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Abstract. A well-controlled fuel mixture process inside engines leads to a system improvement as a whole, thus, it is 

necessary to understand the interaction between air and fuel. To characterize an injection, the first step is testing it in 

a quiescent air chamber. Due to the complexity of this process, the prediction of injection behavior inside the chamber 

is carried out using computational tools. In the literature there are some models to predict the breaking of the liquid jet 

into droplets as well as its atomization. In the present work the KH-RT as well as TAB break models are tested for an 

outwardly opening nozzle type injector to describe the Lagrangian phase at an injection pressure of 100 bar using the 

commercial CONVERGE software. To simulate the Eulerian phase, which is the air inside the chamber, the RNG-ke 

model is used to describe turbulence. To validate the simulation, the jet of ethanol in a quiescent air chamber at 

atmospheric pressure is compared to data found in the literature for the jet penetration. The results showed that the 

correlations are able to predict the results with good precision, although showing that the models tested overestimate 

the results experimentally obtained for fuel penetration. 
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1. INTRODUCTION 
 

With the increase in the world's cars fleet, the efficiency and emission of pollutant gases from internal combustion 

engines becomes a concern of interest. To regulate the emission of pollutant gases, increasingly strict regulations are 

created. These regulations demand the improvement of the existent technologies as well as the development of new 

technologies to meet the new standards. (Baumgarten, 2006)  

Renewable fuels, such as ethanol, have been used in substitution for fossil fuels to meet the needs imposed by the 

regulations that control the pollution standards. Their combustion process depend on the quality of the air fuel mixture, 

considering that a better atomization of the liquid implies in a better evaporation which leads to a more effective energy 

release and a lower concentration of polluting gases. (Baumgarten, 2006) 

Before testing the fuel in the internal combustion engines the characterization of the spray is a necessary step. This 

step is carried out in a quiescent chamber and parameters such as spray penetration and cone angle can be 

experimentally measured or predicted using numerical correlations. Research related to this fuels has grown, and 

considering the complexity of the mixture of air and fuel, three dimensional numerical simulations have been used to 

study this process. (Baumgarten, 2006) 

Within this context, the main purpose of this paper is to validate three break-up model correlations for an ethanol 

injection in a quiescent air chamber by means of an outwardly spray injector. 

 

 

 

 

 

 

 



Bruno Silva de Lima, Francisco José de Souza and Rafael Silva de Lima 
Euler-Lagrange 3D Simulation Of Ethanol Injected In A Quiescent Air Chamber 

2. SPRAY MODELS 

 

Sprays are essentially a liquid dispersion in a gaseous medium, which can be produced by means of different 

phenomena. To effectively produce a spray, it is necessary a high velocity difference between the liquid and the gaseous 

phase. (LEFEBVRE, 1989) 

The main characteristics for a hollow cone spray are shown in Figure 1. It is important to note the liquid penetration 

S, which is the maximum distance from the end of the injector, that droplets can be found. This measurement is often 

used in the first steps of an engine project as well as used to validate break up models.  

 

 
 

Figure 1 – Hollow cone spray (Baumgarten, 2006) 

 

The atomization of the spray and the consequently vaporisation is characterized by the breakup phenomenon. The 

primary breakup is characterized by the transformation of the liquid jet in small drops. This first breakup is responsible 

for the initial conditions of the drop, such as its velocity and diameter. Ohnesorge studied these mechanisms and 

showed that there are four different breakup mechanisms dependent on the Ohnesorge number Eq. (3) (which is a 

combination of the Weber number Eq. (2) and Reynolds number Eq. (1)) and Weber number and are correlated as 

Shown in Figure 2. (Baumgarten, 2006) 
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Where   is the relative velocity,   is the droplet diameter,    is the liquid specific mass,    is the dynamic viscosity 

and   is the surface tension. 
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Figure 2 – Ohnesorg diagram (Baumgarten, 2006) 

 

Considering the same fluid and the same injector and varying the velocity of the liquid all the mechanisms can be 

observed. At low velocities the Rayleigh regime is observed, in which the drops are formed from an unbroken jet. With 

a rise in the speed the first wind induced regime is found and it is characterized by stronger aerodynamic forces, which 

lead to a smaller unbroken jet and also smaller drops. In the second wind-induced regime the occurs due to the growth 

of short wavelength surface waves initiated by jet turbulence and amplified by aerodynamic forces due to the relative 

velocity between the liquid jet and the surrounding air. The atomization regime is reached if the unbroken jet is nearly 

zero, the spray breakup starts immediately when the liquid leaves the injector. The regimes are illustrated in Figure 3. 

(Baumgarten, 2006) 

 

 
 

Figure 3 – Illustration of the breakup regimes (BRAVO & KWEON, 2014) 

 

In the second breakup, liquid ligaments and droplets of the spray are subjected to a breakup caused by the 

aerodynamic forces and pressure, which are induced by the relative velocity between the droplets and the surrounding 

air. Aerodynamic forces promote unstable growth of the waves at the gas-liquid interface, which leads to breakup. 

Based on experimental investigations, it was noticed that the different secondary breakup regimens are dependent on the 

Weber number of the gas phase and different regimes are noticed as show in Figure 4, the greater the weber number the 

closer to catastrophic regime. (Baumgarten, 2006) 

 

 
 

Figure 4 – Illustration of the breakup regimes (Baumgarten, 2006) 
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The next subsections briefly summarize how the breakup models are modeled for simulations here presented. More 

details are presented in (Richards et al, 2016). 

 

2.1 TAB Spray Breakup Model 

 

The Taylor Analogy Breakup model is used to calculate drop distortion and breakup. It is based on the analogy of 

an oscillating droplet and a spring-mass system. The governing equation for a damped and forced oscillating system is 

shown in Eq. (4). (Richards et al, 2016) 

 

       ̇    ̈                                                                                                                                                     (4) 

 

Where x is the displacement of the drop from its undisturbed position. Setting          , where    is the 

undisturbed droplet radius and    is a dimensionless constant defined as 0.5, the droplet oscillation frequency w and y 

can be expressed in Eq. (5) and (6). (Richards et al, 2016) 
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Where    is a dimensionless constant defined as 8,    is the turbulence correlation time and     is the drop Weber 

number. 

If    is greater than zero then the amplitude A is calculated by Eq. (7).(Richards et al, 2016) 
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If         the phenomenon is not observed. Otherwise if         and      or the computational time 

step is larger than the breakup time, breakup is predicted to occur. (Richards et al, 2016) 

 

2.2 KH-RT Spray Breakup Model 

 

According to (Richards et al, 2016) the KH-RT model is a combination of the Kelvin-Helmholtz analogy for 

breakup with the Rayleigh-Taylor analogy developed by (Reitz and Diwakar, 1987). In this model both breakup models 

run simultaneously, the KH analogy is responsible for primary breakup in an intact core length Lb and for the second 

breakup a comparison of the effects of the KH and RT models is modeled as shown in Figure 5. 

 

 
 

Figure 5 – KH-RT model (Richards et al, 2016) 

 

The Kelvin-Helmholtz analogy is based on a liquid jet stability analysis, in which a liquid jet enters a quiescent 

chamber. An arbitrary displacement   is imposed in the system as shown by Eq. (8). (Richards et al, 2016) 
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The linearized hydrodynamic equations are solved with wave solutions of the form shown in Eq. (9) and (10). 
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Where    and   are the velocity and stream function,    and    are constants,    and    are modified Bessel 

functions of first kind,            ⁄ .    is the liquid kinematic viscosity.  

With boundary conditions of liquid kinematic free surface, continuity of shear stress and continuity of normal 

stress, the dispersion relation has the form of Eq. (11). 
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Numerical solutions for the maximum grow rate    were generated and the solution is shown in Eq. (12). 
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Where     √   . Note that if    is greater than    , then breakup occurs. 

The Rayleigh-Taylor analogy is based on the instability generated from rapid drop deceleration due to aerodynamic 

forces. This force is mathematical described as shown in Eq. (13). (Richards et al, 2016) 
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Where |  | is the acceleration of the drop,    is the mass of the droplet and    the drag coefficient. The fastest 

growing wavelength is shown in Eq. (14). 
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According to (Xin et al., 1998) if        is smaller the diameter of the droplet, where     is a constant that 

predicts the radius of the breakup droplet, then waves are assumed to grow on the surface of the droplet. If these 

wavelengths grow for sufficient time, which depends on an adjustable constant, the breakup occurs. 

 

2.3 LISA Spray Breakup Model 

 

The linearized Instability sheet atomization (LISA) described by (Senecal et al., 1999)) breakup model described by 

(O’Rourke and Amsden, 1987) is based on the imposition of infinitesimal disturbances on a liquid sheet generated by 

the entrance of the viscous two-dimensional liquid in a quiescent chamber. The dispersion relation for a sinuous mode is 

derived considering that second-order viscosity terms can be neglected and also making the consideration of short 

waves (    (  )          ) by Eq. (15). (Richards et al, 2016) 
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                                                                                                                       (15) 

 

Where    is the real wave growth rate, k is the wave number,   is the gaseous specific mass, U is the sheet initial 

velocity, h is half of the sheet thickness and        ⁄    

A critical Weber number of           ⁄        was analytically derived. If the Weber number is below this 

critical value long waves are responsible for breakup, in the other hand if it is greater than the critical value short waves 

dominate the process. Assuming that Weber number is typically above the critical value the assumptions made to get in 

Eq. (15) are reasonable. 

If a wave reaches a critical amplitude value, parts of the liquid breakup from the sheet to form drops. This 

maximum amplitude is related to a maximum wave growth rate   , derived from Eq. (15) represented in Eq. (16). 
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Where the quantity    (
  

  
) is set to 12, V is the absolute velocity of liquid sheet and            ⁄ . 
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3. PHYSICAL MODEL  

 

This chapter highlights both the experimental and the numerical methodologies. 

 

3.1 Experimental procedure 

 

The experimental apparatus is described by (Guzzo, 2012) as a quiescent chamber presented in Figure 6. 
 

 
 

Figure 6 – Quiescent chamber (Guzzo, 2012) 

 

To perform the experiment, the PIV technique was used as well as a high speed camera. The analysis of the pixels in 

the images was used to create a MalLab routine to define the angle of the spray. The break-up length was obtained by 

means of a luminosity analyse of the spray images obtained by the PIV technique. The images obtained by the high 

speed camera were used to obtain the spray penetration. 

Figure 7 shows an image of a spray 1.15 ms after the beginning of the injection obtained with the high speed camera 

and its respective profile used to extract the cited information. 

 

 
 

Figure 7 – Spray and its profile (Guzzo, 2017) 
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The main characteristics extracted from the experimental tests are show in Table 1. These data was used to simulate 

the spray in CONVERGE. 

 

Table 1. Main characteristics of the spray. (Reis,2017) 

 

Injector position (x,y,z) [m] (0;0;0.012) 

Injector direction (x,y,z) [m]
 

(0.0021;0;0.9999) 

Injector hole [mm] 0.5628 

Internal cone angle [
0
] 41.5 

External cone angle [
0
] 63.0 

Chamber temperature [K] 296 

Chamber wall temperature [K] 296 

Chamber pressure [Pa] 1.01x10
5 

Injection time [ms] 1.5 
                           

 

More details about the experiments can be found in (GUZZO, 2012), (GUZZO M. E., 2017) and (GOMES JÚNIOR, 

2017). 

 

3.2 Numerical procedure 

 

The computational domain, which represents the quiescent chamber is 100 mm height and has 70 mm of diameter. 

The surface mesh was created in the Convergent Science Inc.'s CONVERGETM CFD software. This software uses this 

surface mesh to generate a volumetric structured mesh in every time step. Figure 8 shows the surface mesh with an 

embedded region, illustrated in a green cone. This embedded region locally refines the volumetric mesh. 

 

 
 

Figure 8 – Computational domain in CONVERGE 

 

Figure 9 shows a cut plane in the centre of the domain, illustrating the volumetric mesh and the spray. The base 

mesh size is set to 3.6 mm. The embedded region illustrated in Figure 4 refines the mesh inside the cone in a scale of 2
n
, 

in which n is set by the user, in the simulation n is set to 2 so that the base size of the cells has 0.9 mm. CONVERGE 

also allows a dynamic mesh refinement, in which the user can choose a parameter which will be tracked, if the value or 

the difference between the value of adjacent cells are greater than a pre-set value then the mesh is locally refined. In this 

simulation the speed of the liquid drops is set to be tracked, so that in the locations which the velocity is greater than a 

pre-set value the mesh is refined by a scale of 2
3
. Figure 5 also shows this adaptive mesh refinement in cells near the 

drops (the drops are illustrated in blue in the upper centre of the image, and the mesh is shown in pink). 
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Figure 9 – Computational domain in PARAVIEW 

 

The simulation treats the air phase as an Eulerian phase and the liquid as Lagrangian. The injected liquid is ethanol, 

which has specific mass of 797.5 [kg/m
3
], dynamic viscosity of 1.11x10

-3
 [Pa s] and surface tension of 2.43x10

-2
 [N/m]. 

To model the turbulence for the Eulerian phase the RNG-ke model is used and the main parameters for the Lagrangian 

phase are shown in Table 2. 

 

Table 2 – Main spray models 

 

Spray model physical process Model 

Liquid injection
 

Hollow cone  

Spray breakup TAB, KHRT, LISA 

Drop drag Dynamic drag 

Collision model O’Rourke model 

Collision outcomes model O’ Rourke 

Drop turbulent dispersion O’Rourke model 

Drop /wall interaction Rebound
 

Evaporation model Multi-component 

vaporization 

 

 

4. RESULTS AND DISCUSSION 

 

The spray penetration is shown in Figure 10 for the different breakup models tested in comparison with the 

experimental data. It is noted that KH-RT and TAB model have a similar behavior but the LISA model predicts a 

greater penetration comparing with the other two models in the beginning of the simulation, but all three models 

converge to a similar value of maximum penetration. Comparing to the experimental data TAB and KH-RT models are 

well fitted inside the experimental limits until 1 ms of simulation overestimating the penetration for further times. The 

LISA model overestimates the penetration for 0.85 ms and so on. 

 

 
 

Figure 10 – Liquid penetration comparison 
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In Figure 11 the simulated spray is shown and in Figure 12 the same spray is shown side by side with the image 

generated by the experimental procedure, both by the time of 1.15 ms. In the images it is noted that the spray shape 

predicted by the simulation is similar to the experimental, but it is also observed in the images that the experimental 

image has a pre-spray which is caused by low injection pressure in the beginning of the process and it is represented in 

the image in the white concentration below the maximum diameter, it is important to clarify that the pre-spray is not 

considered in the penetration length. This pre-spray is not considered in the simulation, thus, it is not illustrated in the 

image. 

 

 
 

Figure 11 –Simulated spray in PARAVIEW for the KH-RT model 

 

 
 

Figure 12 – Experimental image of the spray with the simulated spray in PARAVIEW for the KH-RT model 
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5. CONCLUSION 

 

All the breakup models tested demonstrate good predictions of spray penetration, however they over predict this 

phenomenon. TAB and KH-RT are better fitted to the experimental data having a very similar behaviour while LISA 

model predicts greater values for spray penetration.  

The images show that the simulation captured the shape of the spray besides the pre-spray, which is not considered 

in this simulation. 

To achieve better results a model that considers the pre-spray needs to be developed and also check existing models 

in respect to the over predicting of penetration length.  
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