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Abstract. Cavitation in pressure atomizers strongly affects the liquid/spray jet behavior at their 

outlets. The liquid atomization at the outlet jet is promoted when the cavitation stage is fully-

developed into the atomizer nozzle. The type of atomization induced by cavitation allows developing 

more efficient atomizers when this cavitation stage is controlled. Cavitating flow is related to turbulent 

and multi-phase flows with mass transfer between the liquid and gaseous phases, and it is affected by 

several factors related to the physical properties of the fluid and the characteristics of the fluid flow. 

Due to the high-speed flow and small spatial-time scales involved, cavitation studies in injectors by 

experiments is very expensive. On the other hand, despite that several codes for numerical modeling 

of cavitating flows have been developed, this kind of flow modeling is still a big challenge, because 

cavitating flows should not be modeled as typical turbulent flows. There is a close relation between the 

cavitation inception/developing condition and the turbulence level in the flow leading to a non-

standard turbulence state. When the Reynolds Averaged Simulation (RAS) of turbulence is used, 

previous works showed that in general its influence over the obtained results is bigger than the 

influence of the selected mass transfer model for a suitable cavitating flow modeling. It is also 

demonstrated that this selection could be competitive compared to more sophisticated options, e.g., 

Large Eddy Simulations (LES), when only a general flow structure and the mean/global values are 

required. In this work more evidence related with the capability of the RAS turbulence models are 

presented, and the obtained conclusions could be useful to improve injectors design by numerical 

modeling because the detection of the incipient/quite developed cavitation flow conditions is captured 

accurately using low computational resources. 
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1  INTRODUCTION 

Cavitation is a complex phenomenon that appears in liquid flows when the hydrodynamic 

pressure, Pc in some place falls down reaching the vapor pressure of the liquid, Pv. This low 

pressure provokes that the initial liquid flow becomes a two-phase flow, i.e., liquid-bubbles of 

vapour, Knapp et al., 1970, Brennen, 1995, Brennen, 2005. The initiation of cavitation by 

vaporization of the liquid may require the existence of stresses lower than vapor pressure due 

to the surface stress tension in the bubble. However, the presence of undissolved gas particles, 

boundary layers, and turbulence will modify and often mask a departure of this critical 

pressure Pc from Pv, Ardnt, 2002.   

Several Computational Fluid Dynamics (CFD) codes based on a certain kind of ‘multi-phase 

flow modeling’ technique, involving both mass transfer (by cavitation) and turbulence 

submodels, have been developed for studying cavitating flows. For turbulence modeling a 

Reynolds Averaged Simulation plus an Eddy Viscosity (or Reynolds Stress Model), i.e., 

RAS+EVM(RSM), formulation for the mixture (liquid+vapor) have been developed in the 

two last decades and  is commonly used now. It is frequently so-called RAS turbulent multi-

phase (RAS-TMF) flow modeling, Ruiz et al, 1999, Yuan et al., 2001, Schnerr et al, 2001, Singhal 

et al., 2002, Coutier-Delgosha et al, 2003, Habchi et al, 2003, Palau et al., 2004, Martynov et. al, 2006, 
Giannadakis et al, 2008, Li et al, 2008, Darbandi, et al, 2010,  Gonçalves et al, 2012, Payri et al, 2012, 

Zhang et al, 2013, Duke et al., 2014, Sou et al., 2014, Congedo et al, 2015, Naseri et al, 2015,  
Coussirat et al., 2016a, Koukouvinis et al, 2016, Coussirat et al, 2017, Ghorbani et al, 2017. 

More recent options for turbulence modeling implying a different kind of filtering strategy, 

such as Large Eddy Simulation (LES) or Hybrid Formulations, (DES/VLES) for the mass, 

momentum and energy transport equations are available too, Coussirat et al., 2016b, Sou et al., 

2014, Koukouvinis et al, 2016. 

In the RAS-TMF flow modeling the fluid mixture density m, and the turbulent dynamic 

viscosity of the flow t,m, are closed by a cavitation and a turbulence model respectively. This 

t,m is added to the molecular viscosity of the mixture m, to obtain an effective or total 

viscosity. Nowadays, there are several options and possible combinations of these submodels 

inside a commercial or an in-house CFD code, Li et al, 2008, Zhang et al, 2013, Coussirat et al., 

2016b, Coussirat et al, 2017. In spite of this, cavitating flows are still a big challenge, because 

cavitating flow involves non-standard turbulent flow modeling, due to this modeling offers 

several difficulties for a suitable modeling by means of the available CFD codes, Coussirat et 

al., 2016b,  Giannadakis et al, 2008, Duke et al., 2014, Sou et al., 2014, Congedo et al, 2015, Naseri et 

al, 2015. There is a close relation between the cavitation inception/developing condition and 

the turbulence level in the flow leading to a non-standard turbulence state, so cavitating flows 

should not be modeled as typical turbulence, Coussirat et al., 2016a,b, Coussirat et al, 2017.  

A possible reason for this non-standard state is that turbulence affects cavitation inception 

since a nucleus may be found in the core of a vortex where the local pressure level is lower 

than the mean value of the pressure in the flow. Hence, the nucleus could cavitate when it 

should not do under the influence of the mean pressure level. This fact points out that 

cavitation may alter the global pressure field modifying the location of flow separation and 

the induced variations of the local turbulence level. Thus, turbulence may promote cavitation 

and vice versa. Although some details of these complex viscous effects on cavitation 

inception were extensively examined by several authors in the past, Knapp et al, 1970, 

Brennen 2005, the effects such as interaction of turbulence and cavitation inception have been 

recently identified more clearly, Tseng et al., 2014, Koukouvinis et al, 2016, Ghorbani et al, 2017. 

Then, inappropriate predicted values for the pressure fluctuation due to the turbulence model 

selected could affect the cavity shape prediction and the general cavitation stage. A broad 
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discussion, details and an extensive list of references related to the aforementioned topics can 

be found in previous works, Coussirat et al., 2016a,b and Coussirat et al, 2017.  

Under the viewpoint of engineering applications, due to the high pressure drop in the injector 

orifice, cavitation occurs almost always in high-pressure Diesel injectors and it is of 

paramount importance to take advantage of the useful effects that cavitation could provide, 

i.e., sprays of good quality. In turn, the potential capability of the damage that the cavitating 

flow has on the injector has to diminish when the device works under design conditions. Due 

to difficulties (technical and costs) to carry out experiments in real Diesel injectors, the CFD 

tool could be an interesting option for nozzle designs. The interaction of turbulence and 

cavitation has been extensively studied either experimentally or by means of the CFD tool, 

see full details in Coussirat et al., 2016a,b, Coussirat et al, 2017. For Diesel injectors, the early 

and recent experimental results from Nurick, 1976,  Nurick et al, 2008, and Nurick, 2011, Sou et al, 

2006, Sou et al, 2008a,b and Sou et al, 2014 (used also in this work), were extensively used in 

several of the aforementioned CFD works available in the literature.  

Current CFD applications could be useful to understand the impact of some of the 

design/operating variables under cavitation conditions. It is important the role of these 

variables to identify the correct state of the internal orifice flow, because this state has a 

tremendous effect on the external spray.  

 

2 CFD OF TURBULENT CAVITATING FLOW IN INJECTORS  

This work is related to CFD modeling of cavitating flows in confined geometries, more 

specifically, dealing with high-pressure Diesel injectors of square sections. One of the main 

subjects here is to gain insight in the behavior and performance of the numerical two-phase 

flow models developed for general usage, applied to the design of devices where cavitating 

flows appear. The CFD code calibration is a necessary task here, and it must rely on a 

physical basis. To discuss with more details the physical basis of the interaction between 

turbulence and cavitation, some of the experiments used in the already mentioned works are 

revisited. The present work tries to obtain a deeper insight of the RAS+EVM(RSM) 

turbulence modeling for square section nozzles, analyzing both the mean velocity field and 

their fluctuations for subsequent calibration tasks taking into account the problems that EVM 

models have when they are applied to compute turbulent flow in square section ducts. Then, 

to analyze with more details the physical basis of the interaction between turbulence and 

cavitation, some of the experiments used in Coussirat et al, 2017 were revisited bearing in 

mind the following considerations for turbulence modeling:  

1)The primary role of the suitable prediction of t,m, because it provokes the mixing rising, 

related to the energy dissipation and the flow losses downstream of the orifice. Thus, the 

vapor is transported more slowly, increasing its dissipation and bringing the liquid phase 

towards a two-phase region, affecting the vapor convective transport and forcing the two-

phase flow region to shorten. In this way, the flow pattern looks steadier and the two-phase 

regions of the turbulent simulations are smaller. This difference is generated due to the effect 

of the t,m level, computed by the turbulence model, being  t,m>>>m which damps the 

unsteadiness occurred in the laminar simulations.  

2)The turbulence field is qualitatively and quantitatively different under non-cavitation or 

cavitation conditions, Ruiz et al., 1999. The general level of turbulence in cavitating flows 

presents higher values and goes down more slowly along the orifice length L. The turbulence 

is concentrated either nearer the orifice wall, or closer to the jet surface once outside the 

orifice. The spatial distribution and the slow decay of the turbulence produced in cavitating 
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flow in orifices could be related to some preferred turbulence scales in the process, and the 

main conclusion here is that cavitating flows should not be modeled as typical turbulence.  

3)The flow separation into the injector nozzles may be caused either by the sharpness of the 

nozzle inlet lip or by the cavitation process, Habchi et al, 2003. The separation formed by the 

primary phase flow influences the extension of the two-phase region. In zones nearer the 

sharp edged inlet orifice corners, the pressure goes down and vapor appears provoking a 

diminution of t,m. Hence, the small scales of turbulence do not have a relevant influence here. 

On the other hand, the interface is wrinkled downstream of the sharp edged orifice; and in the 

reattachment region the sub-grid scale turbulence certainly plays a major role in the break-up 

and coalescence of the collapsing bubbles. 4)No clear conclusion about the superiority of one 

turbulence EVM model over other could be pointed out, despite many works related to the 

performance of several EVMs and cavitation models combinations exist, Coussirat et al, 2017. 

In all cases, the CFD results obtained led to the stable cavity predictions, because higher 

levels of the t,m computed inside the cavity avoids the re-entrant jet formation, suppressing 

the unstability of partial sheet cavity. The influence of the experimental data in the setting of 

turbulence and cavitation model coefficients was also studied as a possible solution to reduce 

the t,m levels. 5)Gonçalves et al, 2012, Naseri et al, 2015 and Coussirat et al, 2016a,b showed 

some CFD results changing the production and dissipation coefficients in the turbulence 

transport equations of some EVM for steady and unsteady simulations. These corrections led 

to reduce the t,m in mixture regions, allowing reproducing some of the observed experimental 

cavitation conditions (inception and shedding pattern in unsteady cases) remarking the 

importance of an accurate capture of the pressure fluctuations induced by the turbulence is 

remarked.    

3 CFD SETUP DEFINED FOR SQUARE SECTION INJECTORS 

A commercial code Ansys/Fluent v12 Software, 2018 was used for modeling a turbulent 

cavitating flow in a square section orifice injector. The geometry and flow data were extracted 

from the Sou et al., 2006 and Sou et al, 2008a,b, see Fig.1. The geometry selected was a 

square nozzle (2D model) where:  l=1.0 mm, D/w=8, L/w=4 and l/w=0.25, being l  w the 

outlet nozzle area (height  width); L, the wall nozzle length and D the inlet nozzle diameter.  

The flow data to define the boundary conditions and to compare against the CFD results were 

extracted from the aforementioned references, being: 1)The mean flow velocity at the outlet 

computed from the measured mass flow, measured by means flowmeters, being the 

uncertainty in the measured flow rates less than 3.7%; 2)The static pressure upstream of the 

nozzle (for some cases), measured by means of a Bourdon pressure gages; 3)The velocity 

profiles at some positions in the nozzle, measured by means of the Laser Doppler Velocimeter, 

LDV technique; 4)The concentration of oxygen dissolved in the water was measured using a 

dissolved oxygen probe. 5)Images for the vaporisation cavity structure when cavitation is 

present were taken using a digital camera and a flash lamp, but without any information about 

the vapour fraction values into the cavity. For the items 2-4 none information related to the 

probes/measurements uncertainties was given.  

For the selected geometries, the CFD estimations for flow separation and reattachment are 

strongly dependent on a correct prediction for the development of the near-wall turbulence 

and its instability, leading to the possibility to have an unsteady flow, giving place to 

Unsteady Reynolds Averaged Simulations (URAS), more expensive in terms of CPU 

requirements. Fortunately, studies performed in a previous work from Coussirat et al, 2017, 

based in the Strouhal number computation allow justifying the use of steady state CFD 

simulation in the cases selected to detect the incipient cavitation state.   
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Over the selected geometries, the boundary conditions were defined in the same way as 

experiments, i.e., a value of PB=95,000 Pa was set at the outlet in all cases, and for each case 

an inlet velocity value, c1, was defined from its associated  and Re number values, and 

applying the continuity principle between the inlet and outlet of the injector, see Table.1. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 
Fig.1: Experimental data for square nozzles, Sou et al., 2006, Sou et al., 2008a,b.  Left: Cavity structure and 

mean velocity field in the nozzle measured (LDV technique). Right: Mean velocity streamwise and transversal 

components (U,V) and their turbulent rms fluctuations (u', v') at some nozzle positions (only y=15mm is shown 

here). Notation: Re=cBw/l, Reynolds number; , cavitation number, =(PB-Pv)/(0.5l cB
2
); TL, liquid 

temperature; WN=w, nozzle width; tEX, exposition time (photos); PB, Pv , outlet and vapour pressures; l, liquid 

density; cl, flow velocity at the nozzle l, liquid phase kinematic viscosity. 

 

Table.1 also shows the different turbulence models used for each case. In all the modelled 

cases the Singhal cavitation model was used because in previous works, Coussirat et al., 

2016a,b, Coussirat et al., 2017, it was demonstrated that the predictions of incipient cavitation 

stage in cavitating flows is more sensitive to the turbulence modeling than the cavitating flow 

modeling.  For defining the mesh size, the sensitivity mesh analysis (i.e., comparison of CFD 

results between several meshes, and 2D and 3D cases) already performed in Coussirat et al., 

2016a  was used as reference.  

The mesh defined was a hybrid mesh with quadrilateral/triangular cells 26,600 cells.  In all 

the cases modeled the cell size near the wall (at the nozzle inlet zone) was computed in order 

to obtain values for y
+
 <15. 

 

 

 

 
 

Table.1: Square nozzles, l=1mm, D/w=8.0, L/w=4.0, and l/w=4.0, (2D) from Sou et al., 2006, Sou et al., 2008a,b 

databases.  CFD cases modeled using the EVMs consigned in the table combined with the Singhal model. 

Notation: A, Spalart Allmaras; B, Standard k–  (i.e., Std k–); C, SST k– ; D, RSM. 

 

It is necessary to take into account that the grid convergence studies with the wall functions 

approach fail in some cases because the wall boundary condition is ill-posed. Therefore, for a 

well-posed boundary condition the inner limit was defined for a suitable application of the 

standard wall functions here, (i.e., at a value of y
+
~11, laminar sublayer); although the SA and 

SST k- do not use this wall treatment. On the other hand, the Std k– and the RSM models 

l/w cB[m/s] 12.50 14.50 16.00 17.50 

4.0 

 1.27 0.94 0.78 0.65 

Re [104] 5.00 5.80 6.40 7.00 

models used ABCD ABCD ABCD ABCD 
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use standard wall functions. For the former two models, a specific ad-hoc near-wall treatment 

was selected (wall functions or simplified equations for boundary layer turbulence, see details 

in Ansys/Fluent v12 Software, 2018).  

Once the geometry and the boundary conditions were define, the following CFD setup was 

also defined in each case: 1)The selection of Second-order Upwind schemes for all the 

equations (flow and turbulence), except for the vapor transport equation, where the ‘QUICK’ 
scheme was selected. 2)The selection of the ‘SIMPLE’ scheme for the pressure–velocity 

coupling; 3)The definition of values for the dissolved gases contained in the liquid phase into 

a range of (1-9) 10
-9

 ppm depending on the available information from experimental data; 

4)An O(10
-5

) imposition for the normalized residuals; 5)The prescription of double precision 

in the computed values.  

4 DISCUSSIONS OF THE OBTAINED RESULTS 

The CFD obtained results for the general flow pattern and the cavity shape were compared 

against experiments, Fig.2. The results for the averaged mean velocities at the outlet, cB  were 

obtained for the values of the  coefficient extracted from Table.1, and they were compared 

against the experimental results, Table.2.  Finally the mean and fluctuating velocity profiles 

for both velocity components (i.e., U,V and u',v') were compared against experiments at some 

positions along the nozzle, Fig.3 and Fig.4.  

Fig.2 shows the general velocity pattern and the cavity shape obtained for incipient and quite 

developed cavitation stages. The general flow pattern looks similar to experiments and for the 

quite developed cavitation stage the ‘mean’ cavity shape is predicted with some accuracy. The 

experiments show that the cavity grows for the full developed cavitation stage. In both cases 

the general flow pattern looks qualitatively similar. The Std k–  shows better predictions of 

the cavity evolution. Despite that RSM recover more physics due to tensorial character the 

cavity evolution is not well captured. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 
Fig.2: Comparison of CFD results (vapor fraction and velocity fields), under two flow conditions,             

(i.e., Top:  =0.95 and Bottom:  =0.78), see Table.1. CFD results obtained by using the Std k– and the RSM 

models. Experimental data are from Sou et al., 2006. Notation: =(PB-Pv)/(0.5l cB
2
); Re: Reynolds number is 

based on cB and w. 
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Table.2 shows comparisons between the experimental and the CFD obtained results for the 

averaged mean velocities at the outlet, cB for several values of the  coefficient, see Table.1. It 

was observed that for incipient and quite developed cavitation, the averaged mean velocity at 

the nozzle outlet is well predicted. The best results were obtained by using the Std k– model. 

Instead, for fully developed cavitation stages these values are overpredicted. An analysis of 

the mean and fluctuating velocity profiles, see Fig.3, allows to say that in all cases the 

velocity profile is quite well predicted near the nozzle inlet (i.e., at y=0.5mm). For the non-

cavitating flow (=1.27) the recirculation zone is overpredicted by the the SA, SST k- and 

RSM models. Instead, the Std k- predicts more accurately the recirculation zone, but the 

velocity maximum at this zone is underpredicted.  

 
      Exp. Sou et al, 2006        SA (A)      Std k- (B)     SST k– (C)      RSM (D) 

   1.27              12.50          12.53          12.50         12.53          12.36 

   0.95              14.50          14.22          14.49         14.19          14.69 

   0.78              16.00          19.64          16.67         19.53          19.38 

   0.65              17.50          26.26          23.53         25.27          25.62 
 

Table.2: Comparisons of the averaged mean velocity at the outlet, i.e., cB [m/s].                                        

Notation: SA, Spalart Allmaras; Std k-, Standard k– ; SST, SST k–; RSM, Reynolds Stress Model. 

 

For the quite developed cavitation (=0.95) the general flow pattern is well predicted by all 

turbulence models in this zone, except by the SST k–. When the cavitation stage becomes 

fully developed the predictions get worse and the zone with velocity recirculation around the 

cavity is overpredicted.  

Fig.3: CFD comparisons for the velocity profiles at 0.5 mm from the nozzle inlet (y=0.5mm) and depending on 

the  value. Top: Stremwise component, Um; Medium: Streamwise fluctuating component, u'rms; Bottom: 

Lateral fluctuating component, v'rms. Notation: Exp. data, Sou et al, 2006 (, Um ; , u'rms ;฀, v'rms). CFD results:  

, Standard k– ;   -  , SST k– ;  ------, SA; , RSM. 

 

In general, near the nozzle inlet the fluctuations were strongly underpredicted for all 

turbulence models except for the Std k-, Fig.3. At the center of the jet the fluctuations 

predicted tend to zero but experiments show that u'rms has a value 0.5m/s. For each , the 

variations in the both fluctuations levels predicted are similar for  all EVM models, showing 
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the intrinsic scalar character of the t,m (Boussinesq hipotesis). Instead, the RSM shows more 

sensitivity in the fluctuations predicted for the different cavitation stages and there are 

different variations in each fluctuating component.  

At positions nearer the nozzle outlet only the Std k-  shows well predicted mean velocity 

values for quite developed cavitation stage, but the fluctuating velocities were overpredicted, 

Fig.4. All the other turbulence models overpredict the Um velocity and undepredict the 

fluctuations. The Vm component is well predicted by the Std k- and the RSM models. Notice 

that the SA and SST k- showed strong oscillations in the lateral mean velocity Vm. This 

could be related with the overprediction of the cavity shape that becomes incompatible with 

the outlet boundary condition for the vapor fraction. Finally, for the full developed cavitation 

stage the prediction of the mean and fluctuating velocity fields get worse for all turbulence 

model tested. Only the Std k- show predictions of the same order as experiments. 
 

Fig.4: CFD comparisons for the velocity profiles at 1.0mm from the nozzle outlet (y=15mm) and depending 

on the  value. Top: Stremwise and lateral medium components (Um,Vm); Bottom: Streamwise and lateral 

fluctuating components (u'rms , v'rms). Notation: Exp. data, [**]Sou et al, 2006 (,Um ,Vm; , u'rms ;฀, v'rms). CFD 

results:  ,Standard k– ; ,  -  SST k– ;  ------, SA; , RSM. 

5  CONCLUSIONS 

A set of CFD simulations for cavitating flow in a nozzle with a square section has been 

carried out by using combinations of several turbulence models (SA, Standard k–, SST k- 

and RSM) and one for cavitating flow (Singhal). The Standard k– model shows a good 

behavior in these cases showing the best prediction of the mean values for velocities at the 

outlet in cases of square nozzles with low L/w ratios. 

A comparison of the CFD results obtained against the experimental ones allows saying that 

despite that some clear differences among the mean velocity values at the outlet predicted by 

the turbulence models used, there are not big differences among the cavity structure predicted 

by all the turbulence models tested. For the incipient cavitation condition the cavity structure 

predicted by CFD is larger than the experimental one, being the results obtained by the 

Standard k– the closest to the measured cavity length. 

The experiments show that the u'rms fluctuations become weaker near of the cavity when  

goes down, but the v'rms ones do not change so much. The variation of both fluctuations along 

the nozzle width follows different trends. This behavior could be related to the tensorial 

character of the Reynolds stresses. Both fluctuations predicted for all EVM models are not so 

good compared against the experiments and are of similar level, pointing out the scalar 

character of the t,m predicted. This could be a reason for a not well predicted cavity when the 
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cavitation stage changes from incipient to developed. Surprisingly, the fluctuation velocities, 

related to the Reynolds stresses predicted by the RSM were not very different as the ones 

obtained by EVM.  

It was also observed that an overprediction of the fluctuations level leads to a better fitting of 

the mean values of the velocity field. This fact could be take into account for future EVM 

calibrations. 
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