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Background

Diesel combustion
o

@ The fuel spray will
influence the mixing
process in diesel
combustion.

@ Large droplets produce
turbulence and small
droplets dissipate it.

@ How can we see/quantify

this well-known
phenomenon and it’s
consequences in a
Large-Eddy Simulation of
spray in a diesel spray type
configuration?

Here we approach this
question by studying a model
problem of spray - particle
laden gas jet - and test how
small amounts of large
particles and large amounts of
small particles may affect the
behaviour of the jet.



'A Particle Laden Jet’

@ Droplets enter a laminar
gas jet that is randomly
perturbed.

@ The mass loading ratio

(70 == mspray/mgas |S an
important parameter.

Mgas = 1.54mg/ms

For each simulation
constant size fuel
particles with initial
velocity 110m/s enter a
chamber in a jet with
velocity 80m/s.




Assumptions

@ We study a model problem of particle laden jet.

@ Large-Eddy Simulation (LES) is used to simulate the
gaseous phase.

@ No subgrid scale model is used but instead a very fine grid
is employed.

@ Lagrangian Particle Tracking (LPT) is used to simulate the
droplets.

@ Droplets are spherical, point-like and non-deforming
particles that do not break nor interact.

@ Droplet momentum is tranferred directly to the resolved
scale velocity field.

@ The liquid volume fraction is small.



Simulation Setup 1/2

@ Influence of spray particles on turbulence: study a
subsonic jet at Re = 10000 with particles; sweep a range
of particle sizes (2 — 40..m) and mass flow rates and
measure turbulence levels in the flow field.



Simulation Setup 2/2

@ 3M cell mesh. 250000 Lagrangian particles.

@ Chamober is filled with No, p = 5bar, T = 293K.

@ Parallel simulations carried out with OpenFOAM-1.3,
simulation time = 1-2 days on 24 processors.

@ Injection time 7, = 1ms and jet diameter D = 2mm.

vessel length=32D

vessel diameter=8D



Results

@ Jets and sprays are free shear flows in which turbulence is
produced (i.e. transferred to velocity fluctuations from the
mean flow) mainly in the shear layer.

@ Thus we focus our attention to the spray axis and shear
layer.



Mean Gas Velocity in the Centerline

Normalized Centerline Gas Velocity
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@ At all mass loadings and
drop sizes potential core
is observed.

@ Small drops loose
momentum efficiently
and raise gas velocity at
centerline in the core
region.

@ For large drops the core
length is about 4D
similar to 'normal’ jets.



Mean Gas Velocity in the Shear Layer

@ The mean shear layer
velocity is always
decreasing.

@ This means that in the
near-field along the
shear layer energy is
transformed into

small droplets
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Turbulent Kinetic Energy Along the Shear Layer

@ The figure quantifies the
fraction of tke to mean
kinetic energy.
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very efficiently
transformed into
fluctuation with the trend
being increasing with the

| drop size.
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No Evident Flow Structures Appear if Comparable
Mass Loadings of Small Drops are Present: ¢ = 1.3




Large Coherent Flow Structures Appear if Large

Drops are Present: : ¢ = 0.1

t=0.3ms




Example of Shear Layer Spectrum for Large Particles

. LOADING=0.10, d/D=0.01

PSD of Radial Velocity

—slope=-5/3

@ The Kolmogorov slope
seen from the spectra.

@ The natural frequencies
of the jet observed at
given Strouhal numbers.

@ Enhancement of high
frequencies towards
downstream.



LES and PIV Support One Another

LEFT:

-LES+LPT model on non-atomizing
d = 20um droplet-vortex
interaction.

-Large coherent flow structures are
seen as in ordinary jets.

RIGHT:

-A PIV of diesel spray visualizes
how atomizing droplets interact
with large vortices.

-Coherent structures observed.



Explanations

@ Small droplets respond quickly to changes in the flow (they
have small Stokes number). Thus they dissipate eddies by
making the gas effectively heavier.

@ This prevents formation of large scale coherent eddies by
damping out the Kelvin-Helmholtz instability that is
responsible for the shear layer instability.

@ Large droplets interact essentially only with large scales -
they do not dissipate small scale turbulence.

@ The KH-instability of the jet may form if large scale droplets
are present.



Map of the Trends for a Jet at Re=10000
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Summary

@ LES+LPT of non-atomizing spray has been carried out.

@ It was shown and quantified within the model in terms of
TKE that large droplets produce turbulence and small
droplets dissipate it.

@ Connections to formation of large scale structures was
pointed out.

@ LES+LPT and PIV support one another in building ’the big
picture’.

@ Our future studies include sprays with droplet size

distribution, sprays with secondary atomization, studies of
scalar mixing, evaporating sprays etc.

@ THANK YOU FOR YOUR ATTENTION! QUESTIONS?
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Abstract

In this work a particle laden jet &e = 10*, Ma = 0.3 is studied using the combination of

Large-Eddy Simulation and Lagrangian Particle Tracking. The metho@éseaissa synthetic
model of fully atomizedliquid spray that enters a chamber filled with gas through a hole
with diameterD. The value ofD is much larger than typical injector diameters. The specific
feature of this model is that it provides a simple environment for studyinggrhena inherent
to spray-originated turbulence such as particle-turbulence interaationafion of large scale
flow structures and atomizationithout the modeling difficulties near the physical nozzle
where the used method is strictly speaking not valid yet commonly used insipraiations.
It is noted that in the near-field region the system responds to variationtiolpaize and mass
loading ratio in terms of production of turbulent kinetic energy. The reshitsvghat these
parameters may have a central role regarding the production and digsipatiarbulence
within ten jet diameters in the near-field region. Relation of the afore-mentipinedomena
to the formation of large scale structures and spray shapes are dertezhatrd discussed.

Keywords: Large-Eddy Simulation; Lagrangian Particle Tracking; Turbulencelrrash and Dissipation;
Mixing

1 Introduction

Turbulent multiphase flows constitute a group of systemsdhafar from trivial in comparison
to 'ordinary’ single phase flows. Namely, presence of digcparticles or droplets, several con-
tinuum phases or even chemical reactions in turbulent emment may provide such additional
degrees of freedom that can strongly affect the flow behaviexamples of complex multiphase
flow applications vary from nuclear reactors, medical iakal, paint and coating sprays to com-
bustion environments including chemically reacting flowgas turbine engines and fuel sprays
in diesel engines.

The main, final object of interest in this work is the diesd@lfspray in direct injection combustion
engines. A typical diesel spray consists of large numbedstmoad size ranges of liquid fuel
droplets up tol00um in size. The liquid fuel is atomized by extremely high injeatpressures
of order10? — 103M Pa through a narrow nozzle. Typical nozzle diameters are withé range
150 — 200um. Near the nozzle the fuel volume fraction is of order unityl dme spray appears
as a complex mixture of ligaments, droplets and gas. Howevéhne far-field region the volume
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fraction becomes small due to spreading of the spray andpitas £onsists more and more of
identifyiable droplets.

Formation of diesel spray is a very complex phenomenonithptactical applications, is strongly
affected by initial turbulence conditions including lamgmale turbulence structures such as cylin-
der swirl, droplet evaporation in high temperature condti cylinder and injection pressures as
well as the way in which the spray is injected through thedtge Due to large scale fluctuations
the spray behaviour may vary from one combustion cycle tahamo Thus, full characterization
of diesel sprays is very difficult if not impossible in othéah mean time and global terms in-
cluding average spray penetration and width related isAesther typical characterization is to
only look at the overall performance of an engine such assgegpressure trace, engine efficiency
and levels of emissions (see e.g. Wahlin [2007]). Howeveregased requirements to reduction
of emissions and investments on development of altern&i®is feed the continuous interest to
gaining more and more profound understanding on the undgriyndamental processes that take
part in diesel spray formation. Some of the previous worksmnay formation and related phe-
nomena have been discussed by Pétlal. [1987], Faeth [1996] and Marmottaat al. [2004]
and in the citations therein.

A continuous trend in combustion research is to understaeddle of effective turbulent mix-
ing. This has resulted in numerous publications relatedee $hear flows. From the viewpoint
of spray research especially the studies that are relatgdst@are interesting. Some recent stud-
ies on turbulent round jets include those of Buratéhial. [2004a], Burattiniet al. [2004b] and
Orli1 [20086]. In the context of diesel sprays the interestingstjos is related to achieving optimal
mixing by the sprayin premixed combustion since NOx and soot emissions may astidally
reduced if the combustion takes place in low temperaturéitons at optimal air to fuel ratios.
Since the spray itself is one of the few factors that can bectir controlled in a diesel engine,
the focus of several researchers on spray formation seerssrable. Some recent experimental
studies of fuel droplets in a jet include atomization stadiédroplets in a jet crossflow by Pagk

al. [2006] and droplet-gas correlation studies in a jet by Fetet al. [2003].

In general, the interaction between a particulate and th#&ecgphases may be one- or two-way
momentum coupled or four-way coupled in which case also #mggte-particle interactions are
important. In this work only 2-way coupling i.e. momentunckange between the gas and
particles is considered. Then, as suggested by Keretiray. [1997] the coupling between the
phases is as in any 'generic’ particle laden flow and the prtolu of turbulence may be divided
into inherent production by Reynolds stresses and meanayadas in single phase case and
production of turbulence by the particles. Similarly, tvaxtors contribute to the dissipation of
turbulence i.e. viscous dissipation rate of turbulent kimenergy and dissipation caused by the
particles. Recent experimental studies considering pedtiicbulence interactions include those
of Righettiet al.[2003] and Poelmat al.[2006].

Turbulent flows including those with particles have beeuligith also by means of numerical sim-
ulations. During the past decade the Large Eddy Simulati&8] method has been applied to
many kinds of turbulent flows together with Lagrangian R&tiTracking (LPT) Monte-Carlo
method that provides means for solving the discrete parpblase. Sankaraet al. [2002] and
Apte et al. [2003a] have applied the LES-LPT technique in the contexdvaifling flows with
spray whereas Vinkovic [2005] used LES-LPT to simulate thbgispersion for inhomogeneous
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turbulent wall flow. The technique has also been applied encbntext of diesel spray simula-
tion by e.g. Apteet al. [2003b] and recently by Hoet al. [2006]. In the context of jets without
particles the method has been used by Olstal. [1995] and recently by Hliqvist [2006].

In this paper a jet that is loaded with particles is studiddgitarge-Eddy Simulation (LES) and
Lagrangian Particle Tracking (LPT). This setup is choseartter to serve as synthetic model
of diesel spray i.e. fuel droplets in turbulence. The adsg@tof this specific model is that many
of the near-nozzle modeling difficulties in the dense spegian are overcome. The model is
assumed to be helpfull in understanding spray-originateloutence since studying the particle
laden jet (PLJ) with LES-LPT provides several physical edata that exist also in real diesel
sprays. Jets, similar to sprays, also belong to the genkss of free shear flows that are free
from wall interactions and in which the production of turite is strongly localized to tishear
layer in the near-field region. Most importantly, jets have bedhaaextensively studied in the
past so the theory of jets provides a solid base to look atribielgm of diesel spray formation.

The earlier computational and experimental studies havemly shown that particles influence
turbulence levels of the carrier phase but also shown tleagtis quite little understanding on the
underlying phenomena to date. However, LES has been usée ipaist in particle laden flows
together with LPT and very promising results have been aeldisupporting further development
of the method (see e.g. Apétal.[2003a], Horiet al.[2006], Vuorinen [2007]). The experimental
and computational studies on jets have shown that for anydda$utation to capture physics of
jets, including large scale coherent flow structures anoldent spectrum, fine spatial resolution
within the shear layer is required. In the earlier LES-LPOdsts of sprays this has seldom been
possible due to practical reasons and modeling of the slisgales has been employed instead.
However, the earlier studies (see e.gallgvist [2006] and Vuorinen [2007]) support implicit
filtering instead of explicit subgrid scale modeling in j@hslations. This requires fine spatial
resolution and is our approach to the PLJ problem.

The primary purpose of this paper is to demonstrate ceriiateons that can be achieved within
the model. These situations are related to connection leetweoplet sizes, mass loading ratios
and turbulence production as well as formation of largeestialv structures. This study serves
as a prelude to a series of studies that aim to developingE&LLPT combination to a tool that
can be used for gaining realistic information about turbagformation, atomization and mixing
in diesel engines and other such spray applications whermm#thod as such applied in the near-
injector region is non-physical.

2 Problem Description

2.1 Governing Equations

The dynamics of a particle laden compressible jet is desdrily the compressible, full Navier-
Stokes equations (NS) with a spray momentum source term:
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where

Mspray = C(D (uz - up,i)’ui - up,i’(sr,rp (4)

is the spray momentum source term at poititat is activated by the delta function and the viscous
stress tensor is defined as

ou; Ouj> 2

Tij = 'u<8xj + Dz, §5z‘j " Wi (5)

Here the subscripi stands for a ’particle’ and for gas or particle velocity. For round particles
the following correlation formula for the drag coefficieatdssumed to hold

o _ [ 2 (1+1RG") Re, <1000 ©)
D = P
0.424 Re, > 1000,

whereRe, is the particle Reynolds number (see e.g. Amsekea. [1989]).

In Large-Eddy Simulation the NS-equations (1)-(3) areigfigffiltered and the resulting subgrid
scale (SGS) terms are modeled. During the past decadeetiffeipes ofexplicit SGS-models
have been developed in order to recover the actions of the@&®sses including viscous dis-
sipation, production of turbulence by the SGS Reynolds stiesnd energy back-scatter (see
e.g. Furebyet al. [1996]). In this work, however, we considenplicit filtering and solve the
NS-equations (1)-(3) in a fine grid.

2.2 Computational Setup

Figure 1 shows a schematic illustration of the computatisetup and the computational mesh.
The setup consists of a round jet with diametere= 2mm that enters a cylindrical chamber with
diamete D and lengt82D. The chamber is filled with nitrogen that is initially presged to the
pressure of bar. The pressure in the chambeflis= 293K. The inlet velocity profile is a top hat
profile that is perturbed with slightly time-correlated amiformly distributed noise. Spherical,
non-deforming particles are introduced to the chamber hgaenly choosing an initial position
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from the first two cell layers within the jet region at the inl€he entraining jet is simulated at the
inlet diameter and gas velocity based Reynolds numbédbf The Mach number at the inlet is
about0.3. In this work the inlet gas flow condition is fixed to have a me&t,,.;, = 80m/s and

a low amplitude white noise componentd@f..;;/U..: = 5%. This corresponds to an average
gas flow rate ofin, = 1.54 - 10~3kg/s through the inlet. The initial velocity of the particles
is U, = 110m/s and the density of the particles i§ = 830kg/m®. The total simulation and
injection time isr;,,; = 1.0ms.

vessel length=32D

vessel diameter=8D

Figure 1:Left: A sketch of the jet geometry. Dashed lines outline the jet spreading angthafatation
of the shear layer. The black spheres represent the droRlefist: The computational mesh.

The direction of entrainment i$z and the inlet lies in the plane = 0. The inlet center is at
(z,y) = (0,0). The width of the domain has been found to be wide enough $attedlow does
not touch the walls of the container.

The mesh contains about 3M cells. We noted that the produsttales were not captured if
there were only 200 grid points in the streamwise directid¥ith 250 streamwise points the
solutions were still quite dissipative. When increasingriesh resolution to 300 we noted that
the production and dissipation length scales were adeguedptured by the algorithm. The
domain was decomposed in the streamwise direction ontodxepsors. With this decomposition
each simulation took abow0 clock hours. Further details about the simulations are doian
Vuorinen [2007].

2.3 Physical Situation

The model considered here is associated to a physicalisitiuahere hard and spherical particles
enter a jet. The mass loading ratiis defined as the spray and gas mass injection rates
Mspray /Mg 1T @ > 1 the flow is highly dominated by the particle phase and fouy-a@upling
needs to be assessed. Only situations wh@fe< ¢ < 1.3 will be considered here corresponding
to low volume fractions of less thatlo. A dimensionless number that relates the characteristic
particle timescale to the flow timescale (specified as a @tiength and velocity scale) is the
particle Stokes numbeit, defined as
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)
Stp = Tpﬁ. (7)

It is expected that the particles havisg, < 1 follow the fluid whereas particles for which
St, ~ 1 will interact with the fluid by momentum exchange. Partid@swhich St, > 1 will
travel quite independently of the surrounding eddies. Aeddy Salewsket al. [2005], in
turbulent sprays a range of Stokes numbers appears. This case even in monodisperse sprays
as here. As noted by Sankariral.[2002], depending on the spatial location, particles cdrate

as ’large’ or 'small’ particles. Thus, in the presence of abmddy, particles with small diameter
may behave as ’large’ particles inside a larger eddy.

3 Methods

3.1 TheNumerical Schemefor the Continuum Phase

The simulations were carried out using the OpenFoam-1.8 eparce CFD-code that uses the
control volume formulation as a basis for most of the solvéree code is developed and pro-
vided by OpenCFD Ltd [2007]. The code also has a Lagrangiaarijbfor spray and other
multiphase flow calculations. For our future research pseppthe flow solver was chosen to
be a pre-conditioned compressible LES solver using a PIS@dpressure correction method
where the Poisson-equation is solved for the pressure. Uinber of corrector steps was set to
the value of 2. The solver is second order accurate in spatérahorder accurate in time. The
convection term was discretized using a scheme that wags gifermal second order accuracy.
However, asymptotic grid study was not carried out. The Blatitokes equations were advanced
with the first order implicite Euler time integration. Duettee first order accuracy the maximum
Courant number in the system was made to be as lowlasThis condition was met near the
jet inlet. Globally, the Courant numbers are smaller tham tMaximum Courant numbers that
were higher by factoi.2 were noted to lead to significant convergence problems esjyefor
the Poisson solver. If the maximum Courant number in the systas higher by factot .4 the
algorithm became unstable.

3.2 Lagrangian Particle Tracking

In Lagrangian Particle Tracking the equations of motiontfe particle phase are solved. Since
the number of physical particles can often be large, in LREE¢hare gathered into statistical units
called parcels. Each parcel contains a certain number cligdiyparticles that are assumed to be of
same size here. The number of parcels is kept as a constahissset to the value aV = 250000.
This value was chosen primarily due to three reasons. Ridgicent computational cells will be
coupled since there will be of the order of one parcel/celih@ near-field of the jet. Second,
higher parcel numbers were noted to cause load balanceepnebh the parallel computations.
The third reason is related to the situation where the pestiare large in comparison to the grid
spacing: although computational resources would alloekirey each of the particles separately
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for a smally, the coupling between the phases would be unphysicalingird hus, keeping
the number of computational parcels higher than the numbphysical particles is required in
order to stabilize the computations and keep the local éomer In this case each parcel carries
a fraction of a physical droplet. This can be considered ta lsensistent approach with LES:
instead of following a point particle also the particle pisi is average within the filter width.

The particle equations of motion were discretized in a semplicite manner and five subiterations
within the timestep were carried out on each time step foptréicle phase in order to stabilize
the computation as implemented in the Lagrangian libramyprinciple, during a computational
timestep a particle may cross several cells and the lost mtumreis transferred to the source
term of the gas phase. However, in these simulations thelgasegCourant number was low and
the particle velocity of the same order as the gas velocitthabtypically particles do not cross
more than one cell during a timestep. The gas velocity igpalated from the neighbour cell
faces to the particle positions. In contrast, the momentomnce term in the gas phase equations
is modeled by directly adding the momentum lost by the plartic the cell it resides in. The
particles couple directly to the momentum equation 2 by thece term .

4 Results

4.1 Basic Picture of the Flow Fields

Figures 2 and 3 show examples of two particle clouds, the donmith small particles and high
loading ratio and the latter with large particles. As seamfithe left columns of the Figures,
small particles are dispersed into a uniform cloud from #ter¢gion startin@ — 3 jet diame-
ters downstream by turbulent fluctuations whereas the lpagicles will head straight forward.
However, the large particles having larger Stokes numheddaheir momentum fast in the tip of
the spray. Thus, the large particles form a cloud that retesyan opening umbrella whereas the
small particles form a more uniform dispersed cloud.

The right columns of the Figures 2 and 3 show how the conssastirface of\,, a quantity that
identifies vortex cores from the topology of a flow field, deyed in time. In Figure 2 the flow
field looks rather uniform and no special large scale flowctnes are observed. In contrast, in
case of large droplets the situation is very different. AguFé 3 shows at early times vorticity is
formed in the shear layer. A clear indication of this are fing vortices that are formed around
the jet. Complicated interactions lead to vortex mergingiado: /D = 3 — 4. Itis clear that in
the tip of the jet a large scale ring vortex structure is fadm&s the axi-symmetric vortex changes
character, axially oriented vortices are formed. The médfar@nce between a particle free jet and
the cases considered here is the relatively quick break adbwre large scale vortices.

The drastical differences between these two simple exag@monstrate that global features of
sprays are governed by two factors: particle size and masing. From the viewpoint of the
practical application, a diesel spray, this kind of obsgoves might be crucial since the global,
large scale flow structures will have a strong effect on emtnant and mixing rates. In real
situations the spray would contain a particle size distitlou These examples then illuminated
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(a)

(b)

(C) (c)

Figure 2: Left: Spray evolution with small particlesi(D = 0.001,po = 1.3). (a) time=0.3ms (b)
time=0.5ms (c) time=1.0msRight: Evolution of the isosurface af,. (a) time=0.3ms (b) time=0.5ms
(c) time=1.0ms.

the fact that in practice the global spray features such agesimay be formed as a superposition
of ’jets’ with different amounts of large and small partigle

4.2 Velocity and Turbulence Levelsin the Flow Field

Next, we consider the mean velocity and turbulence levelsgathe jet axis and the shear layer.
The normalized mean and axial velocity with different paetisizes and loadings is shown in
Figure 4.

In the proximal part of the jet, with large particles the &xialocity remains constant until the
end of the potential core aroungd D = 4 where the velocity starts to decrease as a result of the
expansion of the jet shear layer. In the case of small pastiahd high mass loading ratio the
mean axial velocity first increases and then decreases. mélkes the effective potential core
longer and thus turbulent flow is not observed until far davwesn. Figure 4 depicts the mean
velocity along the shear layer. For all the studied cases¢harity is decreasing. Near the inlet
the mean velocity gradient is much larger for the large pladithan for the small particles. This

is related to higher level of production of turbulence.

In LES the turbulent kinetic energy can be estimated diydobim the variance of velocity time se-

ries at a given point. In Figure 5 the mean turbulent kinatiergy normalized with the local mean

kinetic energy is shown. As can be seen large particles aiflarkably increase the turbulence
levels in the shear layer whereas high loadings of smallldtspvill keep the turbulence levels

down. In the case of large droplets this trend is also refietighe jet axis whereas in the case
of small droplets the turbulence levels stay low both in thess layer and the jet axis. Although

the statistics that was used to collect the data in Figureglbavas not adequate (the period of
averaging was at most tens of eddy-turnover times, in gétieraituation is transient and ensem-
ble averaging should be considered etc) the trends andaiiores seem cleafi) the larger the
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(a) (a)

(b) (b)

Figure 3: Left: Spray evolution with large particlesi{D = 0.01,po = 0.1). (a) time=0.3ms (b)
time=0.5ms (c) time=1.0msRight: Evolution of the isosurface ak,. (a) time=0.3ms (b) time=0.5ms
(c) time=1.0ms.
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Figure 4:Left: The mean velocity along the jet axis. The potential cores for jets with lardielparends
aroundz/D = 4. For small particles the core extends longer downstrd@ight: The mean velocity along
the jet shear layer.

droplets are the more turbulence will be produced @adhigh loadings of small droplets may
dissipate turbulent fluctuations and thus have an adveliese & the production of turbulence and
hence mixing.
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Figure 5: Turbulent kinetic energy normalized with the local mean kineticggneeft: Taken from the jet
axis. Right: Taken from the shear layer.

5 Conclusions

In this work the LES of a jet loaded with particles has beensaered. The simulation results
showed how the turbulence levels in the shear layer are@yraffected by the presence of par-
ticles. The turbulence level in the shear layer depends empdnticle diameter so that the large
particles could contribute to the production of turbulemteereas high loadings of small particles
will have a negative effect into the production process aeg will dissipate spectral energy from
the high frequencies. Thus the gas starts to behave as a&h#aid in the case of small droplets.

An issue that was noted in this work was the connection betwadulence dissipation by small

particles and large scale vortex structures. This observet especially interesting in the case of
the practical application, i.e. the diesel spray since theeovation puts overly primary atomiza-
tion of droplets into a questionable position: having tagéaamounts of small droplets at critical
places could have an adverse effect on the formation of lscgke structures, production of tur-
bulence and thereby mixing. In contrast, having reasonatmleunts of large droplets properly
distributed in the near field of a spray jet could have a pasibverall effect on the formation of

large scale flow structures and production of turbulenceés Kind of observations could have in-

teresting consequences to fuel property related issudsasusurface tension and viscosity which
are coupled to primary and secondary breakup.

Our future work includes similar studies on different padisize distributions, studies on passive
scalar mixing, studies on droplet atomization, studiesvaperating and combusting sprays. In
our opinion continuous development of numerical models WES+LPT offer a very reasonable
means of understanding sprays.
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