and the role of the precessing vortex core (PVC) in swirl combustion systems. Prog. Energy. Combust. Sci. 32, pp. 93-161.
Townsend, A.A., 1948, Local isotropy in the turbulent wake of cylinder. Austr J Sci Res. 1, pp. 161-168.
Van Kan, J.A., 1986, Second order accurate pressure correction scheme fir viscous incompressible flow, SIAM J. Sci. Stat. Comput. 7, pp. 870-891.
Wang, P, Bai, X, Wessman, X.M, Klingmann, J., 2004, Large eddy simulation and experimental studies of a confined turbulent swirling flow. Phy. Fluids 16, pp.3306-3324.
Wang, S, Yang, V, Hsiao, G, Hsieh, S, Mongia, H., 2007, Large eddy simulations of gas turbine swirl injector flow dynamics. J. Fluid. Mech. 583, pp. 99-122.
Wenger, B, Maltsev, A, Schneider, C, Sadiki, A, Dreizler, A, Janicka, J., 2004, Assessment of unsteady RANS in predicting swirl flow instability based on LES and experiments. Int. J. Heat Fluid Flow 25, pp. 28-36.
Wygnanski, I, Fiedler, H.E., 1969, Some measurements in the self preserving jet. J Fluid Mech. 38, pp. 577-612.
FIGURE CAPTIONS
Figure 1. Schematic drawing of the Sydney swirl burner  
Figure 2. Comparison of mean axial velocity (left-hand side) and mean swirl velocity (right-hand side) for the case N29S054 with swirl number 0.54. Lines represent LES results, and symbols represent experimental measurements

Figure 3. Comparison of rms axial velocity fluctuation (left-hand side) and rms swirl velocity fluctuation (right-hand side) for the case N29S054 with swirl number 0.54. Lines represent LES results, and symbols represent experimental measurements

Figure 4. Snapshots of the filtered axial velocity for three cases with swirl numbers (a) S=0.3 (b) S=0.54 (c) S=0.8

Figure 5. Snapshots of the filtered swirl velocity for three cases with swirl numbers (a) S=0.3 (b) S=0.54 (c) S=0.

Figure 6. Probability density function (pdf) of the axial velocity at x=30mm. Here, solid lines, dashed lines and dashed-dotted lines indicate results for cases with swirl number S=0.3, 0.54 and 0.8 respectively

Figure 7. Probability density function (pdf) of the axial velocity at x=55mm. Here, solid lines, dashed lines and dashed-dotted lines indicate results for cases with swirl number S=0.3, 0.54 and 0.8 respectively

Figure 8. Probability density function (pdf) of the axial velocity at x=100mm. Here, solid lines, dashed lines and dashed-dotted lines indicate results for cases with swirl number S=0.3, 0.54 and 0.8 respectively

Figure 8. Probability density function (pdf) of the axial velocity at x=155mm. Here, solid lines, dashed lines and dashed-dotted lines indicate results for cases with swirl number S=0.3, 0.54 and 0.8 respectively

Figure 10. Radial profiles of velocity intermittency at x=30mm, 55mm, 100mm and 155mm. Here, circles, squares and triangles denote results for cases with swirl numbers S=0.3, 0.54 and 0.8 respectively

Figure 11. Snapshots of the filtered mixture fraction for three cases with swirl numbers (a) S=0.3 (b) S=0.54 (c) S=0.8

Figure 12. Probability density function (pdf) of the mixture fraction at x=30mm. Here, solid lines, dashed lines and dashed-dotted lines indicate results for cases with swirl number S=0.3, 0.54 and 0.8 respectively

Figure 13. Probability density function (pdf) of the mixture fraction at x=55mm. Here, solid lines, dashed lines and dashed-dotted lines indicate results for cases with swirl number S=0.3, 0.54 and 0.8 respectively

Figure 14. Probability density function (pdf) of the mixture fraction at x=100mm. Here, solid lines, dashed lines and dashed-dotted lines indicate results for cases with swirl number S=0.3, 0.54 and 0.8 respectively

Figure 15. Probability density function (pdf) of the mixture fraction at x=155mm. Here, solid lines, dashed lines and dashed-dotted lines indicate results for cases with swirl number S=0.3, 0.54 and 0.8 respectively

Figure 16. Radial profiles of mixture fraction intermittency at x=30mm, 55mm, 100mm and 155mm. Here, circles, squares and triangles denote results for cases with swirl numbers S=0.3, 0.54 and 0.8 respectively
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Figure 2. Comparison of mean axial velocity (left-hand side) and mean swirl velocity (right-hand side) for the case N29S054 with swirl number 0.54. Lines represent LES results, and symbols represent experimental measurements
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Figure 3. Comparison of rms axial velocity fluctuation (left-hand side) and rms swirl velocity fluctuation (right-hand side) for the case N29S054 with swirl number 0.54. Lines represent LES results, and symbols represent experimental measurements
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	Figure 4. Snapshots of the filtered axial velocity for three cases with swirl numbers (a) S=0.3 (b) S=0.54 (c) S=0.8
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	Figure 5. Snapshots of the filtered swirl velocity for three cases with swirl numbers (a) S=0.3 (b) S=0.54 (c) S=0.
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	Figure 6. Probability density function (pdf) of the axial velocity at x=30mm. Here, solid lines, dashed lines and circles indicate results for cases with swirl number S=0.3, 0.54 and 0.8 respectively
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	Figure 7. Probability density function (pdf) of the axial velocity at x=55mm. Here, solid lines, dashed lines and circles indicate results for cases with swirl number S=0.3, 0.54 and 0.8 respectively
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	Figure 8. Probability density function (pdf) of the axial velocity at x=100mm. Here, solid lines, dashed lines and circles indicate results for cases with swirl number S=0.3, 0.54 and 0.8 respectively
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	Figure 9. Probability density function (pdf) of the axial velocity at x=155mm. Here, solid lines, dashed lines and circles indicate results for cases with swirl number S=0.3, 0.54 and 0.8 respectively
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	Figure 10. Radial profiles of velocity intermittency at x=30mm, 55mm, 100mm and 155mm. Here, circles, squares and triangles denote results for cases with swirl numbers S=0.3, 0.54 and 0.8 respectively
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	Figure 11. Snapshots of the filtered mixture fraction for three cases with swirl numbers (a) S=0.3 (b) S=0.54 (c) S=0.8
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	Figure 12. Probability density function (pdf) of the mixture fraction at x=30mm. Here, solid lines, dashed lines and circles indicate results for cases with swirl number S=0.3, 0.54 and 0.8 respectively
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	Figure 13. Probability density function (pdf) of the mixture fraction at x=55mm. Here, solid lines, dashed lines and circles indicate results for cases with swirl number S=0.3, 0.54 and 0.8 respectively
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	Figure 14. Probability density function (pdf) of the mixture fraction at x=100mm. Here, solid lines, dashed lines and circles indicate results for cases with swirl number S=0.3, 0.54 and 0.8 respectively
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	Figure 15. Probability density function (pdf) of the mixture fraction at x=155mm. Here, solid lines, dashed lines and circles indicate results for cases with swirl number S=0.3, 0.54 and 0.8 respectively
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	Figure 16. Radial profiles of mixture fraction intermittency at x=30mm, 55mm, 100mm and 155mm. Here, circles, squares and triangles denote results for cases with swirl numbers S=0.3, 0.54 and 0.8 respectively.
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