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ABSTRACT: In this paper we present the modelled results of turbulence, scalar mixing and intermittency for three 
different basic fluid dynamical problems using large eddy simulation (LES). The modelled problems are a turbulent 
round jet, a bluff body stabilised jet, and a bluff body stabilised swirl jet in a co-flow environment. Both 
instantaneous and time averaged results along with the probability density functions (pdf) and intermittency of 
velocity and passive scalar are presented. Simulations well captured the flow features of jet, bluff body stabilised jet 
and bluff body stabilised swirl jet. The instantaneous and time averaged data show the differences in turbulence and 
mixing and also an improvement of mixing in the presence of a bluff body and swirl.  The addition of bluff body and 
swirl affect the structure of pdfs for both velocity and passive scalar at different axial and radial locations. The radial 
variation of intermittency at locations close to the centreline indicates turbulent to non-turbulent phenomena with 
respect to bluff body and swirl at both upstream and downstream recirculation regions. 
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1. INTRODUCTION 

The investigations of turbulence and mixing in 
engineering applications are continuously 
growing for a wide range of engineering and 
scientific applications in energy, environment, 
biological sciences etc. Theoretical, experimental 
and numerical studies of scalar mixing for 
benchmark fluid dynamical problems such as jet, 
coaxial jet, coaxial swirl jet etc. in confined and 
unconfined environment continue to be 
undertaken with the aim of improving the 
efficiency and accuracy of the mixing patterns 
while improving the safety and economy of 
associated engineering systems.  
Early experimental investigations mainly focused 
on turbulent mixing of both reacting and non-
reacting jet flows. For example, Corrsin (1943), 
Corrsin and Uberoi (1950) studied turbulent 
mixing and temperature fluctuations in turbulent 
jets. The turbulent quantities of the scalar field 
were also investigated by Oboukhov (1949), 
Corrsin (1951), Batchelor et al. (1959). 
Wygnanski and Fiedler (1969) demonstrated the 
details of turbulence intermittency and skewness 
for a self preserving jet. In addition, more recent 
experimental studies carried out by 
Panchapakesan and Lumley (1993), Hussein et al. 
(1994) and Dowling and Dimotakis (1990) 
demonstrated key physical aspects of turbulent 

mixing and statistical properties for turbulent 
axisymmetric jets.  
Many experimental investigations also studied the 
self-similarity of a passive scalar. For example, 
Becker et al. (1967), Birch et al. (1978), Dahm 
and Dimotakis (1985) and Dowling and 
Dimotakis (1990) studied the self-similar 
behaviour of jets. Scheffer et al. (1994) also 
studied the large scale structure in a mixing of 
isothermal turbulent methane jet and analysed the 
instantaneous concentration profiles aiming for 
intermittency predictions. Warhaft (2000) 
reviewed the passive scalar mixing in turbulent 
flows and discussed many important aspects of 
the associated fluid dynamics such as energy 
spectra, probability density functions and variance.  
Various researchers also derived mathematical 
models for scalar mixing and applied them to 
different scalar mixing problems. For example, 
Broadwell and Breidenthal (1982) derived a 
mixing model based on flamelets and 
Kolmogorov cascade phenomena that can address 
jet flame blowout. Kerstein (1990) developed a 
powerful linear eddy model that can address the 
effects of Reynolds, Schmidt and Damkoeler 
number. The recent developments of computing 
hardware and software accessories now allow 
computational modellers to perform high fidelity 
numerical calculations with good degree of 
accuracy. Hence in recent time researchers have 
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been keen to conduct high fidelity large scale 
numerical simulations such as so called direct 
numerical simulations (DNS) and large eddy 
simulations (LES). In DNS, all length and time 
scales of turbulence are directly resolved and 
hence no turbulence models are required, but 
currently this technique is only feasible for 
relatively low Reynolds number flows.  In LES, 
large scales of turbulence are directly computed 
with the effect of the small scales requiring a 
turbulence model.  
Recently several DNS studies have been carried 
out to study the scalar mixing in transitional and 
turbulent situations. For example, Brancher et al. 
(1994), Verzicco and Orlandi (1994) performed 
DNS of a transitional jet and Boersma et al. (1998) 
conducted DNS of a fully developed jet. Lubbers 
et al. (2001) extended Boersma’s work and 
studied the self-similarity of the passive scalar 
field using DNS. Babu and Mahesh (2005) also 
investigated the passive scalar mixing for a 
turbulent jet using DNS and introduced a 
diffusive dominant brush-like region for a 
turbulent round jet.  
However, the majority of DNS studies are still 
limited to moderate Reynolds number flows and 
hence investigators are keen to perform less 
expensive numerical simulations while 
maintaining good degree of accuracy. In this 
context, the large eddy simulation (LES) 
technique can be used for simulation of turbulent 
mixing especially for high Reynolds number flow 
situations. LES is capable of simulating higher 
Reynolds number flows in both simple and 
complex geometries and hence many calculations 
have been conducted successfully using 
affordable computing power.  
Akselvoll and Moin (1996), for example, first 
computed mixing of turbulent confined coaxial 
jets using LES and compared their results with 
available experimental data. Pierce and Moin 
(1998) subsequently extended Akselvoll and 
Moin (1996) work for the coaxial swirl jet and 
conducted combustion calculations with heat 
release. Recently, Dianat, et al. (2006) studied the 
scalar mixing of a confined coaxial jet using LES 
and discussed different numerical schemes for the 
discretisation of scalar transport equation. Garcia-
Villalba et al. (2006) discussed the large scale 
coherent structures in the near field of a confined 
coannular swirl jet. Very recently, Frohlich et al. 
(2008) also studied the scalar mixing and 
coherent structures for a coaxial swirl jet using 
LES. 
The majority of investigations reported earlier 
were concerned mostly with a single problem 

such as a jet, a coaxial jet or a coaxial swirl jet. A 
detailed discussion of similarities and 
discrepancies for mixing and intermittency within 
a single framework has not been pursued. The 
discussion of such work in a single framework is 
particularly needed to achieve greater universality 
in engineering problems while improving the 
overall understanding of such problems. To this 
end the present work uses LES to study the 
turbulence, mixing and intermittency of three 
different benchmark problems within a single 
framework. The problems considered for this 
work may be defined as a turbulent jet, a bluff 
body stabilised jet, a bluff body stabilised swirl 
jet.  
In this work, first we address the similarities and 
differences for both velocity and scalar fields to 
ensure that the LES subgrid model along with 
numerical discretisation schemes reliably predict 
the different flow features and scalar mixing 
patterns and then discuss the probability density 
functions and intermittency profiles for relevant 
configurations. The remainder of the paper is 
organised as follows: in section 2, we discuss the 
details of three different configurations. In section 
3, we describe the governing equations and 
modelling followed by the numerical setup.  
Section 4 discusses the results from these 
simulations and finally the conclusion is given in 
section 5. 

2. DETAILS OF THE MODELLED 
GEOMETRIES 

Figure 1 shows schematics of the three problems 
considered in this work. The round jet has a 
diameter of D=3.6mm and the same diameter is 
used for the jet of the bluff body stabilised case 
and the bluff body stabilised swirl case. The 
diameter of the bluff body is chosen as 50mm. 
For the bluff body stabilised swirl jet, a secondary 
annulus with 60mm diameter is used. All three 
cases also use a secondary axial co-flow. The 
flow parameters are the bulk axial velocity of the 
jet, jU , bulk axial and tangential velocities of the 

annular stream, sU and sW , and the co-flow 

velocity of the secondary stream, eU . The 

Reynolds number of the jet is defined in terms of 
the primary (bulk) axial velocity (66 m/s), the 
diameter of the jet (D=3.6mm) and the kinematic 
viscosity of air   such that Re j jU D  . The 

geometric swirl number ( gS ) is expressed as the 

ratio of integrated (bulk) tangential velocity to
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primary axial air velocities (
ss UW ). The 

Schmidt number used is 0.7  . Table 1 shows 
the values of the flow parameters used in the 
present work.  

3. COMPUTATIONAL SETUP 

3.1 Mathematical formulations 

The LES technique is based on the explicit 
simulation of the largest scales, 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 passive 
scalar equations and can be written as:  
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The terms  jijiij uuuu   in equation (2) and 

( )jju f u f    in equation (3) result from the 

unresolved sub-grid scale contributions and hence 
subsequent modelling is required to close the 
filtered momentum equations and filtered scalar 
equation. Here we employed the Smagorinsky 
(1963) eddy viscosity model to calculate the SGS 

stress tensor  jijiij uuuu   such that 
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where t  is the turbulent Schmidt number. Here 

the eddy viscosity sgs  is given as a function of 

the filter size and strain rate 

2

sgs sC S    (6) 

 (a) 

    (b) 

 (c) 

Fig. 1 Configurations used for the present study. 
The jet diameter is 3.6mm, the bluff body 
diameter is 50mm and the swirling annulus 
diameter is 60mm respectively. 

Table 1 Flow conditions used in the study. 

Flow case (m/s)sU  (m/s)sW  (m/s)jU  (m/s)eU  gS  Re j  

Jet 0.0 0.0 66 20 0 14000 

Bluff body 
stabilised jet 

0.0 0.0 66 20 0 14000 

Bluff body 
stabilised swirl jet 

29.7 16.0 66 20 0.54 14000 
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where sC  is a Smagorinsky (1963) model 

parameter and 2

1

)2(|| ijij SSS  . Here we employed 
the localised dynamics procedure of Piomelli and 
Liu (1995) to obtain the subgrid scale turbulent 
Schmidt number ( t ) and the model parameter 

sC appearing in equations (5) and (6).  

3.2 Numerical discretisation  

The mathematical formulations for mass, 
momentum and passive scalar are numerically 
solved by means of a pressure based finite volume 
method using the large eddy simulation code 
PUFFIN developed by Kirkpatrick et al. (2003a, b) 
and validated for a wide range of applications 
including reacting and non-reacting swirl flows 
(Ranga-Dinesh and Kirkpatrick, 2009, Kempf et 
al. 2008). The code has been recently parallelised 
by Kirkpatrick (2008) and the results presented in 
this paper have been obtained using the parallel 
version. 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. This minimises the 
projection error and ensures convergence in 
conjunction with an iterative solver. The diffusion 
terms of the passive scalar transport equation are 
also discretised using the second order CDS. The 
convection term of the passive scalar transport 
equation is discretised using a third order QUICK 
with ULTRA flux limiter (Leonard, 1990) to 
ensure that the solution remains monotonic. 
The momentum and passive scalar transport 
equations are integrated in time using a second 
order Adams-Bashforth 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 iio xtuC  remains approximately 

constant where ix  is the cell width, t  is the 

time step and iu  is the velocity component in the 

ix  direction. The solution is advanced with time 

steps corresponding to a Courant number in the 
range of oC 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 passive scalar transport equations. 
The BiCGStab method with a Zebra Gauss-Siedel 
preconditioner using successive overrelaxation 
(SOR) and Chebyshev acceleration is used to 
solve the algebraic equations resulting from the 
discretisation of pressure correction equation. 

3.3 Domain size, grid resolution and 
boundary conditions 

The computations were performed on a non-
uniform Cartesian grid in a domain with 
dimensions 300 300 250mm  . The grid has 
160 160 120  cells in the x, y and z directions 
respectively giving a total of approximately three 
million cells. Grid lines in the x and y directions 
use an expansion ratio of 

( ) ( 1) 1.05xy x i x i       and an expansion 

ratio of 1.03z   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:  

1/ 7

1.218 1j

y
U U
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 (7) 

where 
jU  is the bulk velocity, y  the radial 

distance from the jet centre line and 1.01 jr  , 

where 1.8jr mm . Similar format is used for the 

primary annulus to specify the mean axial and 
swirl velocities by replacing corresponding 
parameters. The turbulence at the inlets is 
modelled by superimposing fluctuations on the 
mean velocity profiles generated from a Gaussian 
distribution. A top-hat profile is used as the 
inflow conditions for the passive scalar. A free 
slip boundary conditions is applied at the solid 
walls and at the outflow plane, a convection 
boundary condition is used for the velocities and a 
zero normal gradient is used for the passive scalar. 
All simulations were carried out for the total time 
period of ms300  and two non-consecutive 
sampling periods yielded similar results 
indicating that the statistics were well converged. 

4. RESULTS AND DISCUSSION 

The results will be discussed under two sections. 
The basic idea of the separation is to discuss the 
mean flow calculations and intermittency 
separately. The first section discusses the velocity 
field for both instantaneous and time averaged 
quantities and the second section discusses the 
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probability density functions (pdf) and radial 
variation of intermittency for both velocity and 
scalar fields. 

4.1 Instantaneous and Mean Flow 
Calculations 

Figures 2(a-c) show instantaneous velocity 
vectors for the jet, bluff body stabilised jet, and 
bluff body stabilised swirl jet. The plots show an 
increase in the complexity of the vector field for 
the bluff body stabilised jet and the bluff body 
stabilised swirl jet. The velocity vector field for 
the jet is noticeably different from the other two 
cases. It remains almost parallel in the near field 
which is affected by the co-flow velocity and 
decays smoothly at downstream axial locations. 
However, the velocity field with a bluff body 
(Figure 2(b)) shows vortex roll up in the near 
field and the formation of a recirculation zone due 
to the adverse pressure gradient. The bluff body 
stabilised jet (Figure 2(b)) also expands radially at 
a significantly greater rate than that seen for the 
jet (Figure 2(a)). In the bluff body stabilised swirl 
jet (Figure 2(c)), 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 (Figure 
2(c)). The velocity vector field in the swirl case 
also shows different vorticity structures in the 
central region which indicate a high level of 
turbulence in the regions where we can expect 
precession behaviour. 
Figures 3(a-c) show the contour plots of the time 
averaged mean axial velocities for the three cases. 
As seen in Figure 3(a) the calculation well 
captured the centre jet potential core while 
observing the axisymmetric behaviour. Figure 3(b) 
shows the bluff body stabilised recirculation zone 
and the formation of counter rotating vortices 
associated with the jet and co-flow which are 
identical at both sides of the jet. A torroidal 
shaped recirculation zone is formed as a result of 
sudden expansion at the bluff body wall. However, 
there is no stagnation point along the centreline. 
No lateral spread is being imposed onto the 
central jet by the recirculation zone. The centre jet 
potential core has been significantly reduced as a 
result of the bluff body and therefore the 
centreline axial velocity reduces compared with 
the plain jet. Figure 3(c) shows the time averaged 
mean axial velocity for the bluff body stabilised 
swirl jet. As expected, the flow field exhibit 
complex flow patterns involving the formation of 

a second centre recirculation zone known as a 
vortex breakdown (VB) bubble. In the swirl case, 
the formation of the upstream recirculation zone 
is different from that of the bluff body and the 
size of the eddies inside the upstream 
recirculation zone are relatively smaller than that 
in the bluff body stabilised jet, which is directly 
affected by the primary annulus velocities. In 
addition, the momentum of the annular jet moves 
more rapidly away from the centreline 
demonstrating that the jet spreads more rapidly 
depending on the local strength of the swirl. 
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Fig. 2 Instantaneous velocity vector fields for  
(a) jet, (b) bluff body stabilised jet and  
(c) bluff body stabilised swirl jet. 
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Fig. 3 Contour plots of the mean axial velocity for  
(a) jet, (b) bluff body stabilised jet and (c) bluff 
body stabilised swirl jet. 

Fig. 4 Contour plots of the r.m.s. axial velocity for  
(a) jet, (b) bluff body stabilised jet and (c) bluff 
body stabilised swirl jet. 
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Fig. 5 Centreline mean axial velocity. Chained, dashed 
and solid lines indicate results for the jet, bluff 
body stabilised jet and bluff body stabilised swirl 
jet, respectively. 
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Figures 4(a-c) show the root mean square (r.m.s) 
fluctuations of axial velocity. The rms axial 
fluctuation of the plain jet (Figure 4(a)) has high 
values in the shear layer region and gradually 
decreases in the far field. For the bluff body 
stabilised jet (Figure 4(b)), high rms axial 
fluctuations are observed in regions where the 
centre jet is constrained by the recirculating flow. 
The rms axial fluctuations for Figure 4(b) and (c) 
contain anisotropy of turbulence inside 
recirculation zones and the present simulations 
accurately captured the turbulence structures for 
the two cases. It may also be observed that the 
rms fluctuations remain relatively high inside the 
recirculation region while mean axial velocities 
are small. 
The time averaged centreline mean axial velocity 
is shown in Figure 5. The plot shows the scaled 
centreline velocity 0/U U as a function of the 

distance from the jet exit plane (here U m/s is the 
centreline axial velocity and 0U is the axial 

velocity at jet orifice). As seen in this figure, the 
reduction of the mean axial velocity along the 
centreline is clearly visible for both bluff body 
stabilised and bluff body stabilised swirl jets. The 
sudden reduction of the mean axial velocity 
appears in between x/D=10-20 in where the bluff 
body stabilised recirculation forms. In addition, 
the swirl jet shows a negative mean axial velocity 
and thus forms the vortex breakdown bubble. In 
earlier studies, we have shown that LES results 
and in good agreement with experimental data for 
both bluff body stabilised jet and bluff body 
stabilised swirl jet and complete discussion can be 
found in Malalasekera et al. (2007).  
Figures 6-8 show the iso-surfaces of the passive 
scalar for the jet, bluff body stabilised jet and 
bluff body stabilised swirl jet respectively. Such 

information provides a good insight into the 
development of the passive scalar field over the 
computational domain. The iso-surface for the jet 
expands uniformly through the domain. The iso-
surfaces of the bluff body stabilised jet shows 
more rapid expansion in the radial direction and 
appears to be more strongly affected by 
turbulence structures from the bluff body. The 
turbulence and mixing expand radially even more 
rapidly in the bluff body stabilised swirl jet as a 
result bluff body and swirl. Hence the bluff body 
stabilised swirl jet shows more turbulence 
structures at both upstream and downstream 
recirculation regions. Finally, these plots indicate 
how mixing takes place for three different 
situations. 
Figure 9 shows the instantaneous passive scalar in 
a plane perpendicular to the axial direction (cross 
section) at x/D=10 downstream axial location. 
Here D is the diameter of the jet (D=3.6mm). The 
selected axial location lies within the bluff body 
stabilised recirculation zone and hence we are 
able to analyse the effect of the recirculation zone 
on scalar mixing. Figure 9(a), (b) and (c) shows 
the snapshots of passive scalar for the jet, bluff 
body stabilised jet and bluff body stabilised swirl 
jet. As seen in Figure 9(a) the radial expansion of 
the jet is very small. However the recirculation 
zone directly acts to spread the scalar and thus 
improves the mixing for the bluff body stabilised 
jet and bluff body stabilised swirl jet. Furthermore, 
swirl does not appear to improve the mixing in 
the upstream recirculation region which is mainly 
dominated by the bluff body stabilised 
recirculation zone. 
Figure 10 shows the velocity vector field and 
passive scalar at a cross section of the jets at 
x/D=20. Figure 10(a) and (b) shows the velocity 
vector field and instantaneous passive scalar for  

 

Fig. 6 Iso-surfaces of the passive 
scalar for jet for a value of 
0.05. 

Fig. 7 Iso surfaces of the passive 
scalar for a bluff body 
stabilised jet for a value of 
f=0.05. 

Fig. 8 Iso-surfaces of the passive 
scalar for a bluff body 
stabilised swirl jet for a 
value of f=0.05. 
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bluff body stabilised swirl jet while (c) shows the 
passive scalar mixing for the bluff body stabilised 
jet at x/D=20 where the swirl induced second 
downstream recirculation occurs. The velocity 
vector field shows the occurrence of rotational 
vortices while passive scalar mixing (b) shows 
improvement of radial spread as a result of the 
swirl. However passive scalar mixing (c) of bluff 
body stabilised jet shows less mixing and less 
radial spread due to the absence of swirl induced 
recirculation zone. Therefore figures 9 and 10 
shows how bluff body individually and in 
combination with swirl affect the temporal 
evolution of the scalar mixing inside the 
recirculation zones created by bluff body and 
swirl.  
Figure 11 shows the axial decay of the mean 
centreline passive scalar scaled with the values at 
the orifice. Here F is the centreline passive scalar 
and 0F is the passive scalar value at jet orifice, 

and D is the diameter of the jet (3.6mm). The 
plots contain three data sets such that the chained, 
dashed and solid lines indicate results for the jet, 
bluff body stabilised jet and bluff body stabilised 
swirl jet respectively. The passive scalar of the jet, 
bluff body stabilised jet and bluff body stabilised 
swirl jet profiles collapse to one curve at near 
field and then start to diverge from each other at 
intermediate and far field axial locations. As 
indicated by the arrow in Figure 11 the centreline 
mean passive scalar starts to decrease at around 
x/D=15 which appears sharp for bluff body 
stabilised and swirl stabilised jets respectively. 
The effect of the bluff body cause a decrease of 
mean passive scalar by about a factor of two 
compared with the plain jet. In the swirl case, 
both bluff body and swirl together act to reduce 
the centreline mixing by approximately a factor of 
three compare to the jet only case. Therefore the 
combination of bluff body and swirl can 
significantly increase the mixing in the radial 
direction and thus reduce the axial extent of the 
high concentration zone. 
Figures 12 and 13 show radial profiles of the time 
averaged mean passive scalar and passive scalar 
variance at six axial locations. The profiles were 
produced to cover the near field, intermediate 
region and far field axial locations. The plots 
contain three data sets such that the chained, 
dashed and solid lines indicate results for the jet, 
bluff body stabilised jet and bluff body stabilised 
swirl jet respectively. Figure 12 shows that the 
profiles at the first two axial locations indicate the 
radial spread of the passive scalar is very much 
 

 
Fig. 9 Instantaneous passive scalar in cross section at 

x/D=10. Here (a) jet, (b) bluff body stabilised jet 
and (c) bluff body stabilised swirl jet. 
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Fig. 10 Comparison of the (a) velocity vector field,  

(b) instantaneous passive scalar field for bluff 
body stabilised swirl jet and (c) bluff body jet 
at x/D=20. 
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Fig. 11 Centreline mean passive scalar, chained, 

dashed and solid lines indicate results for the 
jet, bluff body stabilised jet and bluff body 
stabilised swirl jet, respectively. 
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similar for jets with bluff body and swirl. 
However, the difference becomes increasingly 
apparent at downstream axial locations as a result 
of vortex breakdown. Although the centreline 
mean axial velocity significantly reduces for the 
swirl case at downstream locations compared to 
the plain jet, the radial spread shows similar 
behaviour for the bluff body stabilised jet and 
bluff body stabilised swirl jet. Further 
downstream, the passive scalar is seen to mix 
much more rapidly in the swirl cases, due to 
direct effect of the VB bubble. Figure 13 shows 
radial profiles of the passive scalar variance at six 
different axial locations. The plots of the passive 
scalar variance show high peaks in the plain jet. 
The peaks are lower for the bluff body stabilised 
jet and bluff stabilised swirl jet. 

4.2 Intermittency Calculation 

The mathematical definition for 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 a fraction of the time interval 
during which a point is inside the turbulent fluid. 
A normalised histogram method tested by 
Andreotti and Douady (1999) can be used to 

determine the probability density function (pdf) 
which is required for the intermittency calculation. 
Thus the intermittency value can be calculated 
using a summation of probability values for a 
given threshold value (it is important to note that 
we consider external intermittency i.e. at the 
interface between turbulent and non-turbulent 
zones rather than internal intermittency which 
refers to the variability of energy within the 
turbulent scales) . 
In this study we used the method proposed by 
Schefer and Dibble (2001) for intermittency 
calculation. In this method, the intermittency can 
be calculated from pdfs in which we assumed that 
the pdf is smooth at the scale of one histogram bin. 
Here 8000 measurements at each spatial location 
with 50 bins over 3   limits of data are 
considered. Therefore the normalised pdf’s can be 
written as  

 
1

0
1P f df   (8) 

The intermittency value   (Gamma) can be 
calculated from the probability values respect to 
considered threshold value such that  

( )thP f f    (9) 
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Fig. 12 Radial comparisons of mean passive scalar, 
chained, dashed and solid lines indicate results 
for the jet, bluff body stabilised jet and bluff 
body stabilised swirl jet, respectively. 

Fig. 13 Radial comparisons of passive scalar variance, 
chained, dashed and solid lines indicate results 
for the jet, bluff body stabilised jet and bluff 
body stabilised swirl jet, respectively. 
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The comparisons of velocity pdf distributions at 
equidistant radial locations r=0mm, 10mm, 20mm 
and 30mm at different axial locations x=40mm 
and x=100mm are presented in Figures 14 and 15. 
As seen in Figure 14(a) the evolution of the 
centreline velocity pdfs (r=0mm) at x=40mm 
follow more like a delta function for both jet and 
bluff body stabilised jet, while pdf of the bluff 
body stabilised swirl jet follows Gaussian 
distribution. The formation of an upstream 
recirculation zone affects the near field axial 
velocity and thus creates differences for the 
velocity pdfs at x=40mm for the three cases. 
Particularly, the pdf shapes are less structured for 
both bluff body stabilised jet and bluff body 
stabilised swirl jet at intermediate radial locations 
(Figures 14(b) and (c)) before shift towards the 
delta function at far radial location (Figure 14(d)). 
Figure 15 shows the pdfs of velocity at further 
downstream axial location, x=100mm. The effects 
of the downstream centreline recirculation bubble 
on pdf velocity can also be seen for the bluff body 
stabilised swirl jet. Again, pdfs of both bluff body 
stabilised jet and bluff body stabilised swirl jets 
show Gaussian behaviour while jet results show 
delta function at near field radial locations 
(Figures 15(a) and (b)). However, all scalar pdf 
distributions for the three cases shift towards the 
delta function at far radial locations (r=20mm, 
30mm) at downstream axial location x=100 
(Figures 15(c) and (d)). It has been also observed 
that pdfs of the axial velocity show less structure 
at some radial locations due to frequent changes 
of the velocity fluctuations for both bluff body 
stabilised jet and bluff body stabilised swirl jet 
and thus indicate a sign of intermittency.  
Figure 16 shows the radial profiles of velocity 
intermittency at x=40, 80, 100, 120mm. Since all 
three cases have a secondary co-flow velocity of 
20 m/s, here we used the threshold value 
of 15.0 /thu m s . As expected, variations of the 

intermittency values indicate bluff body and swirl 
effects on velocity intermittency with respect to a 
selected threshold value. An occurrence of a 
recirculation zone due to a circular bluff body 
reduces the intermittency value on the centreline 
at near field axial locations (x=40mm) and thus 
indicates the changes from turbulent to non-
turbulent phenomena. Moreover, an occurrence of 
downstream recirculation zone induced by swirl 
further reduces the intermittency values on the 
centreline at far field axial locations (x=100mm, 
120mm). Although the velocity intermittency 
profiles are similar for the bluff body stabilised jet 
and the bluff body stabilised swirl jet inside the 
upstream first recirculation zone (Figure 16(a)) 

the difference largely occurs at further 
downstream (Figures 16(c) and (d)) due to the 
second swirl induced centre recirculation zone 
(x=100mm, 120mm). Therefore the radial 
velocity intermittency profiles show rapid 
variation with respect to formation of 
recirculation zones and thus provides useful 
details for the intermittent behaviour with respect 
to bluff body and swirl. 
The probability density function (pdf) of a passive 
scalar at radial locations r=0mm, 10mm, 20mm 
and 30mm at two different axial locations 
x=40mm and x=100mm are shown in Figures 17 
and 18. A similar approach to that discussed for 
velocity intermittency was again applied to 
determine the probability density functions of a 
passive scalar. As seen in Figure 17(a), the 
centreline pdf of the passive scalar show Gaussian 
shape for the bluff body stabilised swirl jet and 
delta function for the other two cases. Again pdfs 
become more irregular at intermediate axial 
locations for both bluff body stabilised jet and 
bluff body stabilised swirl jet and gradually 
becomes delta function at far radial locations 
(Figure 17(d)). However, as seen in Figure 18, 
pdfs of the passive scalar show more irregular 
behaviour close to the centreline for both bluff 
body and swirl jets at x=100mm (Figures 18(a) 
and (b)). This gives an indication about 
intermittency of scalar mixing near the centreline 
due to presence of one or more recirculation 
zones. The radial profiles of the passive scalar 
intermittency at x=40, 80, 100, 120mm are shown 
in Figure 19. Here we considered a threshold 
value of 0.015thf  . Again the scalar 

intermittency profiles (Figures 19(c) and (d)) 
demonstrate the effect of swirl on scalar 
intermittency as the centreline scalar 
intermittency show changes from turbulent to 
non-turbulent inside the centre recirculation zone. 
The present findings of the intermittency results 
indicate reasons for further development of LES 
based sub-grid models. Particularly, development 
of generic LES sub-grid models such as solving 
an additional modified intermittency transport 
equation with an appropriate sub-grid model 
would help to derive more generic model which 
could effectively tackle turbulence intermittency. 
In such case, an intermittency factor could simply 
be included in the Smagorinsky eddy viscosity 
model once determined from the intermittency 
transport equation. 

5. CONCLUSIONS 

The primary focus of this work was to examine 
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Fig. 14 Probability density function (pdf) of the axial 
velocity at x=40mm, circles, squares and 
triangles indicate results for the jet, bluff body 
stabilised jet and bluff body stabilised swirl jet, 
respectively. 

Fig. 15 Probability density function (pdf) of the axial 
velocity at x=100mm, circles, squares and 
triangles indicate results for the jet, bluff body 
stabilised jet and bluff body stabilised swirl jet, 
respectively. 
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Fig. 16 Radial profiles of velocity intermittency at  

(a) x=40mm, (b) x= 80mm, (c) x=100mm and  
(d) x=120mm. Here, circles denote jet results, 
squares denote bluff body stabilised jet results 
and triangles denote body stabilised swirl jet 
results. 

Fig. 17 Probability density function (pdf) of the 
passive at x=40mm. Here, circles, squares and 
triangles indicate results for the jet, bluff body 
stabilised jet and bluff body stabilised swirl jet, 
respectively. 
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Fig. 18 Probability density function (pdf) of the axial 
velocity at x=100mm, circles, squares and 
triangles indicate results for the jet, bluff body 
stabilised jet and bluff body stabilised swirl jet, 
respectively. 

Fig. 19 Radial profiles of scalar intermittency at 
(a) x= 40mm, (b) x= 80mm, (c) x= 100mm and 
(d) x= 120mm. Here, circles denote jet results, 
squares denote bluff body stabilised jet results 
and triangles denote body stabilised swirl jet 
results. 
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turbulence, mixing and intermittency for three 
different benchmark problems using large eddy 
simulations. The modelled problems were the jet, 
bluff body stabilised jet, and bluff body stabilised 
swirl jet.  The instantaneous and mean velocity 
fields for all three cases show the increase of 
complexity with the addition of bluff body and 
swirl. Derived probability density function 
distributions for both velocity and passive scalar 
indicate changes from Gaussian distributions to a 
delta function at selected axial and radial 
locations. The intermittency factors calculated at 
different axial locations demonstrate the regional 
changes between turbulent and laminar regimes 
with respect to a given threshold. The radial 
intermittency profiles further indicate differences 
at near and far field axial locations especially 
close to the jet centreline due to formation of one 
or more recirculation zones. 
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