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Abstract. This paper presents a numerical method for modelling a compressible multiphase 
flow that involves phase transition between liquid and vapour in the context of gasoline 
injection. A discontinuous compressible two fluid mixture based on the Volume of Fluid 
(VOF) implementation is employed to represent the phases of liquid, vapour and air. The mass 
transfer between phases is modelled by standard models such as Kunz or Schnerr-Sauer but 
including the presence of air in the gas phase. Turbulence is modelled using a Large Eddy 
Simulation (LES) approach to catch instationnarities and coherent structures. Eventually the 
modelling approach matches favourably experimental data concerning the effect of cavitation 
on atomisation process.  

1.  Introduction 
In internal combustion engines, injectors are used to deliver the fuel to the engine in the most efficient 
way in order to trigger the combustion. This mixing between air and gasoline is improved by the 
formation of a spray with fine droplets at very high injection pressure. The injected liquid flows 
through the nozzle at very high speeds, usually in the order of hundreds meters per second, it is 
compressible and highly transient. In addition, the strong acceleration during the passage of the fluid 
throughout the nozzle, generate a pressure drop that can be less than the fuel vaporization pressure, 
triggering cavitation. Cavitation can help in promoting the primary atomization, however it also forces 
the liquid inside the injector nozzle to be distributed unevenly and results in unpredictable behavior of 
the spray shape. Therefore in order to obtain a precise control of the injection and for the improvement 
of engine performance, it is crucial to study the formation and development of cavitation. 

OpenFOAM® [1] libraries used in this work include originally solvers for resolving a compressible 
multiphase flow as well as models for cavitation such as Kunz [2] and Schnerr-Sauer [3] for instance. 
However, both models hold generally for a flow composed only by the couple liquid/vapour, which 
does not represents the reality of fuel injection, where the ambient gas is not vapour but for instance 
air. The aim of this work is to complete the standard OpenFOAM® libraries for simulating multiphase 
flows with an appropriate physical cavitation model to represent the engine injectors. 

The structure of the paper is as follow: first of all the modelling approaches are described together 
with their implementations. Then the models are validated against Sou’s experimental data [4] for a 
liquid-vapour flow. The final part is dedicated to the extension to a gas mixture that can include air in 
addition to the vapour.  
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2.  Mathematical and physical model 
2.1.  Transport equations of volume fraction 
The present method includes a transport equation for the volume fractions �� (“i” stands for vapour, 
liquid or air), defined as the ratio between fluid i volume to the total volume. �� ranges between 0 and 
1, where 0 means that there is no fluid i in this cell and 1 corresponds to a cell full of this fluid. 

Then we have the following equations for the volume fractions: 
 �������� + ∇. ������� = ��  

 �������� + ∇. ������� = −��  (1) 
 ���������� + ∇. ��������� = 0 
 

The source term added in bold for liquid and vapour equations traduces the exchanges between this 
two fluids induced by the cavitation. This term has been  added to the compressible multiphase solver 
“compressibleMultiphaseInterFoam” of OpenFOAM®. The subscript nc is used to described the air 
phase which is a non cavitating fluid in this flow. The subscripts l and v stand for liquid and vapour 
respectively, leading to �� + �� + ��� = 1.  

Bulk densities for liquid, vapour and air follow a linear relation to the pressure to include 
compressible phenomena: 

 �� = ��� + ���	,			�� = ��� + ���,			��� = ���� +����		 (2) 
 
�� represents the compressibility coefficient of specie “i”. Rewriting the equations (1) by 

substituting the densities with equations (2) leads to: 

 ������ + ∇. ����� = − ������ ���	 +
 �
��

 

 ������ + ∇. ����� = − �!�!�! ��� −
 �
�!

 (3) 

 ������� + ∇. ������ = − �"#�"#�"#
��� 

 
Then, by combining these equations the velocity divergence is obtained: 

 ∇. � = −$������ +
�!�!
�!
+ �"#�"#�"#

%��� +&� $ '�� −
'
�!
% (4) 

2.2.  Cavitation model 
In the literature, among existing models for the cavitation we start with approaches proposed by Kunz 
[2] and then Schnerr-Sauer [3] is considered (not presented in this abstract). 

Kunz’s approach decomposes the source term, �� , into 2 parts. One part describes the liquid to 
vapour phase change (cavitation), which occurs when the local pressure is less than the saturation 
pressure: &� ( . On the other hand, when the pressure is higher than the saturation pressure, the vapour 
to liquid phase change is activated (condensation): &� ). 

 

 &� ( = *dest�!��min��,2(2sat���.4��567 ��6
 and &� ) = *prod�;��²�'(����6

      (5) 

  
=prod, =dest, �>  and ?> are constants to be specified. 
3.  Validation against Sou’s experiments 
3.1.  Description of Sou’s experiments 
Work of Sou [4] aims to show different cavitation regimes, based on an experimental set up. He 
pointed out 4 main types of cavitation, depending on the cavitation number as well as the Reynolds 
numbers.    
 
The cavitation number is defined as follow, where @A is the atmospheric pressure, @B the saturation 
vapour pressure and CD  the bulk liquid velocity in the nozzle. 
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 E = FG(F!
�.4��HI7

 (6) 

 
Sou’s experiments point out that for cavitation number higher than 1.2, no cavitation bubbles are 
observed. Then for 0.75 ≤ E ≤ 1.2, cavitation cloud appeared in the upper half of the nozzle. For a 
cavitation number between 0.55 and 0.75, cavitation zone extended from the inlet to the injector exit.  
This is the super cavitation regime. In this condition, the liquid jet atomization is improved as droplets 
and ligaments appear quickly and the spray angle is enhanced. For lower cavitation numbers, we can 
observe the formation of hydraulic flip, in which air goes downstream at one edge of the nozzle up to 
the inlet.   

3.2.  Validation of the approach for a liquid-vapour flows 
In the injection simulations presented in this section, it is considered that the liquid is injected to the 
chamber which is filled only with vapour. The cavitation phenomenon starts at the entrance of the 
injector nozzle where the composition of the ambient gas does not play any role. The simulations of 
Sou’s experiments, based on the previous work of Lu [5], assuming only vapour give results presented 
on figure 1. 

 

 
 

The simulations are able to recover the cavitation regime proposed by Sou et al [4] more 
validations are proposed by Lu et al [5]. However, the ambient pressure is greater than the saturation 
pressure thus the model will consider condensation process acting on the spray jet because the 
simulated ambient gas is vapour instead of the actual air. The introduction of air in the composition of 
the gas phase has to be considered to avoid this bias.  
4.  Cavitation in multiphase flows 
4.1.  Method 
Generally cavitation modelling considers one specie with two phases liquid and vapour. Application to 
atomization requires to consider for the gas phase other species such as air. As a consequence, under 
the assumption of thermodynamic equilibrium at the surface, this is the partial pressure of vapour that 
is equal to the saturation pressure instead of the total pressure in the gas. This is included in the mass 
transfer source term by replacing the total pressure by the vapour partial pressure. The second issue is 
related to the treatment of the liquid surface if any interface capturing method is considered. 
Numerical method should be revisited to carefully avoid any diffusion between liquid and gas but 
allowing for diffusion between different species of the gas phase. Here a splitting method has been 
used separating the treatment of the convection term from the diffusion term in the context of a VOF 
approach. More details regarding this aspect will be given during the presentation due to size 
restriction of this abstract.  

Figure 1. Simulations of the Sou's experiments. Cavitation number of 0.94 (left) and 0.65 (right)
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4.2.  Results and enhancements 
The following picture shows results obtained for gas phase composed by vapour and air.  A tank full 
of liquid at high pressure flows out to external environment composed of air. The nozzle geometry 
corresponds to a Sou’s experiment. The Kunz’s cavitation model is used in this case, see figure 2. 

 
We can see that now it is possible to have an injection of liquid into air with a production of vapour 

in the cavitation area. Additional comparisons between injection in vapour and in air will be presented.  
5.  Conclusions and perspectives 
This work is an attempt to represent cavitation effect on atomisation processes with a solver  based on 
interface capturing method for the two-phase flow, LES for the turbulence modelling and including 
the possibility various composition of the gas phase. Further improvements are expected to link the 
cavitation model to the vaporisation model. This should be done in particular by including the effect of 
the temperature. Additional improvement concerns the representation of subgrid scale wrinkling of the 
interface. A subgrid method should be applied, as the LES version of ELSA developed by Hecht et al 
[6] for the atomization.  
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Figure 2. Simulation of cavitating injection: liquid, vapour and air volume fraction fields 
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