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There is a great necessity to reach higher efficiency in many industrial devices like 
rocket engine or automotive engine; solutions essentially go through a better control of 
the atomization process. To avoid numerous expensive experiments, numerical 
simulation is called to play an important role. However despite the important effort 
spend to understand and model the atomization process, the models used in CFD code 
are not accurate enough to be predictive in the domain of spray formation. This is 
mainly due to the weaknesses that suffer the description of the primary breakup zone 
that is generally not integrated and computed in CFD simulations. Following the 
pioneering work of Vallet et al [1-2], we present here a model for the primary breakup 
that permits to describe continuously the liquid behavior from inside the injector to the 
end of the spray formation. The model relies on the hypothesis of high Reynolds and 
Weber number. Under these assumptions, the behavior of the liquid jet at large scale is 
driven by turbulent characteristic: the dispersion of the liquid is due to mean liquid 
turbulent mass flux. Both viscosity and surface tension act only on small scales and are 
responsible for the formation of final droplets. This effect is taken into account by using 
an equation for the mean liquid-gas surface density. Due to the strong interaction 
between the liquid and gas, during the primary breakup, there are difficulties to consider 
separately each phase or to describe the evolution of Lagrangian fluid particles. Hence, 
an Eulerian description of a unique phase containing both liquid and gas is used. Finally, 
at every points where the liquid volume fraction is small enough a Lagrangian stochastic 
description of the spray is initialized in order to benefit from the important background 
accumulated using this method on diluted spray. The necessary adaptation of the 
turbulent modeling for such flow composed by liquid and gas, together with the 
improvements obtained by a continuous description of the atomization are the main 
points described in this paper. 

 
1. Introduction 
 
In many industrial devices, it is necessary to mix a liquid fluid together with a gas. This is 
usually achieved by atomizing the liquid in order to form droplets small enough to be 
vaporized quickly. The atomizer system must be able to form spray with prescribed 
characteristics like mean droplet diameters, penetration length, size distribution and so on. 
Even when an atomizer is calibrated accurately for a certain set of conditions, it is used in an 
unknown environment in the final process, for example the turbulent flow within the 
combustion chamber of Diesel engine. Since these external conditions can affect the spray 
characteristics it is necessary to develop predictive atomization models to prevent numerous 
experiments: one for each possible external condition.  



Because the external environment plays a role during the atomization process a necessary 
characteristic of the model must be its ability to describe the whole process continuously to 
permit that outside medium can affect the atomization. The difficulty of this task concerns the 
primary breakup that takes place just at the exit of the injector which corresponds generally to 
a mixture of gas and liquid where both liquid and gas are present in similar proportion. Due 
to a high quantity of liquid-gas interface, this dense part of the spray is difficult to attain both 
numerically (necessity to represent the interfacial characteristics) and experimentally (laser 
diagnostics are usually handicapped by multi diffusion and reflection effects that take place at 
the interface).  
Usually the modeling of the primary and the secondary break-up are considered separately. 
The primary break-up consists in the atomization process that takes place inside the injector 
to the dense part of the spray. The secondary break-up describes how the parcels of liquid 
initially formed are transformed to a dilute spray, composed by small spherical droplets. The 
primary break-up is usually not computed, thus the initial blobs of liquid are injected with a 
priori characteristics, for example in many model the initial size of the blobs are supposed to 
be related to the injector diameter [3]. The positions where these big blobs are injected in the 
gas flow can be at the injector tip or if a liquid core is expected along a cone based on the 
injector tip, but the place of injection must be determined previously by empirical means. 
With such representation of the atomization most of the works were focused on the secondary 
break-up. Since the liquid is considered as a set of dispersed droplets a Lagrangian stochastic 
particle description of the liquid phase is generally used. The advantage of this method is that 
most of the phenomena linked to each droplet (drag, vaporization, heating, …) can be 
depicted by considering the case of a unique droplet in an infinite gas phase.  
Here, the description of the dense part of the spray is addressed by using a model initially 
proposed by Vallet et al. [2]. This model is designed to describe the atomization for flows at 
high Reynolds and Weber number, such flows are of interest for many practical devices 
where it is needed to obtain quickly very small droplets as it is the case for Diesel fuel 
injection and for rocket fuel injection. The dense part of the spray is a turbulent mixture of 
liquid and gas where the interactions between both phases are too strong to consider each 
phase independently. Since these interactions are strong and complex it is advantageous to 
consider the whole mixture as a unique turbulent flow containing two species the gas and the 
liquid. Therefore a one flow Eulerian representation is used, remark that representation does 
not imply that the mean liquid velocity and gas velocity are identical [2]. Initially just at the 
exit of the injector the inertial forces are so important that both surface tension and viscous 
forces do not play a role on the initial dispersion of the liquid that is mainly due to a turbulent 
mass flux. Such turbulence in a flow with very high-density fluctuations (from the gas 
density to the liquid density) can have particular behavior and must be studied particularly. 
But to know the size of the droplets, which are the smallest scales of the liquid parcels, an 
equation for the liquid-gas surface density is used and this allows to represent the effect of the 
surface tension. 
A general overview of the approach will be described in the first part. In the second part we 
will show the need for a particular modeling of the turbulence in such flow. Finally the 
potential of the whole model will be demonstrated by recent results on coupling inside 
injector calculations to the computation of the atomization process.  
 
2. General presentation of the model 
 
The classical single-phase ε−k  turbulence model or the Reynolds stress model adapted for 
such a flow will be used. Here the definition of k or ε  does not distinguish the liquid from 



the gas phase. Despite the single-phase approach the mean velocity or the turbulence of the 
liquid can still be derived from the model [4].   
As we study the mixture of liquid and gas, the transport equation for the mean velocity does 
not contain any momentum exchange terms between the two phases, and can therefore be 
derived as usual:  
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The evolution of the liquid concentration is described by a classical transport equation for the 
liquid mass fraction:  
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The Reynolds stress tensor model and the turbulent liquid mass flux will be discussed further 
(see section 3). The following statement will allow us to link together the mean density and 
the mean liquid mass fraction. The liquid density is always assumed to be constant, if the gas 
density can be considered as constant too, it is found that:  
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for gas with variable density, the gas density is linked to the mean pressure by:   
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The volume fraction of liquid is given by: 
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A critical Weber number can be considered to determine the size of the droplets by assuming 
equilibrium between the surface tension forces and the inertial forces caused by turbulent 
motion. To avoid this assumption, a transport equation for the mean liquid-gas surface 
density Σ  is considered [2]. The Sauter mean diameter is proportional to the ratio ΣlY~ . As 
for the transport equation for the flame surface density [5], an equation for Σ  is postulated. 
The equation can be derived as follows: 
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α , a production term due to the mean flow stretching (7) 
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The last term, , is the mean equivalent radius of the droplets at the equilibrium.The 
destruction term is obtained by assuming there is a balance between the collision and 
coalescence effects. The set of modeling constants used here are: 

eqr

,3.0 0.1,0.1 10 === Cαα , some work is still needed to improve this equation and the 
validity of the constants. 



The whole set of liquid parcels is equivalent to a set of spherical droplets with an equivalent 

radius: 
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and an equivalent number of droplets:  ( )2
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In this study, the laminar stress tensor is neglected due to the high Reynolds number, and all 
previous equations are presented without vaporization or combustion terms. The extensions 
for this case to full reactive flow are discussed in [6].  
 

3. Turbulent dispersion of the liquid 
 
The study of the turbulence model for two-phase flows was conducted in the framework of 
air-assisted injector. The schematic of such injectors is presented on figure 1 with the main 
characteristics of the cases studied here: 
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Fig 1. Schematic of the air assisted injector 
 
In such injectors the gas velocity is very greater than the liquid velocity. The Reynolds and 
Weber number based on this velocity difference are high enough to be consistent with the 
hypothesis of the model. The flow is mainly parabolic except just behind the wall that 
separates the gas and the liquid flows, where a recirculation zone can be expected. In such 
flows one of the main characteristic of liquid dispersion is the length of the liquid core that is 
known to depend mainly on the J number ( 22

llgg uuJ ρρ=  ). The experimental result used 
here are provided by Stepowski et al [7] for case A and by Carreau et al [8-10] for case B, C 
and D. 
Under these considerations, the turbulence model for flows composed by liquid and gas was 
studied using a parabolic code [11] assuming that the reciculation zone can be neglected: the 
dimension  of the separating wall is usually very small in comparison to the other 
dimensions like the initial liquid jet diameter . The first case studied is the case A because 

the experimental measurement gives us directly the volume liquid fraction 

∆
lD

lφ . 
A second order closure approach using equations for the Reynolds stress tensor and for the 
liquid turbulent flux li Yu ""ρ  was initially chosen. The exact equations derived for these 
quantities contain terms related to the density variations. These terms are usually neglected 
for gas-gas flow with low-density variation (density ratio lower than ten). For separated flow 



(the liquid does not diffuse into the gas) these terms seem to be proportional to  
( gl ρρρ /1/1 − ). Therefore for high-density ratio, as those encounters in a liquid–gas mixture, 

these terms are expected to be important [2]. A detailed analysis of the different terms have 
shown [12] that: 
-  Using the standard ε−k  leads to a big over prediction of the liquid length core (1st order 
closure). 
-  The implementation of RSM model with those terms proportional to ( )gl ρρρ /1/1 −  does 
not permit to obtain a realistic length for the liquid core (2nd order closure). 
- The Prandt number, , used in a tP ε−k  to model the turbulent liquid mass flux: 
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good length of the liquid core but not a profile of the liquid volume fraction comparable to 
the experimental data (increased 1/Prandt Nb). 
-  Finally a new formulation of the model for the turbulent liquid mass flux was proposed 
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The experimental result is the volume fraction of liquid along the symmetry axis. The 
measurement in the dense region of the spray is obtained by the fluorescence by a laser sheet 
of an added substance incorporated in the water [7]. The case A is also characterized by 
Rg=1.7mm, Rl= 0.9mm, ∆=0.25mm and lρ =1000kg/m3. The different models used in the 
parabolic code are compared to the experimental results on figure 2: 

  
Figure 2. Liquid volume fraction on the injection axis. Experimental results vs. different 

modeling approaches 
 
Concerning case B, C and D Liquid Presence Probability (LPP) along the axis of the injector 
is measured using an optic fiber as phase sensor for the liquid phase, see [8-10]. Although it 
is not clear that the measured LPP is really the volume fraction of the liquid, both are 
certainly very close when LPP>50%. The characteristics of the experiment are Rg=1.8mm, 
Rl= 1.05mm, =0.20mm, and ∆ lρ =1000kg/m3 . 
Presented on figure 3 are the results obtained with the original k-ε model and the modified 
model. The comparison shows that the modification discussed above improves the model 
prediction, similar trend is found for case D. 



 
Figure 3. Symbols (1): LPP measurements; lφ  (2) : classical k-ε  model, lφ  (3): modified 

k-ε  model. Case B (left) and Case C (right). 
 
The last drawback of the previous modeling concerns the utilization of a parabolic code that 
is not able to take into account the recirculation zone. To clarify this point the model is 
implemented in 3D CFD code Fluent [13]. Within this code, the wall between liquid and gas 
jet is explicitly taken into account in the geometry. The results are presented for the case D on 
figure 4:  

                   
Fig 4: Mean liquid volume fraction field; right: standard k-ε model and left: modified k-

ε model. 
As with the parabolic code an important difference is found by the utilization of the modified 
formulation for the turbulent liquid mass flux. The corresponding profiles along the main axis 
are represented on figure 5: 
 

0

0,2

0,4

0,6

0,8

1

1,2

0 2 4 6 8 10

X/Dl

TP
L 

- P
hi

_v
ol

Exp., LPP
phi_vol, k-eps + corr.
Phi_vol, k-eps 

 
Fig 5: Profiles of LPP measurement and liquid volume fraction numerical results 

 
These profiles seem to confirm the necessity to change the classical modeling for turbulent 
flows with very high-density fluctuations. 



 
3. Up to the generation of Lagrangian particles representative of the spray 
 
Within this section two applications of the model are shown to demonstrate the improvement 
obtained by integrating the primary breakup modeling in the CFD computation. The equation 
for the density of liquid-gas surface per unit of volume is used to permit with the help of the 
liquid mass fraction to evaluate a mean Sauter radius along the dispersion of the liquid, see 
equation (10). Dynamically and everywhere in the computational field a criterion is evaluated 
that compare the mean Sauter diameter to the mean distance between the droplet, , see 
equation (11).  Wherever this criterion meets a critical value (equal to 2) the model switch 
from the initial Eulerian single flow formulation to the classical Lagrangian stochastic 
representation of the spray [4]. Finally for the dense part of the spray the Eulerian 
formulation is used and for the dilute part the Lagrangian formulation is used, this allows to 
use the classical models devoted to this part for coalescence, dispersion, vaporization, 
combustion …  

3/1−n

 
3.1. Influence of the Injector Internal Flow on the Spray for Diesel engine 

As shown by several authors [14], for Diesel injection, cavitation or velocity fluctuations 
inside the injector can significantly modify the spray development inside the combustion 
chamber. In order to evaluate the influence of these liquid velocity fluctuations, computations 
done inside the injector [15] are used to provide input conditions. The injection pressure is set 
at 950 bars and the chamber pressure is equal to 17,5 bars. The injector diameter is 148 mµ  
with a length of 1 . The simulation inside the injector is realized with a volume of fluid 
method. Several points were selected at the exit of the injector to provide us with the different 
velocity profiles. Because the model is able to take into account the primary breakup zone it 
is possible to connect continuously the computation inside the injector to the atomization 
process that takes place outside. The direct effects of the incoming flow fluctuations are 
shown in comparison with a calculation where the incoming flow is supposed to be perfectly 
uniform on the figure 6:  

mm

              

Fig 6. Mean equivalent droplet radii without the injector internal flow coupling (left) and 
with the injector internal flow coupling (right) 

The plots are made during the lift phase of the needle inside the injector. The more obvious 
results can be seen in the differences in the liquid dispersion. Due to the velocity fluctuations, 
the spray is no longer symmetric. The sizes of the droplets are also smaller when these 
fluctuations are taken into account. These results sound physical: by taking into account the 



liquid velocity fluctuations, we somewhat perturb the liquid core and this tends to increase 
the instability of the liquid jet. 
 
3.2 Influence of the Gas Pressure on the Spray Angle  

It is well known that the spray angle changes when the gas chamber density changes. The 

evolution of this angle can be approached by [16]: 
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The influence of an elevation of gas density obtained by increasing the pressure is 
demonstrated on figure 7:  

   
Fig 7: Pressure chamber equal to 10 bars (right), pressure chamber equal to 50 bars (left) 

The “reference” half-angles defined by (11) are 4.6 degrees for the 10 bars test-case and 
around 10 degrees for the 50 bars test-case. For the 10 bar test-case the computation gives 
about 5 degrees, whereas it gives 9 degrees in the 50 bars test-case.  
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