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Abstract.  The efficiency and combustion performance of propulsion systems, like internal 

combustion (IC) engines and gas turbines, is known to be related to the performance of the fuel 

and air mixing process. Operating conditions and fuels are rapidly changing, therefore new CFD 

models which accurately accounts for all physical aspects, still maintaining a simple framework, 

are extremely important. In this work we consider the drift velocity contribution, which often is 

overlooked or neglected, defined as the velocity of the dispersed phase relative to the mixture 

volumetric mean velocity in a single fluid formulation, a key variable in two-phase mixture 

model. Water test cases are here considered for the study. The present work investigates the 

structure and the droplet velocity field of a plain liquid jet injected into a high-pressure air 

crossflow. Because of the large scale separation between the small features of the interface and 

the overall jet we use the diffuse-interface treatment in a single-fluid Eulerian framework. A Σ-

Y family model is implemented in the OpenFOAM framework which includes liquid diffusion 

due to drift-flux velocities and a new formulation of the spray atomization. The main objective 

is to explore the droplet velocity distribution and the jet structure with and without considering 

the drift flux correction and compare the related results with the experimental data. 

1.  Background and objective 

Jets injected perpendicularly into a cross-stream can be found in a range of technological systems [1, 2], 

the jet in crossflow (JICF) or transverse jet is utilized in dilution or primary air jet injection in gas turbine 

combustors, to accomplish mixture formation and NOx control as well as turbine hot section cooling; 

in film cooling of turbine blades; in primary fuel injection in high speed airbreathing engines; and in 

thrust vector control for missiles and other high speed vehicles [3].  

As air travel becomes more popular, polluting emissions like NOx, soot, and carbon monoxide might 

cause negative environmental effects. Thus, manufacturers modify their engine concepts in order to 

reduce their environmental impact. Therefore, advanced technologies have been developed. In order to 

achieve fine and uniform fuel droplet distribution, manufacturers of combustion chambers developed 

lean-burning combustion regimes to minimize pollutant formation [4], numerous investigations of the 

atomization process in constant air flow have been published in the literature. It was demonstrated how 

different parameters, such as the moment flux ratio or the Weber number, affect the liquid behavior [5, 

6, 7]. The development of models for the important phenomena have focused on important 

dimensionless quantities, such as the Weber number. In this case based on the crossflow properties it is 

appealing to include these dimensionless groups in the description of behaviors of interest such as 

penetration, breakup, and atomization of the liquid jet [8].  

The basic concept of the drift-flux model is to consider the mixture as a whole, rather than two phases 

separately. It is clear that the drift-flux model formulation will be simpler than the two-fluid model, so 

it requires some constitutive assumptions causing some of the important characteristics of two-phase 

flow to be lost. However, it is exactly this simplicity of the drift-flux model that makes it very useful in 

many engineering applications. In the drift-flux model formulation we have only four field equations 

and, thus, one energy and one momentum equation have been eliminated from the original six field 
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equations. Then, the relative motion and energy difference should be expressed by additional 

constitutive relations in the mixture balance equations [9]. Ishii [10] has developed a general formulation 

of the mixture and Ishii [11] has discussed various special cases that are important in practical 

applications. The drift velocity contribution to two-phase mixture models is often overlooked or ignored 

in CFD simulations, or closed with inappropriate models. By definition [9] it is the velocity of the 

dispersed phase relative to the mixture volumetric mean velocity. 

For this study, water test cases are considered. In the present study, we analyze droplet distribution 

caused by a liquid jet injected in to a pressurized air crossflow. In a single-fluid Eulerian framework 

[12], the diffuse-interface treatment is used due to the large scale separation between the small features 

of the interface and the overall jet. A Σ-Y family model is implemented in OpenFOAM that includes 

drift-flux velocity-related liquid diffusion and a new formulation of spray atomization [12]. The purpose 

of the study is to examine droplet velocity distributions and jet structures with and without drift-flux 

corrections and compare the results with experimental results. 

2.  Case setup and numerical model  

The reference study we select used an optically accessible, high-pressure apparatus. Schematic of the 

case geometry is represented in Figure 1 with the dimensions. The injection nozzle is a flat-ended 

stainless-steel tube with a 6.35 mm outer diameter and a 1 mm injection diameter at the center of the 

end walls. Before injection, the flow was smoothed with a taper. As shown in Figure 1, experiments 

were conducted in a chamber measuring 25.4 mm × 25.4 mm (1"×1") with distilled water injected from 

a nozzle flush with the bottom wall. In order to provide optical accessibility, the test section had three 

sides made of borofloat glass and a bottom wall made of aluminum. More details of the model hardware 

can be found in [13, 18]. Also, the properties of flow and operating conditions are shown in Table 1. 

 

 

Figure 1. Test section in experimental model [13]. 
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Table 1. Jet in cross-flow operating condition [13, 18], j refers to liquid jet (water) and c refers to 

cross flow (air). 

 

 

 

 

 

 

 

 

 

 

 

 

 

The computational mesh results from a grid convergence study and consists of around 500 k 

hexahedral cells, with the structure shown in Figure 2. Concerning the boundary conditions, the domain 

has two inlets and an outlet, while no-slip conditions were selected for the walls. A non-reflective 

boundary condition is used for the outlet and a time varying velocity condition is used for the inlets 

where values are initially ramped from zero to the prescribed stabilized values to facilitate the simulation 

start-up. The air and water inlet velocities are obtained from mass flow rates and momentum flux 

measurements, applying a constant radial profile of normal velocity and density. In previous works, 

present configuration has shown remarkable performance [12,21]. 

Regarding turbulence modelling, present work is focused on the performance of the drift-flux model 

and thus a fast and not computationally demanding unsteady RANS approach is used to investigate 

spray development, adopting a high-density ratio 𝑘 − 𝜀  turbulence model [19].  

 

 

 
Figure 2. Computational grid and boundary types for CFD model simulations. 

 

 

Parameter Value  

Cross-flow pressure (pc) 3.00E+05 Pa 

Temperature (T) 293.15 K 

Water jet density (𝜌𝑗) 1000 kg/m3 

Air cross-flow density (𝜌𝑐) 3.567 kg/m3 

Density ratio (𝜌𝑗/𝜌𝑐) 280.3 

Surface tension ( 𝜎) 0.07 N/m 

Water viscosity (𝜇𝑗) 0.001 Pa·s 

Injection diameter (𝑑𝑗) 0.001 m 

Momentum flux ratio (𝑞 =
𝜌𝑗𝑈𝑗

2

𝜌𝑐𝑈𝑐
2) 20 

Weber number (𝑊𝑒𝑐 =
𝜌𝑐𝑈𝑐

2𝑑𝑗

𝜎
) 300 

Cross flow velocity (𝑈𝑐) 76.7 m/s 

Jet exit velocity (𝑈𝑗) 20.5 m/s 

Jet Reynolds number (𝑅𝑒𝑗 =
𝜌𝑗𝑈𝑗𝑑𝑗

𝜇𝑗
) 20461 

Cross flow Mach number 0.22 
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3.  Drift-flux model description  

The proposed atomization model formulation relies on the rigorous conservation equations derived from 

the theory of two-phase flow mixtures [9]. Two-phase single-fluid theory is also known as drift-flux 

theory [14], and it is often used to analyze mixtures of closely coupled dynamics, such as diesel 

sprays. For a turbulent, compressible, two-phase mixture, by introducing the simplifications mentioned 

in [12], and expressing the macroscopic phase diffusion terms through the drift velocities, the final form 

of the drift-flux model can be obtained. The balance equations in the final form read as follows: 

  
𝜕𝜌𝑚

𝜕𝑡
+ ∇ ∙ (𝜌𝑚𝐯𝑚) = 0 (1) 

𝜕�̿�2𝛼2

𝜕𝑡
+ ∇ ∙ (�̿�2𝛼2𝐯𝑚)

= −∇ ∙ (𝛼2

�̿�1�̿�2

𝜌𝑚

(1 − 𝛼2)𝐯21,0) + ∇ ∙ (
�̿�1�̿�2

𝜌𝑚

(1 − 𝛼2)𝐷2𝑚∇𝛼2)

− Γ𝑒𝑣𝑎𝑝 

(2) 

 
𝜕𝜌𝑚𝐯𝑚

𝜕𝑡
+ ∇ ∙ (𝜌𝑚𝐯𝑚𝐯𝑚)

= −∇𝑝 + ∇ ∙ (𝝉 + 𝝉𝑇) − ∇ ∙ (𝛼2

�̿�1�̿�2

𝜌𝑚

(1 − 𝛼2)𝐯21,0𝐯21,0) + 𝜌𝑚𝐠𝑚 

 

(3) 

𝜕𝜌𝑚ℎ𝑚

𝜕𝑡
+ ∇ ∙ (𝜌𝑚ℎ𝑚v𝑚)

= ∇ ∙ (𝐪 + 𝐪𝑇) − ∇ ∙ (𝛼2

�̿�1�̿�2

𝜌𝑚
(ℎ̂2 − ℎ̂1)(1 − 𝛼2)𝐯21,0)

+ 𝛼2

�̿�1 − �̿�2

𝜌𝑚
(1 − 𝛼2)𝐯21,0 +

𝐷𝑝

𝐷𝑡
+ ∅𝑚

𝜇
 

 

(4) 

𝜕Σ̃

𝜕𝑡
+ ∇ ∙ (Σ̃𝐯𝑚) = ∇ ∙ (𝐷Σ∇Σ̃) + 𝐶ΣΣ̃ (1 −

Σ̃

Σ̃𝑒𝑞

) + 𝑆Σ𝑒𝑣𝑎𝑝
+ 𝑆Σ𝑖𝑛𝑖𝑡

− ∇ ∙ (Σ̃
�̿�1

𝜌𝑚
𝐯2𝑗) (5) 

 

where 𝜌𝑚 = 𝛼1�̿�1 + 𝛼2�̿�2 is the mixture density, 𝐯𝑚 = (𝛼1�̿�1�̂�1 + 𝛼2�̿�2�̂�2)/𝜌𝑚 is the mixture center 

of mass velocity, and ℎ𝑚 = (𝛼1�̿�1ℎ̂1 + 𝛼2�̿�2ℎ̂2)/𝜌𝑚 is the mixture enthalpy. The first two equations 

represent the conservation of total mass and of the secondary phase mass, where 𝛼2 is the liquid 

(secondary phase) volume fraction, �̿�2 is the liquid phase averaged density, 𝐷2𝑚 is the diffusion 

coefficient of phase-2 in the mixture, and Γ𝑒𝑣𝑎𝑝 is the phase change source term set to 0 in the current 

work. The third equation is the mixture momentum equation, where 𝝉 is the average viscous stress, 𝝉𝑇 

is the turbulent stress, 𝐠𝑚 expresses body accelerations on the mixture, and 𝑝 is the pressure. Similarly, 

the fourth equation is the energy balance for the mixture, expressed in terms of mixture enthalpy ℎ𝑚. In 

this equation 𝐪 is the average conduction heat flux, and 𝐪𝑇 is the turbulent heat flux. The remaining 

term collectively express the work done by viscous dissipations, ∅𝑚
𝜇

. Finally, the last equation (Eq. 5) 

expresses the interfacial surface area transport [12]. Also, a turbulence model has to be included, and in 

this case a U-RANS approach has been used, with a modified form of the k-ε model [19] which 

incorporates the influence of variable density. This set of equations forms the full drift-flux model. 

It should be noted that �̿�2𝛼2 = 𝜌𝑚�̃�2, where �̃�2 is the liquid mass fraction. In view of this, the 

secondary phase transport equation (Eq. 2) can also be seen equivalently as the transport equation for 

the liquid mass fraction. 

To obtain the equations as expressed in 1-4, the drift velocity 𝐯2𝑗 is formulated according to the 

following expression [9, 12]. 
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𝐯2𝑗 = (1 − 𝛼2)𝐯21 = (1 − 𝛼2) (𝐯21,0 − 𝐷2𝑚

∇𝛼2

𝛼2
) 

 

(6) 

where the relative velocity between phases 𝐯21 is decomposed in two parts, a terminal velocity part  

𝐯21,0 and a diffusive part. The solution for the terminal velocity is obtained from the balance with the 

drag force as follows 

 

|𝐯21,0|𝐯21,0 =
𝑉𝐷

𝐴𝐷

2

𝐶𝑑,𝛼2

�̿�2 − 𝜌𝑚

�̿�1
 [𝐠𝑚 − (𝐯𝑚 ∙ ∇)𝐯𝑚 −

𝜕𝐯𝑚

𝜕𝑡
] 

 

(7) 

     As a result, the terminal velocity is a function of the drag coefficient 𝐶𝑑,𝛼2, the volume 𝑉𝐷 and the 

frontal area 𝐴𝐷 of the dispersed phase. Considering the dispersed phase in form of droplets, once the 

atomization has occurred, the geometrical ratio can be evaluated through the droplet Sauter mean 

diameter. 

 
𝑉𝐷

𝐴𝐷
=

2𝑑32

3
 (8) 

     

Regarding the drag coefficient 𝐶𝑑,𝛼2, the model by Rusche and Issa [12, 20] is used which considers 

the impact of the phase fraction on the drag, as droplets are not isolated. The traditional Schiller-

Naumann correlation for a single spherical body 𝐶𝑑 is used, and then corrected as a function of 𝛼2: 

 

 

𝐶𝑑,𝛼2 = 𝐶𝑑 ∙ [𝑒𝑥𝑝(𝐾1𝛼2) + 𝐾2𝛼2
𝐾3] (9) 

 

     Finally, taking advantage of the interfacial surface area density (Σ), together with the mass averaged 

liquid fraction (�̃�2), droplet sizing can be derived, i.e., the local SMD (𝑑32): 

 

𝑑32 =
6𝜌𝑚�̃�2

�̿�2Σ
 (10) 

 

which creates the active coupling between the Σ transport equation (Eq. 5) and the �̃�2 transport equation 

(Eq. 2). Thus atomization quality affects liquid dispersion, which is the novelty of this model. More 

details can be found in [12]. 

It is noted that if the drift velocity 𝐯2𝑗 is set equal to zero, the model consistently reverts back to the 

classical Σ-Y model where Σ is just a passive scalar. 

The numerical solution is obtained using the Gamma NVD scheme for convection terms 

discretization and the first order Euler scheme for time derivative terms. The simulation is a fully 

unsteady-RANS. The flow is evolved over time until the water jet exits the domain at the outlet, then 

collection of statistics of each relevant variable begins, to obtain average fields for post processing 

analysis of the steady situation.  

 

4.  Results and discussions 

First, an analysis of jet morphology is conducted, to provide an overview of the drift-flux and drift-flux 

with increased atomization models impact. After that, local flow is compared to experiments in terms 

of jet shape. Finally, mass fraction, droplet sizing, and drift velocity contours are examined in the same 

conditions, using three cases the original without accounting for drift, and the drift-flux and drift-flux 
with increased atomization models. 
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Firstly, jet shape predictions are depicted for the baseline model (no-drift), drift-flux model, and 

drift-flux model with increased atomization against the experimental measurements [13] in Figure 3 and 

Figure 4 in which the time-averaged liquid mass fraction contours are shown. Results are reported for 

the same 3 bar injection pressure condition (given in Table 1) and the outer edge of the jet is shown in 

Figure 3. The lower match for the base model is clearly visible, while the positive impact of the drift-

flux and drift-flux with increased atomization models can be observed. In the examined test case, the 

original model under-predicts the measurements with the relative error near to 23 percent in jet height 

at x=0.010 m, while the drift-flux one improves the prediction accuracy showing a clear trend with 

decreased relative error of around 20 percent. This is in line with the expected impact of the drift, which 

is meant to improve the liquid-gas interfacial exchange models. In particular, a proper prediction of the 

interfacial area, and thus of the droplet sizes, which is achieved with the increased atomization setup 

with the relative error of 18 percent, is crucial to obtain better match of the jet dispersion with 

measurements. With the drift model having a positive impact, discrepancies still remain clearly visible 

with respect to the data, and this is currently being further investigated. Turbulence models plays a 

crucial role in this problem, with large density variations and two phases, and possibly non-linear models 

could offer better performance.  

Model assessment begins with the visual comparison of the predicted droplet d32, in Figure 5. A 

variety of factors affect droplet size and how easily a stream of liquid atomizes after emerging from an 

orifice. Among these factors are fluid properties such as surface tension, viscosity, and density (see for 

example, Elkotb et al. [15], Rizkalla and Lefebvre [16], Lefebvre [17]). The no-drift case calculates the 

diameters as a passive and uses a calibration for Eq. 5 model constants which is taken from our previous 

work on diesel sprays [12]. The result indicates that the jet does not breakup realistically, being the core 

liquid jet still intact at the exit of the observation window (25.4 mm × 25.4 mm), in contrast with 

experimental evidence [13, 18]. The drift-flux case (middle image in Figure 5), with the same Σ model 

constants, but including the drift velocity and therefore the coupling, predicts a marginal better 

atomization level, but still diameters appear large compared to the range of expected values, below 100 

μm. The jet penetration improves, as visible in Figure 3. Better performance is obtained with a more 

adequate calibration of model constants (coefficients included in 𝐶Σ and Σ̃𝑒𝑞 terms), as shown by the 

drift-flux model with increased atomization. In this case, droplet diameters are aligned with expected 

values, and the jet core is fully broken up after about 10 mm, in accordance with [13, 18]. 

We also examined the drift velocity contours reported in Figure 6 under the same condition for the 

two drift-flux cases, i.e. the drift-flux model and the drift-flux model with increased atomization. The 

drift velocity sensibly modifies the liquid dispersion and therefore its distribution. The drag, accounted 

for in the Σ equation, is very much responsible for different liquid trajectories, depending on the size. 

Simulation with the improved atomization setup generates larger drift velocities, therefore more slip 

between phases, and this is mainly located at the out edge of the jet and in the low speed wake (bottom-

right region). The drift magnitude is in the order of 15-30 m/s which makes an impact in a crossflow 

problem with air traveling at 76 m/s. 

The overall jet behavior is not fully retrieved, even with the drift-flux model proposed here, but the 

effect is sensible, and the model adds more physics to the classical Σ-Y model. More in-dept validation 

studies are needed, including local velocities and droplet size data, but the current model development 

is a step forward towards a more predictive single-fluid atomization model. 
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 Figure 3. Jet morphology, computed and measured jet tip penetration. Curves represent the jet outer 

boundary. 

    
Figure 4. Time-averaged liquid mass fraction contours. CFD uncoupled base model (left), CFD Drift-

Flux model (middle), and CFD Drift-Flux model with increased atomization (right). 

 

    
Figure 5. Droplet sizing contours, instantaneous snapshots. CFD uncoupled base model (left), CFD 

Drift-Flux model (middle), and CFD Drift-Flux model with increased atomization (right). 
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Figure 6. Drift velocity contours, instantaneous snapshots. CFD Drift-Flux model (left) and CFD 

Drift-Flux model with increased atomization (right). 

 

5.  Conclusions  

The ultimate goal of this work was exploring the droplet velocity distribution and the jet structure with 

and without considering the drift flux velocity correction by investigating the structure and the droplet 

velocity field of a plain liquid jet injected into a high-pressure air crossflow. Additionally, the modeling 

results were compared with experimental data in terms of jet morphology. A coupled Σ-Y single-fluid 

Eulerian model was implemented in the OpenFOAM framework and was used for the CFD simulations. 

The new model includes a special treatment of the liquid diffusion due to drift-flux velocities and a new 

calibration of the spray atomization constants for jet in cross-flow, in comparison with previous works 

on diesel sprays. This study enables the further development of the drift-flux model on liquid jets 

injected in cross flow. Despite the drift-flux model proposed here, the experimental jet behavior is not 

fully retrieved, but the new model effect is noticeable, and the drift-flux consideration adds more physics 

to the classical model. There is still room to improve the current model, including also more validations 

against local properties, like velocities and droplet sizes, and exploring other turbulence models. The 

current work is a step in the direction towards a more predictive model of single fluid atomization. 
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