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Large Eddy simulation (LES) is applied to a droplet laden turbulent mixing layer and the influence of
shear, on the transport and preferential concentration of the dispersed phase is discussed. A Lagrangian
formulation has been adopted for the particle dispersion coupled with an Eulerian description for the car-
rier gas. A stochastic model has been used to account for influence of the sub-grid scale motions of the
continuous phase on the particle motion. Simulations conducted neglecting this sub-grid dispersion
model show that the liquid dispersion is under predicted. However, when the sub-grid model is included
the results show good agreement when compared with the experimental findings, demonstrating that
the characteristics of the flow are well captured. A sensitivity analysis on the effect of the dispersion con-
stants has been conducted, suggesting that increasing the contribution of the stochastic term, leads to a
higher accumulation of smaller particles at the edge of the mixing layer.

� 2009 Elsevier Inc. All rights reserved.
1. Introduction

Two-phase flows are encountered in many practical systems
with industrial, environmental and biomedical applications. Exam-
ples of such flows include the dispersion of pollutants in the atmo-
sphere, the transport of liquid spray droplets in internal
combustion engines and jet engine combustors, the dilution of
medicines by blood through the vessels and dust inhalation into
human lungs. Industrial and aircraft gas turbines in particular,
are fuelled by liquid hydrocarbons making spray atomisation and
evaporation crucial phenomena in the analysis of combustion
dynamics.

Over the past decades, extensive experimental and theoretical
studies have been performed to determine the response of parti-
cles (solid or liquid) in shear flows and the modification of turbu-
lent characteristics, in a number of different geometrical
configurations such as turbulent jets, boundary layers and mixing
layers, Chung and Troutt (1988), Kulick et al. (1994). Mixing layers
in particular, are characterised by the presence of large-scale
stream and spanwise vortical structures, with size comparable to
the transverse length scale of the flow, that play a dominant role
in the particulate dispersion process and whose interaction causes
the growth of the mixing region, Brown and Roshko (1974). The ef-
fects of these structures on solid particle dispersion has been stud-
ied by Chein and Chung (1987), Lazaro and Lasheras (1992)
concluding that the dispersion phenomena are strongly dependent
on the size of the particulate phase. Squires and Eaton (1991a)
ll rights reserved.

s).
investigated the preferential concentration of solid particles in
high strain regions, in terms of the Stokes number while Kiger
and Lasheras (1997) examined the additional dissipation of the ki-
netic energy occurring due to interphase energy transfer in dilute
particle laden shear flows. Despite the numerous experimental ef-
forts, several aspects governing the interaction of liquid droplets or
solid particles on a carrier gas phase remain unsolved as it is often
difficult to isolate the momentum exchange between particles and
gas from the production and dissipation mechanisms in a turbulent
flow.

Consequently, numerical simulations for the prediction of the
interactions between particles and turbulence and the modulation
of turbulence due to the particles’ motion have received increasing
attention. Direct numerical simulation (DNS) of particle transport
in homogeneous isotropic stationary, Squires and Eaton (1990,
1994), or decaying, Elghobashi and Truesdell (1993), turbulence
with two-way coupling between the gaseous and the discrete
phase suggests that the presence of particles increases the turbu-
lent kinetic energy at high wave numbers and decreases it at low
wave numbers and that the distortion of the turbulence energy
spectrum depends on parameters such as the particle relaxation
time. Later studies, Squires and Eaton (1991b), focused on the par-
ticle dispersion, turbulence modulation and preferential concen-
tration of solid particles or liquid droplets and demonstrated that
the mixing of particles by turbulence depends strongly on the rel-
ative timescales of the two phases.

Despite the fact that DNS studies can provide a detailed descrip-
tion of two-phase flows, they are still very expensive computation-
ally, even when a moderate number of particles is considered.
Large Eddy simulation (LES) is a promising tool for the prediction
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of turbulent flows as it is less computationally demanding and has
proved able to provide an accurate description of turbulent mixing.
In LES, direct simulation techniques are applied to determine pre-
cisely the contribution of the large-scale flow features, which are
assumed to be the most important with respect to momentum
and energy transport in turbulent flows. A spatial filter is applied
to the governing equations, in order to eliminate the need to solve
the contribution of the scales smaller than the filter width, Piomelli
(1999). The LES equations that describe two-phase flows include
terms that represent the sub-grid fluctuations of the continuous
phase and the filtered source terms arising from the contribution
of the dispersed phase. Several LES studies, Wang and Squires
(1996), Uijttewaal and Oliemans (1996), Wang and Squires
(1998), Yeh and Lei (1991a,b), have been conducted taking into ac-
count only the effects of the resolved scales and neglecting the
influence of the unresolved scales on the particle motion, under
the assumption that the trajectories of the heavy particles
(St� 1) are not affected by the smaller turbulent scales due to
their inertia, despite the fact that in these simulations small parti-
cles (St � 1), were also considered. Fundamental studies, Miller and
Bellan (2000), have shown that the sub-grid effects on the droplet
transport in turbulent shear flows cannot be neglected as signifi-
cant errors are introduced in the prediction of the droplet drag
force and evaporation rates if they are omitted. As a consequence
for small droplets the interactions between turbulence, spray dis-
persion, vapour micro-mixing and combustion that occur at scales
much smaller than the filter width can be significant and models
are thus required for sub-grid scale effects on droplet break-up,
dispersion and evaporation.

The present study aims to investigate numerically, by the use of
LES, a spatially evolving, turbulent, droplet laden mixing layer and
focuses on the influence of shear, on the transport and preferential
concentration of the dispersed phase. The liquid phase is tracked in
a Lagrangian reference frame, whereas the gas phase flow variables
are solved in an Eulerian reference frame. A stochastic model has
been used for the representation of the effects of the unresolved
scales on the droplet motion.

The model involves a Weiner process in which the diffusion
coefficient is a function of the sub-grid turbulence kinetic energy
and a particle ‘Eddy-interaction’ timescale. This timescale is depen-
dent on the sub-grid timescale and the particle relaxation time and
involves two constants, Co which is of the order of unity and a
which has been assigned a value 0.8. Previous studies, Bini and
Jones (2008), have discussed the effect of the stochastic term on
the normalised liquid concentration in similar shear flows, con-
cluding that if it is neglected the particle diffusion is underesti-
mated. In addition, the influence of the ‘Eddy- interaction’
timescale has been investigated, where it was demonstrated to
have a significant effect on the particle acceleration probability
density function, pdf. Moreover, Bini and Jones (2007), suggested
that for particles transported in isotropic turbulence a value of
a ¼ 0:8 reproduces accurately the heavy tailed pdfs observed
experimentally. The present work builds upon previous findings
and aims to investigate the effect of the sub-grid dispersion model
on the quantities that characterise a turbulent droplet laden mix-
ing layer and in particular, focuses on the sensitivity of the results
to the values of the constants, a and Co. The dispersed phase is
composed of discrete spherical droplets, has a relatively small vol-
ume fraction and as a consequence droplet collisions, breakup and
coalescence effects are negligible.

The structure of this paper is as follows. The mathematical for-
mulation and the assumptions involved in the modelling of the
particle dispersion in a turbulent gas carrier phase as well as the
pdf approach for the dispersed phase are presented in the next sec-
tion. The experimental apparatus used in the test case examined,
the computational details of the simulations, the predictions of
the calculations and the comparison with the experimental data
are presented and discussed in the third section. The conclusions
of the study are summarised in the final section.

2. Modelling

2.1. Filtered Navier–Stokes equations

In LES, a spatial filter is applied to the Navier–Stokes equations.
The filtering operation is defined as

�f ðx; tÞ ¼
Z

X
Gðx� x0; DðxÞÞf ðx0; tÞdx0; ð1Þ

where G is the filter function and D is the filter width assigned as
the cube root of the local cell volume, Germano et al. (1991). In
flows where large density fluctuations occur, the introduction of
density filter quantities is essential and are defined as: ~f ¼ qf=�q.

The density weighted filtered Navier–Stokes equations with the
contribution of the dispersed phase, as point sources of mass
momentum and energy can be written as:
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The Smagorinsky (1963) model is used for the sub-grid scale

tensor: sd
ij ¼ �2lsgs

eSij, where sd
ij is the deviatoric sgs stress with

lsgs ¼ �qðCsD
2ÞkeSijk. Cs is the Smagorinsky constant equal to 0.07
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� �
. Dynamic versions of the Smagorinsky

model, Germano (1992), Piomelli and Liu (1995), allow the value
of the parameter Cs to be determined as a function of time and po-
sition. However, there is little to be gained by the use of more com-
plex sgs models in the case of high Reynolds number free flows of
the type considered. As is clear from the results presented below
the standard Smagorinsky model gives good results for mixing
layer flows.

The source terms appearing in the gas phase equations can be
evaluated as: S ¼ 1

D3

Pn
i¼1SðaÞ, where the summation is over the

number of the droplets present in the cell volume under consider-
ation and Sa is the source term arising from the a-th droplet which
can be written as:

Sa
mass ¼ �

dm
dt

ðaÞ

; ð4Þ

Sa
mom;i ¼ �

d
dt
ðmuiÞðaÞ: ð5Þ

The source term in the momentum equation accounts for two-
way coupling between the gas and liquid phase. In dilute flows,
such as that presently considered, the effects of this coupling are
negligible and the term could almost certainly be omitted without
loss. It is however, retained for completeness.

2.2. PDF modelling of fuel sprays

Following Bini and Jones (2008) the dispersed phase is de-
scribed through a set of independent macroscopic variables, the
droplet radius r, the droplet number n, the droplet velocity v and
the droplet temperature h. The Weber number is presumed small
enough, We < 20, so the droplets have a spherical shape. The evo-
lution of the filtered joint pdf PðR;N;V; x; tÞ is derived using the
fine-grained probability density function approach, Lundgren
(1967), i.e.:
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where aj is the particle acceleration, _N ¼ dn=dt is the rate of change
of the droplet number through the process of droplet breakup and
coalescence, _R ¼ dr=dt the rate of change of the droplet size through
evaporation and _H ¼ dh=dt the rate of change of droplet tempera-
ture caused by heat transfer from the surrounding gas phase. Eq.
(6) is an exact ‘unclosed’ hyperbolic partial differential equation
for the joint pdf of the spray, unclosed because the filtered condi-
tional Lagrangian rates of change are unknown.

In the cases considered the droplets are significantly smaller
than the filter width and the LES of the carrier phase only provides
the filtered flow-field at the particle position. Since the interactions
between the carrier and discrete phase, occur at a scale much smal-
ler than the filter width, the sub-grid scale, sgs, fluctuations in
velocity and scalar quantities such as temperature and mixture
composition of the carrier flow field dominate and their influences
on the droplet dynamics must be modelled. However, in isothermal
dilute cases, such as that considered here, evaporation, break-up or
coalescence phenomena are negligible and models for _N; _R and _H
are then not required. As in Bini and Jones (2008) the conditional
particle acceleration aj is modelled as the sum of a deterministic
term, evaluated in terms of filtered flow field quantities, and a sto-
chastic contribution, with the latter representing the (non-linear)
influence of the sub-filter scale velocity fluctuations.

In order to solve the modelled form of the resulting Fokker–
Planck Eq. (6) it is first replaced by an equivalent system, Gardiner
(2002) of ordinary differential equations describing the evolution
of stochastic particles. The Itô equivalent of the closed form of
Eq. (6) that describes the evolution of the spray pdf in space and
time is given by the following system of equations:

dxðpÞ ¼ vðpÞdt;

dvðpÞ ¼ aðpÞdt;
ð7Þ

where p represents the pth particle. Consistent with this the motion
of a stochastic particle in a turbulent flow field can be viewed as a
random process with position determined by a deterministic part,
evaluated in terms of filtered values and a stochastic component
arising from the sgs turbulent motions of the gas phase. In this study
only viscous drag and gravitational forces are considered and a sto-
chastic Markov model is used to represent the influence of the unre-
solved carrier gas velocity fluctuations experienced by a stochastic
particle p over a time dt, Bini and Jones (2007, 2008), which is added
to the deterministic contribution:

dvðpÞ ¼ s�1
p ðeUpðtÞ � vðpÞÞdt þ gdt þ Co

ksgs

st

� �1=2

dWt; ð8Þ

where vðpÞ is the velocity of the pth particle, eUp is the filtered gas
velocity at the particle position, ksgs is the unresolved kinetic energy
of the gas phase, Co is a model constant, dWt represents the incre-
ment of the Wiener process, g is the gravitational acceleration
and st is a sub-grid timescale which determines the rate of interac-
tion between the particle and turbulence dynamics, defined as:

st ¼ sp
sp
Dffiffiffiffiffiffi
ksgs
p

0@ 1A2a�1

: ð9Þ

The particle relaxation time, sp is given by:
s�1

p ¼ 3
8

qf CD

qpR jeUp � vðpÞj, where the drag coefficient CD is obtained
from Yuen and Chen (1976):

CD ¼
24
Re 1þ Re2=3

6

� �
: 0 < Re < 1000;

0:44 : Re P 1000;

(
ð10Þ
where Re is the Reynolds number based on the droplet diameter
and the relative velocity of the droplet with respect to the gas
phase.

The sgs kinetic energy is obtained from ksgs ¼ ð2Dmsgs
eSij
eSijÞ

2
3, an

expression derived using equilibrium arguments.
Eq. (8) provides a modelled and complete description of the

droplet motion in a turbulent flow field, accounting for viscous
and gravitational forces. Once the droplet dynamics have been de-
fined and the instantaneous relative droplet-gas velocity has been
calculated, it is possible to calculate the rate of change of the drop-
let temperature and diameters as well as the rate of change of the
number of droplets per liquid unit mass that may occur through
collisions and droplet break-up. However, in the presently consid-
ered dilute, isothermal flows such phenomena are neglected.
3. Results and discussion

The case considered in the present work corresponds to a planar
mixing layer, studied experimentally by Tageldin and Cetegen
(1997), formed between two ambient temperature air streams
with a velocity ratio of 0.28. The experimental configuration and
the measurement zone are presented in Fig. 1. The test section con-
sists of a vertically oriented 200 mm long square duct with a
150� 150 mm cross section. Honeycomb flow straighteners and
a set of fine mesh screens were placed upstream of the splitter
plate trailing edge. The fastest air stream was seeded with water
droplets with a Sauter Mean Diameter of 35 lm, by means of an ar-
ray of 12 miniature atomisers located upstream of the measure-
ment zone. The operating temperature was selected to prevent
evaporation. The resulting spray flow is characterised as dilute,
with a volumetric void fraction of 5:5� 10�6 therefore droplet col-
lisions and coalescence phenomena are negligible.

The LES in-house code BOFFIN, Jones et al. (2002), was used for
the computations conducted. The computational domain, con-
sisted of 150� 80� 60 nodes in the x; y; z directions, respectively
and corresponds to the region 0 < x < 200 mm;�75 < y < 75 mm
and 0 < z < 150 mm of the physical domain, where the measure-
ments were conducted. The grid was uniformly spaced in the z-
direction and stretched in the x- and y-directions, allowing for a fi-
ner spacing close to the injection place and in the region around
Fig. 1. Experimental configuration.
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y ¼ 0 mm, where the mixing takes place. The grid expansion rates
were chosen to be close to unity so as to avoid commutation errors.
In the present simulation, the Reynolds number based on the
momentum thickness is 225 and the filter width varies between
D ¼ 0:9 mm in the regions closer to the shear layer, where higher
resolution is required, to D ¼ 1:3 mm in regions away from the
mixing region. This can be compared with the filter widths used
in previous related studies. For example single phase LES studies
of the temporal mixing layer have considered filter widths as large
as D ¼ 1:4 mm, Jimenez et al. (1997) and D ¼ 1:1 mm, Vreman
et al. (1997), whereas two-phase DNS studies, Miller and Bellan
(2000), used widths varying from D ¼ 0:66 mm to D ¼ 1:9 mm
for Reynolds numbers based on the initial momentum thickness
in the range of 200–600.

At the inflow plane x ¼ 0, the flow is fully developed with tur-
bulence intensity of 2% based on the mean velocity in the droplet
seeded stream, and 4–5% in the unseeded gas stream. In order to
apply realistic turbulent inflow conditions an inflow generator,
based on digital filters was used, di Mare et al. (2006). The method
generates spatially and temporally correlated turbulent structures,
used as instantaneous inflow velocity profiles that reproduce,
when averaged, the specified mean and Reynolds stress profiles.
At the outflow boundary, x ¼ 200 mm, convective outflow condi-
tions were applied, @ui

@t þ Uc
@ui
@n ¼ 0, where n is the direction normal

to the boundary and Uc is the mean convective velocity calculated
from the mass conservation equation.

The governing equations for the carrier gas are solved numeri-
cally using second order accurate central difference schemes to
represent the spatial derivatives. The transient term is discretised
according to a three-point backward scheme. The code employs
Cartesian velocity components with co-located variable storage
arrangement and it is based on a fully implicit low Mach number
formulation. For the particle transport equation an Euler scheme
is used, consistent with Itô calculus. The Weiner process, DWt is
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refer to the case in which the sub-grid dispersion model is omitted.
represented by g�
ffiffiffiffiffiffi
Dt
p

, where g is a random vector sampled from
a normalised Gaussian distribution independent for each time step.
The dispersed phase is represented by a large number of stochastic
particles. During each time step, the continuous phase fields are
first updated and then are interpolated to the particle position
using a trilinear interpolation scheme and passed to the Lagrangian
solver. The time averaged statistical properties of the liquid phase
are obtained by first locating the particles and then by computing
ensemble averages from the set of particles present in each finite
volume cell. Time averaging over several flow through times is car-
ried out in order to determine the statistics needed for comparison
purposes. After the start-up of the simulation as many as 4� 106

droplets were present in the domain during each flow through
time.

At every time step droplets are injected at the inlet plane at a
rate consistent with the required liquid volumetric flow rate. The
droplet diameter pdf, measured at discrete y positions is well rep-
resented by the Nukiyama–Tanasawa distribution function, Lefeb-
vre (1989).

pðDÞ ¼ aDpe�ðbDÞg ; ð11Þ

by suitable selection of the parameters p; b; g, see Fig. 2.
Turbulent mixing layers are known to be self-similar, character-

ised by suitably normalised turbulent statistics that are indepen-
dent of the downstream position and a linear growth of the layer
thickness. The downstream spreading can be defined in terms of
two quantities: the layer thickness and the momentum thickness
in terms of the mean droplet velocity profiles, calculated as:
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Fig. 3, where Umin is the minimum value of the velocity U and
y0:5 is the location at which U ¼ DU=2 and where the index d cor-
responds to the dispersed phase, shows computed and experimen-
tal mean (time averaged) gas and droplet velocity cross stream
profiles at selected downstream stations, located in the near-field
of the mixing layer. This is the important region in many combus-
tion processes related particularly to ignition and flame stabilisa-
tion, Lopéz-Pagés et al. (2004). Following the experimental
procedure of Tageldin and Cetegen (1997), the profiles are pre-
sented in similarity coordinates, scaled with the momentum thick-
ness hu and the velocity difference DU across the layer,
respectively. The results shown are obtained with the sub-grid dis-
persion model constants Co ¼ 1:0 and a ¼ 0:5. Simulations were
also conducted with sub-grid dispersion neglected completely
and the resulting profiles are presented at the four downstream,
locations, indicated by the dashed lines in Fig. 3. The profiles evolve
in a self-similar manner as expected but in this case, the dispersion
at the shear layer is significantly underestimated. In contrast when
the sub-grid dispersion model is incorporated the predicted pro-
files are in good agreement with the experimental findings and
independent of the downstream distance, preserving the self-sim-
ilarity of the flow and reproducing the liquid droplet dispersion as
measured experimentally.

Predicted and measured profiles of the layer thickness, d08 and
momentum thickness, hu are presented in Fig. 4a and b, respec-
tively and for the ‘centreline’ position, y0:5 in Fig. 5. All three quan-
tities are observed to increase linearly with downstream distance
and the layer thickness d08 and the ‘centreline’ penetration y0:5

are found to be greater in magnitude by a factor of five compared
to the momentum thickness. At the origin of the layer, the ‘centr-
eline’ is shifted towards the fast stream due to the initial boundary
layer effects consistent the experimental results. Results are shown
for cases with the sub-grid dispersion model both included and
omitted ðCo ¼ 0Þ. The influence of the parameter Co was investi-
gated and results are presented for Co ¼ 0:5;Co ¼ 1 and Co ¼ 2.
The linear growth of the layer is reproduced by all calculations
and when the sub-grid dispersion model is included the results
of the simulations are in excellent agreement with measurements
regardless of the value of Co; the effects of varying Co in the range
0:5 < Co < 2 on the spreading rate are found to be negligible. On
the other hand when the sub-grid dispersion model is omitted
large discrepancies between simulation and experiment are evi-
dent; the spreading of the liquid phase is significantly under
predicted.

An important parameter in the dispersion of particles by turbu-
lence is the particle size. The ratio of drag to inertial forces acting
on a small particle is inversely proportional to the square of its
diameter. Therefore, very small particles, behave like a passive sca-
lar. Large particles, due to their high inertia will hardly be dis-
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persed. Particles with diameter between these two limits, will be
partially affected by the turbulence. The probability density func-
tion of the particle population gives information about the concen-
tration of the different particle sizes along the mixing region.
Following the experimental results, the evolution of this function
at two cross-stream locations plotted for several downstream loca-
tions is given in Figs. 6 and 7. At each downstream location, the
dispersion region close to the undisturbed spray has a pdf with a
higher percentage of small particles, suggesting that the dispersion
is a size-selective process.

Fig. 6 compares measured and predicted droplet size distribu-
tions, in the fast stream of the mixing layer ðy < 0 mmÞ at the shear
layer ðy ¼ 0 mmÞ and in the slow stream ðy > 0 mmÞ at three se-
lected downstream locations x ¼ 1 cm, x ¼ 5 cm and x ¼ 15 cm. A
parametric investigation was conducted on the influence of the
constants Co, and a on the particle diffusion (Eq. 8). Results are pre-
sented with and without the sub-grid dispersion model. The re-
sults of five different computations are presented, corresponding
to cases, where (a) Co ¼ 1 and a ¼ 0:5, (b) Co ¼ 1 and a ¼ 0:8, (c)
Co ¼ 2 and a ¼ 0:8, (d) Co ¼ 0:5 and a ¼ 0:8 and (e) Co ¼ 0 and
a ¼ 0:5. The simulations with the sub-grid dispersion term in-
cluded, cases (a–d), result in predictions in very good agreement
with the experimental data in the the fast and slow stream regions
ðy < 0:0 mmÞ and ðy > 0:0 mmÞ with the predictions of the selec-
tive dispersion of different droplet size classes being accurately
reproduced. Sensitivity analysis showed that the effect of changes
in the parameter a, with the value of Co held constant, causes a
change of less than 2% in the particle concentration distribution.
The maximum deviation, compared to the experimental data, of
the particle distribution at locations in the fast and slow regions
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for the different values of Co, was found to be 2% and 3%, respec-
tively. Thus the results were found not to be strongly dependant
on the selection of the dispersion constants, though the inclusion
of the sub-grid dispersion model is essential if accurate results
are to be obtained. In contrast in the case (e), where the sub-grid
dispersion model is not used, since the dispersion of the droplets
is under predicted, there were locations, where the calculation of
the pdf’s was impossible. In detail, for locations close to the injec-
tion plane ðx ¼ 0 mmÞ both in the fast stream region, ðy < 0Þ, and
at the edge of the shear layer ðy ¼ 0Þ the predicted droplet distribu-
tions are found to be in good agreement with the measurements.
At the measurement location further downstream at x ¼ 10 cm
no droplets were detected either at the edge of the layer ðy ¼ 0Þ
and in the slow stream region and the pdf cannot be constructed.
On the other hand, at the measurement locations close to the exit
of the domain x ¼ 15 cm, a large vortex was found to be formed,
forcing particles to be transported towards the slow stream region
ðy > 0Þ. At this downstream location and at ðy ¼ 2:5 mmÞ, the pdf is
found to be well reproduced in contrast to the situation inside the
slower moving stream region at ðy ¼ 7:5 mmÞ, where only two
droplet classes are found to accumulate.

At the edge of the mixing layer an increase of the dispersion
constant Co, from 1.0 to 2.0, (with a ¼ 0:8), is found to shift the dis-
tribution towards smaller particle sizes suggesting that the contri-
bution of the sub-grid dispersion model becomes more dominant
for smaller particles. The effect of the dispersion coefficient on
the size selective dispersion is coupled with the effect of the parti-
cle response time s which is inversely proportional to the droplet
radius R. As expected, a smaller value of the constant ðCo ¼ 0:5Þ in-
creases the proportion of larger particles that accumulate in the
shear layer.

A high concentration of small droplets ðd 6 10 lmÞ is observed
at x ¼ 1:0 cm (62%) ðy ¼ 0:0Þ, which increases by 6% as the flow
moves downstream x ¼ 10:0 cm. This effect, was also observed in
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the experiment and it is attributed to the rapid dispersion of the
small size droplets into the early part of the mixing layer since
small droplets due to their smaller inertia respond faster to the tur-
bulent fluctuations and travel further in the slow air stream.

Fig. 7 compares measured and predicted droplet size distribu-
tions, at the shear layer ðy ¼ 0Þ and in the low speed stream
ðy > 0Þ at x ¼ 1 cm, x ¼ 5 cm and x ¼ 15 cm. At x ¼ 1 cm and at
y ¼ 0, 73% of the droplets’ population has d 6 10 lm. At measure-
ment locations further downstream and towards the slow moving
air stream the presence of small droplets is still dominant but the
accumulation level is found to be reduced by 9% and 14%,
respectively.

Fig. 8 shows the evolution of the probability density function at
x ¼ 150 mm and at selective intervals across the cross-stream
direction y. It can be seen that as the calculation interval is changed
moving from the fast stream region towards the edge of the layer
and the slow stream region, the accumulation of small particles in-
creases by 5%.

The size-selective dispersion phenomena can be further investi-
gated in terms of the Stokes number. For each droplet class the
respective Stokes number, in terms of density of the dispersed
phase qd, the gas viscosity l, the velocity difference across the
layer DU and the mixing layer thickness d08; St ¼ qdd2DU

18 ld08
was com-

puted and compared with the experimental data in Fig. 9. In a tur-
bulent flow, droplet motion is directly connected to the ability of
the droplet to respond to the large turbulent structures of the flow,
Longmire and Eaton (1992). Small Stokes numbers (e.g. � 1) indi-
cate that the particle motion is dominated by the fluid flow via the
drag and lift force acting on the particle, therefore the particle fol-
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lows the fluid motion with little slip velocity and droplets behave
essentially as fluid elements. A large Stokes number indicates that
the particle inertia is dominant and that the fluid motion does not
exert a significant affect the particle behaviour, Elghobashi (1994),
Martin and Meiburg (1994).

Stokes numbers are found to agree well with the experimental
findings and to increase with increasing droplet size at a given
location x. Droplets in the size class 2–10 lm exhibit a Stokes num-
ber ranging from 0.08 at the exit of the domain to 1.2 in the near-
field of the mixing layer, findings which are consistent with the
higher accumulation of small droplets at the slow stream zone of
the layer close in the early part of the mixing layer. The decrease
in the Stokes number, rapidly in the beginning and then gradually,
with increasing downstream distance, is due to the continuous in-
crease of the level thickness d08 that characterises the spreading of
the mixing layer.

The evolution of the non-dimensional liquid volume flux with
the downstream distance is presented in Fig. 10, where qmin is
the minimum value of the volume flux q; y0:5 is the location of
the mixing layer at which U ¼ DU=2 and hlq is the integral volume
flux thickness. Results are presented with and without the sub-grid
dispersion model. In both simulations the profiles evolve in a self-
similar manner but the neglect of the sub-grid contribution leads
to a steeper profile and insufficient droplet ‘diffusion’ compared
to the measured profiles. The dispersion of the liquid phase along
the stream-wise direction, presented in terms of the integral vol-
ume flux thickness is depicted in Fig. 11. After an initial transient
stage, the volume flux thickness of the mixing layer grows linearly
with distance and is mainly dominated by large scale vortex struc-
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tures resulting in the linear growth of the layer thickness with the
downstream distance. The effect of varying the value of the param-
eter Co was investigated and the results suggests that the model is
relatively insensitive to the values in the range 0:5 < Co < 2:0.
However, it is evident that the integral volume flux thickness is sig-
nificantly underestimated when the sub-grid dispersion term is
not included.

4. Conclusions

A detailed numerical investigation of the spreading behaviour
of liquid droplets, in a vertically orientated mixing layer using large
Eddy simulation was conducted. It was found that the droplet dis-
persion is highly dependent on the sub-grid turbulent scales which
cannot be neglected if good agreement with measurements is to be
achieved. A stochastic sub-grid dispersion model was incorporated
to simulate the effects of the filtered, unresolved scales on the par-
ticle dispersion and two-way coupling was implemented for the
interaction between the carrier and discrete phase. It is shown that
the LES model proposed by Jones and Sheen (1999), Bini and Jones
(2007, 2008) accurately reproduces droplet dispersion and repre-
sents the size-selective phenomena occurring in shear flows. The
calculations are in good agreement with the experimental findings
of Tageldin and Cetegen (1997). The model was found to be rela-
tively insensitive to the dispersion constant Co in the range
0:5 < Co < 2:0. The effect of the parameter a was also examined,
since it has been previously shown, Bini and Jones (2007) that a va-
lue of a ¼ 0:8 reproduces the observed heavy tails of the particle
acceleration distribution. The simulations presented show that
droplet accumulation in the different locations of the mixing layer
examined is only slightly modified for variations in a in the range
0.5–0.8. Results are reported in terms of the probability density
function for droplet diameter at selected downstream locations
of the mixing layer. The effects of the droplet inertia were pre-
sented in terms of the Stokes number, illustrating that droplets
with small diameters ðd < 10 lmÞ, tend to respond faster to the
fluctuations of the gas phase and migrate towards in the unladen
zone of the mixing layer. The simulations presented in this work
are of scientific interest in the analysis of spray combustion
dynamics, since it focuses on the dispersion effects in the near-field
of the mixing layer, which is the important region in many com-
bustion processes related particularly to ignition and flame
stabilisation.
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