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Abstract
Swirl effects on velocity and mixture fraction intermittency have been analysed for turbulent methane flames using LES. Probability density function (pdf) distributions demonstrate a Gaussian shape closer to the centreline region of the flame and a delta function at the far radial position. However, non-Gaussian pdfs are observed for velocity and mixture fraction on the centreline in a region where centre jet precession occurs. Due to the occurrence of recirculation zones, the variation from turbulent to non turbulent flow is more rapid for the velocity than the mixture fraction and therefore indicates how rapidly turbulence affects the molecular transport in these regions of the flame.

Introduction
Swirling flames are commonly used in a variety of practical combustion systems, including diesel and gas turbine engines and industrial furnaces (1, 2). Recirculation zones and vortex breakdown (VB) regions are usually found in many turbulent swirling flames and it is well known that swirl stabilised flames are effective in providing a source of well mixed combustion products. These regions also provide storage of heat and chemically active species to sustain combustion (3). Precession motion and precessing vortex core (PVC) structures also occur with certain conditions in swirling flows (2). Investigation of the intermittency in a turbulent swirling flame is particularly interesting due to the different flow structures and various mixing rates that act to form different regimes in a turbulent flame. In particular, unconfined turbulent swirling flames display an intermittent behaviour in some regions such as inside the recirculation zones and close to the outer edge where flow alternates between turbulent and irrotational states (external intermittency) and also due to differences of energy or scalar dissipation rates (internal intermittency). Mathematically an indicative function can be used to identify the external intermittency in such a way that it has a value of one in the turbulent region and zero in the irrotational region. In other words, external intermittency represents the fraction of time during which a point is inside the turbulent field. The dividing interface between turbulent and laminar regions in a turbulent flame is sharp and constantly distorted by turbulent eddies of different sizes, with the turbulent flame propagating into the irrotational region while laminar fluid is entrained into the turbulent region. Therefore a study of intermittency in swirling flames is important and challenging due to the multi-scale and multi-physics environment.
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In recent years considerable advances have been made toward modelling of swirl stabilised turbulent combustion using the large eddy simulation (LES) technique ranging from simple jet flames to complex practical engineering configurations. Despite the broad range of LES investigations that have been carried for complex swirling flames, identification and analysis of intermittent characteristics for turbulence and scalar mixing are not well understood. Although direct numerical simulation (DNS) is a useful technique to investigate intermittency, it has obvious limitations when considering complex swirling flames due to high Reynolds number with additional complexity due to geometry. Therefore the work described in this paper represents an investigation of the effects of swirl on external intermittency (turbulent-nonturbulent behaviour) characteristic of turbulent unconfined non-premixed swirling flames using LES. The objective is to examine the effects of swirl on the intermittency characteristics of axial velocity and mixture fraction at important regions such as inside a bluff-body stabilised recirculation zone, between two recirculation zones, inside a vortex breakdown bubble and in the outer region of the vortex breakdown bubble in swirling non-premixed flames. The swirl burner used in this work is the Sydney burner (4), which is frequently used in modelling unconfined swirling flames. This work selected an experimental pure methane swirling flame (SM1) with swirl number 0.5 (4) as a base while generating another two numerical flames with increased swirl numbers 0.75 and 1.0.

Swirl Burner and Flame Conditions
Comprehensive detail of the Sydney swirl burner can be found in (5). The burner has a fuel jet of diameter 3.6mm surrounded by a bluff body of D=50mm diameter. The burner also has a primary annulus 5mm wide around the bluff body which provides both axial and swirling air. Swirl is introduced aerodynamically by using tangential ports 300mm upstream of the burner exit. The burner is installed in a wind tunnel which provides a co-flow secondary air stream. In our computations we assumed x mm as axial distance and r mm as radial distance. The experimental variables were the fuel jet velocity
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, the bulk axial and tangential velocities 
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 of the primary air stream, and the mean co-flow velocity 
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 of the secondary air stream. Table 1 shows the simulated parameters for the three cases.
	Case 
	Fuel 
	Uj 
	Us
	Ws
	Ue
	Sg
	Re

	SM1
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	32.7
	38.2
	19.1
	20.0
	0.5
	75900

	SM1a
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	32.7
	38.2
	29.3
	20.0
	0.75
	75900

	SM1b
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	32.7
	38.2
	39.0
	20.0
	1.0
	75900


Table 1. Characteristics properties of flame

Governing equations and modelling:
The governing equations are solved numerically by means of a pressure based finite volume methodology on a Cartesian coordinate system. All simulations were performed using the LES code PUFFIN originally developed by Kirkpatrick et al. (6). Second order central differences (CDS) are used for the spatial discretisation of all terms in both the momentum equation and the pressure correction equation. This minimises the projection error and ensures convergence in conjunction with an iterative solver. The diffusion terms of the mixture fraction transport equation are also discretised using the second order CDS. However, the convection term in the mixture fraction transport equation is discretised using a Simple High Accuracy Resolution Program (SHARP) developed by Leonard (7). The time derivative of the mixture fraction is approximated using the Crank Nicolson scheme. The momentum equations are integrated in time using a second order hybrid scheme. Advection terms are calculated explicitly using second order Adams-Bashforth while diffusion terms are calculated implicitly using second order Adams-Moulton to yield an approximate solution for the velocity field and finally the mass conservation is enforced through a pressure correction step. Several outer iterations 8-10 are used to achieve the convergence for each time step and time steps are advanced with variable Courant number in the range of 0.3-0.6. The Bi Conjugate Gradient Stabilized (BiCGStab) method with a Modified Strongly Implicit (MSI) preconditioner is used to solve the system of algebraic equations resulting from the discretisation.

All three simulations for flames SM1, SM1a, SM1b were performed on Cartesian grids with the dimension of 300 x 300 x 250mm in x, y and z directions by employing 3.4 million cells. The inlet mean velocity profiles were generated using the 1/7th power law. The velocity fluctuations for both axial and swirl components were generated by a Gaussian random number generator and are then added to the mean velocity profiles. A top hat profile is used as the inflow condition for the mixture fraction. A free slip boundary condition is applied at the solid walls and at the outflow, a convective boundary condition is used for the velocities and a zero normal gradient boundary condition is used for the mixture fraction. Simulations were performed for a time sufficient to achieve convergence before storing data for the intermittency calculation.

Results and Discussion
Intermittency:

In general, there are two main streams of research that treat intermittency in present day modelling efforts of turbulent combustion: external intermittency and internal intermittency. Both external and internal intermittency can be seen as multiscale spatio temporal random processes. However, external intermittency is quite different from the internal intermittency and their multi-scale and multi physics characteristics make it difficult to model as a one physical problem for complex turbulent combustion problems. Therefore isolation treatments are the best possible ways to tackle local characteristics of external intermittency in turbulent combustion explicitly or implicitly. The interfacial distinction between turbulence-bearing fluid (e.g. the jet or the boundary layer) and non-turbulent fluid (free stream) is referred to as the external intermittency. Internal intermittency refers to local fluctuations of turbulence intensity (the intermittency in an inertial range of a turbulent flow). 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. The indicator function represents the fraction of the time interval during which a point is inside the turbulent fluid.

Various methods are available to determine the external intermittency factor 
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 in a heated flow for different variables such as velocity, passive and active scalars. The following section provides a discussion of the external intermittency calculation procedure used in this work. The most common method is to estimate a pdf by computing a normalised histogram. This method assumes that the pdf is smooth at the scale of one histogram bin. By applying this procedure, the pdfs were calculated from no less than 4000 measurements at each spatial location using 50 bins equally spaced over the 
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limits of the data. The distributions are normalised such that
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Therefore the external intermittency for velocity and mixture fraction can be defined as the fraction of time that the variable value is greater than an arbitrary threshold value. The corresponding intermittency is calculated from the probability density distribution of the instantaneous values. For example if a threshold value of 
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for variable 
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is selected, the area under the probability density distribution relates to the intermittency such that:
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LES snapshot and selected flame regions: 
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Fig.1. Snapshot of SM1 flame temperature
All three flames (including Fig.1) show high temperature regions on the boundary of the first bluff body stabilised recirculation zone and further downstream near the centreline region inside the second downstream recirculation zone. The small neck region is visible for the SM1 flame near x=60mm (downstream from the burner exit plane) which has also been observed in the experimental data (4, 5). Moreover, all three flames show stagnation regions in the upstream first recirculation zone, where the mean axial velocity is zero just above 40mm, and for the downstream second recirculation zone, where the axial velocity on the centreline is below zero around x=70-130mm depending on the strength of the swirl. Here we focus on four important axial locations and produce pdf and radial intermittency profiles for 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. The pdfs for velocity and mixture fraction and at each axial location (x=30, 55, 100, 155mm) are generated for equal radial distances (r=0, 12, 24, 32 mm). The following three sections discuss the pdf and intermittency for axial velocity and mixture fraction respectively.

Velocity intermittency:
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Fig.2. Comparisons of velocity pdfs at x=30mm at equidistant radial locations r=0mm, 12mm, 24mm and 32mm. Here solid line, dashed line and inverted triangles denote results for swirl numbers 0.5, 0.75 and 1.0
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Fig.3. Comparisons of velocity pdfs at x=100mm at equidistant radial locations r=0mm, 12mm, 24mm and 32mm. Here solid line, dashed line and inverted triangles denote results for swirl numbers 0.5, 0.75 and 1.0
Figures 2-3 show the pdf of axial velocity at x=30, 100mm respectively. The pdfs of axial velocity for all three swirl numbers have a similar shape near the centreline region (r=0 mm, 12mm) at x=30 mm. Since the circular bluff body at the inlet forms a near field recirculation zone for all three cases, the effect of swirl is minimal near the centreline region given the fact that the swirl has been introduced from the secondary inlet. However at far radial locations (the outer region of the bluff body stabilised recirculation zone) (r=24mm and r=32mm) the pdf shapes start to deviate from each other due to direct effect of tangential velocity. It is important to note that both LES and experimental results showed that the centre jet has an irregular random motion. They also showed a large scale wobbling motion of the jet tip in flame SM1. Since the centre jet extends axially closer to x=30 mm, the pdfs of velocity on the centreline at x=30mm show a non-Gaussian behaviour (r=0mm) due to the direct impact of the wobbling motion of the centre jet tip. However, all figures at remaining axial locations (x=55, 100, 155mm) show that the pdfs near the centreline follow the Gaussian shape and then move to a delta function at far radial locations. Moreover, close to the centre-line (r=0, 12mm) these distributions are relatively broad and generally Gaussian, whereas with increasing radial distance they narrow and ultimately form spikes on the co-flow velocity (r=32 mm). The pdfs of the axial velocity at far radial locations (r=24mm and 32mm) at all four axial positions show rapid changes mainly due to the instability occurring on the boundaries of both the upstream recirculation zone and the downstream vortex bubble. Since both the width and length of the recirculation zones depend on swirl strength, the highest swirl case has a wider pdf compared with the lower swirl case.
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Fig.4. Radial profiles of velocity intermittency at x=30mm, 55mm, 100mm and 155mm. Here circles, squares and inverted triangles denote results for swirl numbers 0.5, 0.75 and 1.0
Figure 4 shows the radial profiles of the axial velocity intermittency at x=30, 55, 100 and 155mm respectively. Since the burner has a secondary co-flow velocity of 20 m/s, the calculation used a threshold value of 
[image: image19.wmf]10/

th

ums

=

(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 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.

The distributions of the velocity intermittency profiles at different axial locations indicate the effect of swirl on external intermittency with respect to a selected threshold value. As expected, differences in the axial velocity intermittency appear mainly near the centreline region. For example, Figure 4 shows little effect of swirl on the velocity intermittency near the centreline inside the bluff body stabilised recirculation zone (x=30mm). However, the effect of swirl on intermittency of the axial velocity component is apparent at other axial locations such as between the two recirculation regions (x=55 mm), inside the second recirculation region (x=100mm) and at the downstream boundary of the second recirculation region (x=155 mm). The effect of swirl on axial velocity intermittency also indicates the presence of a small scale turbulent fluctuation near the centreline region which is important in swirl combustion. The radial profiles of velocity intermittency on the other hand follow a similar distribution for all three cases at far radial positions at the considered axial locations. This is expected due to the co-flow velocity of 20 m/s which is twice the considered threshold value (10 m/s) for determining the velocity intermittency.

Mixture fraction intermittency:

In Figures 5-6 the pdfs of the mixture fraction are displayed at axial locations x=30mm and 155mm respectively. These results are qualitatively similar to the velocity pdfs. The centreline mixture fraction pdfs at x=30mm (Figure 5) show non-Gaussian behaviour for all three cases due to centre jet precession which has been observed in both LES and experimental data. 
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Fig.5. Comparisons of mixture fraction pdfs at x=30mm at equidistant radial locations r=0mm, 12mm, 24mm and 32mm. Here solid line, dashed line and inverted triangles denote results for swirl numbers 0.5, 0.75 and 1.0
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Fig.6. Comparisons of mixture fraction pdfs at x=100mm at equidistant radial locations r=0mm, 12mm, 24mm and 32mm. Here solid line, dashed line and inverted triangles denote results for swirl numbers 0.5, 0.75 and 1.0

However, the shape of the pdf at other axial locations (x=55, 100 and 155mm) show Gaussian behaviour on the centreline (r=0mm) and near centreline radial locations (r=12mm) before reverting into delta functions at far radial locations (r=32mm). Furthermore the pdfs show a wider spread of the mixture fraction field at far radial locations (r=24, 32mm) for the highest swirl case due to higher centrifugal force for all four axial locations. 
Figure 7 shows the radial profiles of intermittency at x=30, 55, 100 and 155mm respectively. The relation between the stoichiometric mixture fraction and temperature is an important factor in this work as a result of using the flamelet model. Therefore selecting a stoichimetric mixture fraction value as a threshold could help to determine the similarities and differences between the mixture fraction and temperature intermittency. Here we used a threshold value of
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 which is a stoichiometric mixture fraction for pure methane SM1 swirling flame.
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Fig.7. Radial profiles of mixture fraction intermittency at x=30mm, 55mm, 100mm and 155mm. Here circles, squares and inverted triangles denote results for swirl numbers 0.5, 0.75 and 1.0

As seen in Figure 7 the radial variation of the mixture fraction intermittency follows a Gaussian shape at all axial locations for all three cases. Since absolute values of intermittency are very similar at many radial locations for all three cases, we conclude that the swirl impact on external intermittency is minimal for the first three axial locations (x=30, 55, 100mm). However, as seen in Figure 7 the swirl starts to affect the mixture fraction intermittency at the furthest downstream axial location (x=155mm) depending on the tangential velocity strength.

Conclusions 

A large eddy simulation has been applied to study the effect of swirl on intermittency of turbulent non-premixed flames. Probability density functions and intermittency profiles have been generated for velocity and mixture fraction. Derived probability density functions show changes from a Gaussian shape to a delta function with increased radial distance at several selected axial locations. Non-Gaussian behaviour of both velocity and scalar 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 differences of the pdfs and intermittency in velocity and scalars for a complex swirling flame in the presence of recirculation zones and precession motion demonstrate the effect of swirl on external intermittency. The entrainment process of sheared fluid in the flame is governed by the large scale motions of turbulent eddies enclosing irrotational fluid, so the radial transport of momentum and scalar quantities in such a free shear flow is strongly dependent on intermittency phenomena, and the explicit derivation of external intermittency is thus important for accurate prediction of momentum exchange. Further extraction of the characteristic time and length scales, and velocities, of the entrained irrotational fluid could allow quantitative estimation of the influence of intermittency on this momentum exchange. 
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