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3. At the contrary if a subgrid spray LES is used a model is
ABSTRACT necessarily used that is accurate only for given type of injector
* The present work addresses the problem induced by this
Large Eddy Simulation has been used with a lot of success fortransition between resolved and unresolved spray. A first
single phase flows. Its extension to multiphase flows is approach is proposed that is able to reach both linihe
underway. As far as liquid-gas flows are concerned, two limit transition is performed using a filtered surface density equation
cases have been addressed: In one hand, if the liquid phas¢o avoid the assumption that ligaments, sheets and other surface
corresponds to a set of droplets with diameters smaller than thetopologies becomes spherical droplet abruptly at the subgrid
LES filter size, a subgrid spray is described. In the other hand, level. Results will be shown to demonstrate the ability of the
if the characteristic sizes of the surface wrinkles are greater thanmodel to recover the essential characteristics of a spray in a
the LES filters size, the surface is resolved and LES models Diesel like application.
concern the velocity field. An example of the first approach is a
dilute spray* and an example of the second approach is waves INTRODUCTION
at ocean surfacé
The issue with LES simulation of atomization is that a surfaceFor many years research on atomization has been carried on to
resolved LES is expected close to the injector together with amprove the characteristic and the control of sprays. This is
subgrid sprays LES far from the injector when the spray isparticularly true as far as fuel injection is considered. Because
finally formed. If only a resolved LES is used, the drop the finale combustion is directly dependant on the characteristics
diameter cannot be smaller than the LES filter size. It followsof the spray, for instance to reduce pollutant emission, a special
that smaller diameters cannot be described and the breakugitention has been spend on the design of fuel injector. As a
process is blocked numerically at a size related to the filter siz&onsequence for injector manufacturers the time needed to
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develop a new injector has been reduced and the requirements « The presence of important density variations requires a

are more drastic. To face this challenging task, numerical robust computational code.

simulations of flow inside the injector has been developed, see « The surface that separates the two phases is the place of
for instance® ”. In the other hand simulations of two phase flow jump for several quantities such as the density, the
with vaporisation and combustion have been used extensively to viscosity and the pressure.

improve internal combustion engine (ICE) for many y&ahew « The surface tension force appears as an additional force
models of atomisation able to represent the dense zone at the exit inside the flow that requires a good representation of the
of the injector® have build a bridge between in injector flow interface geometry, to be reliably estimated.

smulations and simulations of the whole combustion process. To address this complexity in the context of LES two main
Since phenomena involved in this kind of applications are very approaches have been proposed.

complex the direct numerical simulation (DNS) is still out of The first one applies to two-phase flows where a

reach. Thus, most of the studies devoted to injection and continuous carrier phase and a discrete phase can be defined
combustion in ICE have been done in the Reynolds average(CD-LES). As for RANS approach, in LES this simplified
Navier-Stokes (RANS) context. Because the power of computer representation of the spray can be useful for many problems. It
has been growing fast, large eddy simulation appears as aconsists to assume that the liquid part is only composed by
solution to benefit of the new computational possibilities to spherical droplets that are mainly isolated from each other.
improve the reliability of RANS simulation and to explore new Then, the flow inside the droplet does not need to be computed
ways of using numerical simulation. The LES approach initially integrally. They can be considered at a subgrid scale level as a
developed for single non reactive flows has been applied recentlyset of particles that are characterised by a reduce number of
and successfully for ICE engirtlé The possibility of using LES  parameters such as position, velocity and diameter. Of course,
for simulation inside the injector and potential gains have just an important effort on modelling may be require to describe the
been explored. Therefore a strong interest exits in prolonging evolution of the spray and its interaction with the carrier phase
the ability of LES to deal with complex flows to the field of 1. 12 13 However, this formulation can be ana|ysed thanks to
atomisation. The present work is a step forward in this direction. DNS simulations based on a similar description of the spray, for
phenomenon as complex as the effect of preferential

NOMENCLATURE concentration on the vaporisation proc¥ss

At the opposite when no discrete phase can be defined both
n surfac_:e normal vector phases have to be considered continuously this the continuous-
v, velocity component continuous LES of two phase flows (CC-LES). In this case the
v velocity vector (md) flow is resolved for both phases and special numerical methods

have been developed to describe the interface. In the first step
the flow is supposed to be completely resolved like in DNS.

Greek letters Numerical methods dedicated to liquid gas flows with an

¢| liquid volume fraction interface include front tracking method% boundary integral

¢ distance function (m) methods™®, volume-of-fluid methods’, level set method&’.

K surface curvature (i) Each method has h_|5 own advantages and draw_backs_, the last

0 density (kgri) develo_pment in this fields propo_sed to combine different

o surface tension coefficient (NHn numerical approaches. The resulting approaches are able to
simulate completely complex flows such as the atomisation of a

Ty subgrid scale term fog, high-speed liquid jet'. However their extension to LES
simulation is not straight forward expect in a special case where

Subsripts the interface wrinkles are resolved at the LES filter size. This is

| liquid the case for instance of waves in oceans. The characteristic size

g gas of waves can be one order of magnitude bigger, or even more,
than the smallest sizes of the turbulent structures in the air. In

OVERVIEW OF LES FOR TWO PHASE FLOWS this case the LES modelling concerns only the dynamic of each

phase from each side of the interface. For such methods,

To address the problem of LES of atomisation it is useful to generally, a modelling of the subgrid stress tensor is applied for
overview the possible approach used in the context of LES for the velocity very similarly than those used for single phase
two phase flows. LES is originally developed to deal with flows 2, Because the interface geometry is resolved at the LES
turbulence in single phase flows. Here, two phase flows are filter level, the treatment of the interface is done like in DNS,
considered only as liquid-gas flows. Compare to single phasethough special modifications have been proposed to the

flows, the complexity is amplified mainly because of three Smagorinsky model to represent the turbulence decay close to
phenomena: the interface®.
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In the case of atomization it is expected to use CC-LES

approach with a filter size allowing the interface scales to be ¢

resolved close to the injector exit. This is necessary to capture —+VIp=0

the first instabilities that promote the breakup of the jet. (1)

However, most of the injectors produce shortly a dilute spray

with very small droplets. The interface resolved CC-LES Particular attention must be paid to this transport equation.

approach would be far to consuming in term of computational Problems may arise when the level set method is developed: a
resources. Indeed, once the spray is formed such an approachigh velocity gradient can produce wide spreading and

would be comparable to a DNS approach which is unaffordable stretching of the level sets, such tHét no longer remains a

because the droplet size decrease as large scales of the ﬂov(‘jistance function. Thus, a re-distancing algoritfiris applied
increase following the expansion of the spray. Once the spray is

formed the appropriate numerical approach should be the CD-to keep¢ as the algebraic distance to the interface.

LES that considers the spray at a subgrid level. Thus, the To avoid singularities in the distance function field,"a 5
challenge, as far as LES of atomisation is concerned, is toorder WENO scheme has been used for convective t&kms
proposed a method that include CC-LES and CD-LES Temporal derivatives are computed with a third order Runge
approaches and able to represent the transition between botHutta scheme.

approaches in a realistic way. One advantage of the Level Set method is its ability to
represent topological changes both in 2D or 3D geometry quite
DNS SIMULATION OF THE ATOMISATION naturally. Moreover, geometrical information on the interface,

such as normal vectof or curvatureK , are easily obtained
The proposed work concerns mainly the atomisation through:
process that is relevant for Diesel spray, but it has certainly

application for other injection devices. The main drawback for O¢

this kind of atomisation is the lack of experimental data in the n=—-;

vicinity of the injector tip. The high velocity and high density |Dﬂ , K(¢)=UIn )

variation in this zone prevent to use classical measurement

apparatus. In particular, the diffraction effect is the main reason It is well known that numerical computation of equation (1)

of failure for optical diagnostic. Even if new measurement and a redistance algorithm can generate mass loss in under-
techniques have been develoged, DNS simulation is still 2 resolved regions. This is the main drawback of Level Set
very interesting tools to explore the vicinity of the liquid jet methods. However, to improve mass conservation a coupling

exit. between VOF and Level S&tmethod has been performed.
We use for this work a DNS code “ARCHER” developed at

the CORIA laboratory® 2> It has been used already to collect

statistical information in the dense zone of the spray where APPLYING RESOLVED INTERFACE CC-LES METHOD
nearly no experimental data are available. These simulations arero THE ATOMISATION

sufficiently predictive and quantitative to be used for validation

of modelling proposal% The resolved interface CC-LES approach consists in using
The numerical method describes the interface motion 3 DNS approach with interface capturing ability in such
precisely, handles jump conditions at the interface without conditions that all scales of the velocity field are not completely
artificial ~ smoothing, and respect mass conservation. resplved but where all interface wrinkles are resolved. A LES
Accordingly, the interface tracking is performed by a Level Set model is applied for the subgrid Reynolds stress in order to
method. The Ghost Fluid Method is used to capture accuratelyrepresent the subgrid scale motion. Applying such an approach
sharp discontinuities. The Level Set and VOF methods are for atomisation?® is appealing but rises some problems. The

coupled to ensure mass conservation. A projection method isfront tracking methods need at less one mesh cell to represent a
used to solve the incompressible Navier-Stokes equations tha‘liquid parcel. One quality of the numerical method is to
are coupled to a transport equation for level set and VOF conserve the liquid mass, as a consequence the method prevent
functions. any further breakup of the liquid parcels as soon as their sizes
Level Set methods are based on the transport of apecome comparable to the mesh size. This numerical artefact
can be considered qualitatively as an additional numerical
two phases® 2 This function is defined by the algebraic surface tension force. When using this method for atomisation

distance between any point of the domain and the interface. Theth® Sizes of the droplets form during the atomisation are
interface is thus described by the O level of the Level Set numerically controlled. Such behaviour is demonstrated on

function. Solving a convection equation allows to determine the fi9ure 1 where the DNS code ARCHER is used to represent the

D.=100um

evolution of the interface in a given velocity fieM 2 atomisation of a Diesel jet. The inlet diameteris

continuous function¢, which describes the interface between
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o - 25kg.m‘3 o o existence of very small scales is based on surface tension force.
The gas density Iéog and the liquid density is  But it does act only for strong curvatures. Thus liquid sheets
yo, =696<g.m_3 ) o ) can be very thin as soon as their curvature remains small.
. The surface tension coefficient is set to  Fipally this possibility to have very small dimension for the
o= 0.06N.m‘1. The inlet liquid velocity is equal to scalar field as also an effect on the dynamic at small scales of
- 79ms™ the flow because the density is linked to the scalar field.
U i~ S . To address the second question statistical results have been
extracted from the previous simulation.

DNS128
DNS32
DNS64

15

z/D
Figure2: Mean liquid volume fraction along the main
c axis of injection obtained with DNS code ARCHER for three

Figurel:  Numerical simulation of a Diesel injection for  different refinements. DNS128 (128x128x1024) DNS64
three different mesh refinements. a-128-128-1024 b-64x64x512 (64x64x512) DNS32 (32x32x256)

Cc-32x32x256

The mean liquid volume fraction obtained for three mesh

The figure 1 represents three instantaneous snapshotefinements is represented on figure 2. Clearly, different mesh
obtained with the code ARCHER for three different mesh sjzes |ead to different liquid penetrations. For the less refined
refinements. The interface geometries are very different, asmesh the numerical method introduces an additional surface
eXpeCted the more the mesh is refined the smaller are the “quidtension force that prevents the spray to be atomized. As a
parcels. What is more surprising is that the mesh size effect actconsequence the liquid jet penetrates further. It is interesting to
not only on the smallest scales of the surface but also on alltest the resolved interface CC-LES. This is done here by adding

scales of the surface. It may be due to the model used forg Smagorinsky model to filtered velocity equations. The

injecting a synthetic turbulencé Depending on the mesh cell  corresponding results are represented on figure 3.
size the spatial behaviour of the turbulence can be affected.

However, increasing the mesh cell size has an effect very
similar to an increase of the surface tension coefficient.

The dependence of the result on the mesh refinement rises
two questions:

1. Is mesh convergence achieved in DNS?
2. Does that have an effect on mean behaviour of the
liquid jet?

Concerning the first question, the problem is that for liquid
gas flow the smallest sizes of the flow are not known in contrary
to single phase flows. There is no equivalent to the Kolmogorov
length scale. Because there is no diffusion of the scalar (liquid
concentration) even at small scales (inviscid flows) the
Batchelor scale is not defined. The mechanism that prevents the
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this term is small instantaneously, its cumulous effect all along
DNS128 the time may produce a visible effect. To explore this possibility
LES32 a Bardina model of the subgrid scale teffphas been used to
LES64 compare with resolved surface CC-LES, for this later

approaci‘r¢I is set to zero.

. 06 L Yira The figure 4, demonstrates the effect of this subgrid term.
IS i . e Even if this term is small and has negligible effect at the
= I ° “ beginning of the spray (zone 1), its cumulative effect induced a
0-47 \ * clear difference depending on the model retained nglr.
L [ VA —
i M “ve When this term is not neglected the iso-surfge= 0.5does
0.2 i by not represent the mean position of the interface in zone 2 as it is
oINS EUREE S the case in zone 1. As the spray is transferred at the subgrid
0 5 10 15 20 scale level this iso-surface corresponds only to a mean
z/D concentration of liquid and not any more to an approximation of

the liquid surface. In contrary to the DNS approaches used in
Figure3: Mean liquid volume fraction along the main resolved interface LES, the amount of liquid enclosed in the

axis of injection obtained with code ARCHER, LES simulation iso-surface @ = 0.5is not conserved. Indeed, the atomisation
corresponds to simulation with a Smagorinsky model for
velocity equation. DNS128 (same as figure 2) LES64
(64x64x512) LES32 (32x32x256)

of the liquid surface induces a flux of small liquid parcels out of
this iso-surface. Similarly, gas inclusions go inside the liquid
zone. Conclusion of this section is that the transfer of the liquid
phase from a resolved interface area to a subgrid spray is driven

The effect of introducing a LES model for the velocit
g y by this subgrid ternt; .

equation does not bring a clear improvement. The liquid
penetrations remind strongly affected by the mesh size. Partial
conclusions at this point is that resolved surface CC-LES
approaches are not sufficient to represent the atomisation
process; first because they do not lead to a subgrid spray that
can be described by a CD-LES approach; second even the
initial behaviour of the spray is affected by the mesh cell size.

A PRIORI ANALYSIS OF DNS TO BUILD A SUITABLE @
LES OF ATOMISATION

0.05 0.15 0.25 0.35 0.45 0.55 0.65 0.75 0.85 0.95

To improve LES modelling it is useful to analysis a filtered
field of a reference DNS simulatioft 3% The filtered liquid
volume fraction equation can be written as:

ot ax ox Figure 4. (a) comparison of |so-surface¢| = 0.9; in black

a a
the subgrid scale ternm, is neglected; in recr¢I is replaces

Where the subgrid scale term is: by a model of Bardina. (b) iso-surface of the filtered liquid
_ volume fraction with the latter modelling @,

Ty =V, ¢ -V, 9 (4)

FIRST LES OF ATOMISATION

Here the upper line refers to a filtered variable. Previous ' _ _ o
studies, based on a priori analysis of a well resolved LES, have ~ In this section we test a first LES model of atomisation
shown that this subgrid term is negligible by comparison of the satisfying the requirement of a possible transition between
other terms of the equation (3). But this a priori analysis can resolved interface CC-LES and subgrid spray CD-LES. The
only be used to evaluate an instantaneous contribution. Even if
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model is based on the equation (3) where the subgrid zgrm ~ necessary fo represent the injection profiles through the

diameter of the jet.
is not neglected and replace by a Bardina model. Additionally a J

Smagorinsly model is used for velocity equations similarly to

previous LES simulation of figure 3.
° DNS128
T— - New LES32
i — ew LES64
0.8 ‘
0.6

(P

0.43 \
0.2 ” \:\%

Figure5: Iso-surfaceszI = 05at the beginning of the z/D
injection. From top to bottom: DNS, resolved interface CC-LES
(T¢,| =0); LES of atomisation (¢| approximated by a Figure 6: Mean liquid volume fraction along the main axis
Bardina model) for the reference DNS case (DNS-128) and the new LES of
atomisation
The figure 5 shows the iso-surfac¢_§ =05 for a DNS
test case and the two LES approaches at the beginning of theaCONCLUSIONS
injection. As previously mentioned the resolved surface CC-
LES prevent atomization of the liquid jet inducing a greater The present study proposed an original method to model
liquid penetration. At the contrary the modeling proposat pf the atomisation in the context of an LES approach. The main

. issue is the transfer of the spray from the resolved scale to the
allow for a transition of the spray from the resolved scale to the subgrid scale. The modelling proposal consists in taking into

subgrid scale. The smooth contours around the iso-surface ..qunt of an additional subgrid term for the liquid volume

represent the filtered liquid volume fraction in a cut plane gacion that is generally neglected. This term represents the
passing through the middle of the jet. The liquid volume ggect of subgrid surface wrinkles that leads to the atomisation
fraction outside the iso-surfac, = 0.5 corresponds to liquid of the liquid jet. The model is tested by comparison to a refined
DNS. Results are encouraging even if the model needs more
complete validations to be definitely assessed. It is possible, for
instance, that the resolution of the reference DNS should not be
high enough to capture the smallest scales of the spray.
However, the interest of this LES approach is its ability to find
similar mean results with a smaller resolution. In a second step
with this approach, we will determine the characteristic length
scales of the subgrid liquid parcels. This information will
eventually be equivalent to a liquid droplet distribution of
the axial profile of the mean liquid volume fraction obtained diameter. This last step is underway thanks to a modelled
with the most refined DNS despite the lower mesh resolution. equation for the surface density equation. First results will be
The apply model compare favourably for a computational mesh shown during the oral presentation.

reduced by a factor height (New LES64) and even with mesh

reduced by a factor 64 (New LES32). With the present test cascACKNOWLEDGEMENTS

it is not possible to go further because 10 mesh cells are at least

parcels detached from the main jet. This gives an encouraging
qualitative result. To go further statistic are extract from this
latter LES simulation of the atomisation to represent the profile
of the mean liquid volume fraction along the main axis, see
figure 6.

Comparisons of results presented in figure 3 and 6 show a
real improvement when applying the new LES models that takes

into account the subgrid term, . It is now possible to recover

Authors want to thanks Renault for supporting this work.

6 Copyright © 2010 by ASME



REFERENCES

1.

10.

11.

Apte, S. V., Mahesh, K. & Moin, P., Large-eddy
simulation of evaporating spray in a coaxial
combustor Proceedings of the Combustion
Institute, Vol. 32(2), 2247-2256 (2009)

Lubin, P. , Vincent, S. , Abadie, S. &
Caltagirone, J.-P., Three-dimensional Large
Eddy Simulation of air entrainment under
plunging breaking wave<Coastal Engineering,
Vol. 53(8), 631-655 (2006)

Villiers, E. D. , Gosman, S. & Weller, H. G,
Large Eddy Simulation of Primary Diesel Spray
Atomization SAE Technical Papers, Vol. 2004-
01-0100 (2004)

Martinez, L. , Benkenida, A. & Cuenot, B., A
model for the injection boundary conditions in
the context of 3D simulation of Diesel Spray:
Methodology and validationFuel, Vol. 89(1),
219-228)

Chesnel, J. , Reveillon, J. , Menard, T. , Doring,
M. , Berlemont, A. & Demoulin, F. X..ES of
atomization: From the resolved liquid surface

to the subgrid scale spray, in 11th ICLASS
International Conference on Liquid Atomization
and Spray Systems. 2009: Vail, Colorado.

Macian, V. , Payri, R. , Margot, X. & Salvador,
F. J., A CFD analysis of the influence of diesel
nozzle geometry on the inception of cavitation
Atomization and sprays, Vol. (13), 579-604
(2003)

Giannadakis, E. , Gavaises, M. & Arcoumanis,
C., Modelling of cavitation in diesel injector
nozzles Journal of Fluid Mechanics, Vol. 616,
153-193 (2008)

Amsden, A. A. , Butler, T. D. & O'Rourke, P. J.,
The KIVA-II computer program for transient
multidimensional chemically reactive flows with
sprays SAE Transactions, Vol. 96(7), 373-383
(1987)

Lebas, R. , Menard, T., Beau, P. A., Berlemont,
A. & Demoulin, F. X., Numerical simulation of
primary break-up and atomization: DNS and
modelling study International Journal of
Multiphase Flow, Vol. 35(3), 247-260 (2009)
Vermorel, O. , Richard, S. , Colin, O. ,
Angelberger, C. , Benkenida, A. & Veynante, D.,
Towards the understanding of cyclic variability
in a spark ignited engine using multi-cycle LES
Combustion and Flame, Vol. 156(8), 1525-1541
(2009)

Payri, R. , Tormos, B. , Gimeno, J. & Bracho,
G., The potential of Large Eddy Simulation

12.

13.

14 .

15.

16.

17.

18.

19.

20.

21.

22.

(LES) code for the modelling of flow in diesel
injectors  Mathematical and  Computer
Modelling, Vol. In Press, Accepted Manuscript)
Squires, K. D. & Simonin, O., LES-DPS of the
effect of wall roughness on dispersed-phase
transport in particle-laden turbulent channel
flow. International Journal of Heat and Fluid
Flow, Vol. 27(4), 619-626 (2006)

Apte, S. V., Gorokhovski, M. & Moin, P., LES
of atomizing spray with stochastic modeling of
secondary breakupInternational Journal of
Multiphase Flow, Vol. 29(9), 1503-1522 (2003)
Reveillon, J. & Demoulin, F.-X., Effects of the
preferential segregation of droplets on
evaporation and turbulent mixinglournal of
Fluid Mechanics, Vol. 583, 273-302 (2007)
Unverdi, S. O. & Tryggvason, G., A front-
tracking method for viscous, incompressible,
multi-fluid flows. Journal of Computational
Physics, Vol. 100(1), 25-37 (1992)

Oguz, H. N. & Prosperetti, A., Bubble
entrainment by the impact of drops on liquid
surfacesJournal of Fluid Mechanics, Vol. 219,
143-179 (1990)

Hirt, C. W. & Nichols, B. D., Volume of fluid
(VOF) method for the dynamics of free
boundaries Journal of Computational Physics,
Vol. 39(1), 201-225 (1981)

Sussman, M. , Fatemi, E. , Smereka, P. & Osher,
S., Improved level set method for
incompressible two-phase flow€omputers &
Fluids, Vol. 27(5-6), 663-680 (1998)

Menard, T. , Tanguy, S. & Berlemont, A,
Coupling level set/VOF/ghost fluid methods:
Validation and application to 3D simulation of
the primary break-up of a liquid jet
International Journal of Multiphase Flow, Vol.
33(5), 510-524 (2007)

Reboux, S. , Sagaut, P. & Lakehal, D., Large-
eddy simulation of sheared interfacial flow
Physics of Fluids, Vol. 18(10), 105105 (2006)
Leick, P. , Riedel, T., Bittlinger, G. , Powell, C.
F. , Kastengren, A. L. & Wang, JX-Ray
Measurements of the Mass Distribution in the
Dense Primary Break-Up Region of the Spray
from a Sandard Multi-Hole Common-Rail
Diesdl Injection System, in 21st ILASS Europe.
2007.

Blaisot, J. B. & Yon, J., Droplet size and
morphology characterization for dense sprays by
image processing: application to the Diesel
spray Experiments in Fluids, Vol. V39(6), 977-
994 (2005)

Copyright © 2010 by ASME



23.

24 .

25.

26 .

27 .

28.

Linne, M. , Paciaroni, M. , Hall, T. & Parker, T.,
Ballistic imaging of the near field in a diesel
spray Experiments in Fluids, Vol. 40(6), 836-

846 (2006) 29 .

Chaves, H. , Kirmse, C. & Obermeier, F,
Velocity measurements of dense diesel fuel
sprays in dense aiAtomization and Sprays,
Vol. 14(6), 589-609 (2004)

Tanguy, S. & Berlemont, A., Application of a 30.

level set method for simulation of droplet

collisions International Journal of Multiphase

Flow, Vol. 31(9), 1015-1035 (2005)

Sethian, J. A., Level Set Methods and Fast
Marching Methods: Evolving interface in

computational geometry, fluid mechanics,

computer vision and materal science 1999: 31.

Cambridge University Press

Jiang, G.-S. & Shu, C.-W., Efficient

Implementation of Weighted ENO Schemes

Journal of Computational Physics, Vol. 126(1),
202-228 (1996)

Sussman, M. & Puckett, E. G., A Coupled Level
Set and Volume-of-Fluid Method for Computing

3D and Axisymmetric Incompressible Two-
Phase FlowsJournal of Computational Physics,
Vol. 162(2), 301-337 (2000)

Klein, M. , Sadiki, A. & Janicka, J., A digital
fiter based generation of inflow data for
spatially developing direct numerical or large
eddy simulations Journal of Computational
Physics, Vol. 186(2), 652-665 (2003)
Labourasse, E. , Lacanette, D. , Toutant, A. ,
Lubin, P. , Vincent, S. , Lebaigue, O. ,
Caltagirone, J. P. & Sagaut, P., Towards large
eddy simulation of isothermal two-phase flows:
Governing equations and a priori tests
International Journal of Multiphase Flow, Vol.
33(1), 1-39 (2007)

Chesnel, J. , Reveillon, J. , Demoulin, F. X. &
Menard, T., Subgrid modeling of liquid
atomization, in International Conference on
Multiphase Flow. 2007: Leipzig, Germany.

Copyright © 2010 by ASME



