
Advanced Modeling and Simulation of Turbulent Sprays
Analysis of small-scale effects for large-eddy simulation
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The main 
challenge in the 
study of 
atomization, is 
the complicated 
topological 
changes that 
occur, including 
primary breakup 
and secondary 
breakup, as well 
as droplet 

There have been several numerical techniques developed to address 
the multiphase flow problem:
• Lagrangian method, such as front tracking. 
• Eulerian method, such as volume of fluid (VOF), level set (LS).

We will adopt coupled level set and volume of fluid (CLSVOF), which 
has both the advantage of level set being able to capture surface 
geometry and volume of fluid being able to conserve mass within the 
interface.
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X Small particles are easily aerosolized (remain airborne)

✓ Large particles travel ballistically 

 coalescence. These challenges, together with the mixing and small 
scale effect of turbulent,  have placed great difficulties on both 
experimental and numerical ways of investigation. Thus, even today, 
spray and atomization are still not completely understood. 
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• Develop and validate the 
DNS of coupled level set 
and volume of fluid 
method.

•  Perform study on DNS 
data and develop LES 
model.

•  Investigate on the effect 
of flow and fluid 
properties on the spray.
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Figure 4: figure shows the discrepancy between level set and volume of fluid when they are not coupled. Green surface is interface marked 
by LS, while white surface is interface marked by VOF. Can see as time goes on, the circled LS interface going downstream and LS interface 
shrinks and didʼt produce small droplets as VOF did. This is the well known feature of LS not able to conserve mass. Thus VOF is needed to 
correct LS in CLSVOF method.

 Figure 6:  Top: colored contour shows VOF.  White indicates VOF equals 1, while black indicates VOF equals 0. Bottom: figure shows the magnitude of surface tension force for the same flow.  One can clearly see the 
ligaments formed due to Rayleigh-Taylor instability- instability induced by two contacting fluid with different density- from left figure. After formation of these thin, long ligaments, Plateau-Rayleigh instability- instability induced by 
effect of surface tension takes over and small pieces of fluid fragment are pinched off from the jet. Further downstream, flow becomes turbulent.  Towards the end of domain, there are coherent structures as well as small scale 
droplets and ligaments. From the surface tension figure, one can see that surface tension is no longer a singularity force. Instead, the region it is acting on has a thickness around the interface. Such approach of capturing 
surface tension is called continuum surface force(CSF) approach.
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Figure 2: (a). Colored contour shows the magnitude of level set. White surface represents the droplet interface-where 
level set equals zero. (b). Colored contour shows the magnitude of volume of fluid. Black represents where volume of 
fluid is 0, while white represents where volume of fluid is 1.

Approach

LES
Large eddy simulation(LES) is a much affordable 
way comparing to DNS. For multiphase flow, the 
key is to find the sub-grid scale(SGS) interfacial 
terms.
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Figure 7: (a). Exact surface tension force from DNS data for a 2D planar jet. (b) SGS surface tension, calculated from the exact surface tension. Can 
see the SGS surface tension has the same magnitude as the exact surface tension, thus plays a significant role and requires accurate modeling.
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•A preliminary SGS study on DNS data from a 2D planar jet shows that the range of 
magnitude of sub-grid surface tension is comparable to the exact surface tension.

•Sub-grid surface tension has both positive and negative components, acting to aid the 
breakup of jet at some places and refrain its breakup at other places.

- L. E. Bode, B. J. Butler, and C. E. Goering. Transactions of the American Society of Agricultural Engineers, 
19:213-218,1976.

-  M. Sussman, P. Smereka, and S. Osher, Journal of computational physics, 1994.
-  C. W. Hirt and B. D. Nichols, Journal of computational physics, 39(1):201-225,1981.
- M. Sussman and E. G. Puckett, Journal of computational physics, 162(2): 301-337, August 2000.
-  J. Chesnel, J. Reveillon, F. X. Demoulin, and T. Menard, Atomization and Sprays, 2011.

Application
Spray and atomization have been extensively studied in the past 
due to their broad applications in areas such as agricultural 
spraying, chemical coatings, pharmaceutical synthesis, inhalation 
aerosols, fuel spray in engines and so on. Droplet size distribution 
and breakup pattern, are the most important characteristics of spray 
since it determines the performance, efficiency or safety. For 
example, in agricultural spray the goal is to control the number of 
fine droplets with diameter of 100 micron or less, since they will drift 
in air and causing contamination and damage to non-target crops, 
animals and human.

• We are interested in DNS and LES modeling of multiphase turbulent spray and 
evaluating the droplet size distribution. Coupled level set and volume of fluid(CLSVOF) 
will be used together with DNS and LES, to track the evolution of multiphase interface.

 
• We will develop the LES sub-grid model for the terms that accounts for the surface                

tension and small scale interface geometry effect. Collaborating with the experimental 
group in The Dow Chemical Company, we will validate our DNS and LES code. 

• We will investigate the effect of fluid and flow properties on spray, such as the shape 
of nozzle orifice, rheology properties and We/Re number.

Level set method tracks the evolution of phase interface, while volume 
of fluid tracks the evolution of the volume interior and exterior of the 
interface. Recently, people have developed a way to couple the two 
methods, to produce a mass conserving and straightforward curvature 
computing method.

Sub-grid term due to surface tension, 
appears in momentum equation.

CLSVOF

Figure 8: figure shows result from simulation of a laminar multiphase jet using DNS code. White surface shows the location of interface marked by zero 
level set. can see the breakup caused by Plateau-Rayleigh instability with the presence of surface tension. Droplet with size on the order of the nozzle 
diameter are formed downstream after breakup. 

Figure 9: figure shows VOF 0.5 isosurface of a multiphase turbulent round jet using LES. Models for sub-grid terms due to surface tension and interface 
geometry are not added.

Figure 1: figure shows that small particles are easily drifted, while large particles 
remains high concentration along centerline of jet.  Drift control is one of the major 
concern in spray study.

Figure 3: figure shows Teejet spray used in agricultural sprays. The spray 
surface is marked by 0.5 volume of fluid isosurface. Simulated using VOF 
methods in STARCCM+.
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Inlet velocity profile

Figure 5: figure shows capillary breakup when a heptane column rises in water. Left figure: Liquid inlet velocity profile is parabolic. Right figure Liquid inlet velocity profile is plug-flow. Simulation is done using software STARCCM
+ with VOF method. Interface of jet is marked by 0.5 volume of fluid. Jet with parabolic velocity profile breakup later than jet with plug-flow profile. The breakup length agrees well with literature. Volume of fluid method works well 
in capturing such kind of flow where only large interfacial structures/droplets are formed. 
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VOF method works well to capture capillary 
breakup where resolution can easily be sufficient. 
However, due to the lack of knowledge of interface 
curvature, its accuracy is poor when applied to 
capture flow with small scale structures such as 
spray. 

•DNS on jet within Rayleigh-breakup regime is performed. Can see that droplet are 
formed periodically, pinched off from the liquid column.

•LES on a turbulent jet is performed without modeling the interfacial terms. Breakup 
happens at downstream of the jet and forms much smaller droplets. 


