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Abstract 

This paper focus on the dynamic of a spray issued from the shearing of a liquid jet injected in an air crossflow submitted to 

high acoustic perturbations. Experimental and numerical approaches are used. Characterization of the liquid jet close to the 

injection location is obtained from high speed visualizations performed with a back lighting technique. Phase Doppler 

Anemometry gives useful information on the spray dynamics. The phase-averaged post processing method is chosen to 

describe the flow oscillations during the excitation cycle. The numerical simulation is performed with the multi-scale LES 

approach. This method couples a multi-fluid solver for the liquid jet body with a dispersed phase solver dealing with the 

atomized spray. The experimental results show a swigging phenomenon of the liquid jet and the existence of velocity and 

concentration waves travelling downstream of the liquid jet. Coupled phenomena between the crossflow, the atomization of the 

liquid jet and the transport of droplets are observed, revealing different wave transport velocities. The numerical simulation is 

able to capture the global swinging phenomenon of the liquid jet main body as well. A very good agreement is obtained for the 

jet trajectories oscillations obtained either by the simulation or from the experiment during the whole excitation cycle.  

 

Introduction 

The increasing demand for civil air transportation may 

lead to negative environmental effects from polluting 

emission like NOx, soot or carbon monoxide emissions. 

Because of this, manufacturers try to reduce the 

environmental impact by modifying their engine concept. 

Efforts have in consequence been put into the development 

of advanced technologies. In particular, manufacturers 

developed combustion chambers operating in lean 

combustion regimes in order to minimize pollutant 

formation. These new chambers requires improved liquid 

injection systems to enhance the fuel/air mixing, in order to 

achieve fine and uniform distributions of fuel droplets. 

Therefore, multi-point injectors were designed. They 

comprised two injection zones, a pilot zone composed of a 

pressure atomizer in the center and a multipoint zone at the 

periphery. In this latter zone, the liquid fuel is injected 

through a set of individual liquid jets inside the swirler 

channels, in an atomization configuration corresponding to 

a Liquid Jet In a Cross Flow (LJICF). 

However, systems operating in lean combustion regime 

may enhance the onset of combustion instabilities resulting 

from a coupling between the acoustic field (pressure p’ and 

velocity fluctuation v’), and the unsteady heat release (q’) 

from the flame. These instabilities can lead to large cyclic 

pressure or velocity fluctuations inside the chamber, and 

consequently generate significant heat transfer at the 

combustor walls or large amplitude vibrations of the 

structure. This can result in damage of the combustor or 

even to its destruction. In the literature, many researches 

deal with gas-fueled combustors in premixed or diffusion 

regimes in order to describe and model the phenomena 

concerned and determine the p’ (or u’) - q’ relationship. 

When a liquid fuel is used, the coupling between the 

acoustic fluctuations and the unsteady heat release involve 

additional phenomena such as spray atomization / transport 

/ vaporization / combustion and their interaction with 

turbulence, vorticity, chemistry, and acoustics. In this way, 

Eckstein et al. (Eckstein et al. 2006) analyzed that, when 

combustion instabilities occur, the periodic velocity 

fluctuations inside the atomizer create a time-varying 

droplet size distribution, which is transported further 

downstream to the flame as a droplet wave. During this 

convection phase, the small-droplet zones produce a larger 

amount of fuel vapor than the large-droplet zones. As a 

result, an equivalence ratio wave appears which interacts 

with the flame to produce a periodic heat release oscillation. 

More recently, Apeloig et al. (Apeloig et al. 2015) studied 

the unsteady interaction of a kerosene spray downstream of 

a multi-point injector with the flame. Phase-averaged image 

processing obtained from planar laser-induced fluorescence 

(PLIF) on kerosene reveals a cyclic variation of the spatial 

distribution of the liquid kerosene concentration. This 
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phenomenon can be related to the unsteady behavior of the 

individual liquid jets inside of the multipoint zone when 

they are submitted to acoustic forcing from the air flow. 

Depending on the amplitude and frequency of the air 

velocity oscillations and the averaged momentum flux ratio 

q between the two fluids, the liquid jets may cyclically 

impact the inner or the upper wall of the injection system 

forming a liquid film which is re-atomized at the edge of 

the diffuser. Such coupling between the air crossflow and 

the atomization of a liquid jet was shown by Anderson et al. 

(Anderson, Proscia & Cohen 2001), Song and Lee (Song, 

Ramasubramanian & Lee 2013) and Sharma and Lee 

(Sharma & Lee 2018). 

In the literature, many investigations of the atomization 

process in constant air flow were published ( (Wu et al. 

1997); (Sallam, Aalburg & Faeth 2013); (Broumand & 

Birouk 2016); (Mashayek A. 2011)). The influence of 

different parameters such as the moment flux ratio q 

(=𝜌𝑙𝑉𝑗
2 𝜌𝑔𝑉𝑔

2⁄ ) or the Weber number We (= 𝜌𝑔𝑉𝑔
2𝑑 𝜎⁄ ) on 

the liquid behavior was demonstrated. 

 

Therefore, the atomization regime of the liquid jet 

column is controlled by the Weber number. For Weber 

number above 110, Sallam et al. (Sallam, Aalburg & Faeth 

2013) observed that a shear breakup regime is obtained. It 

begins by deflection of the liquid jet but with negligible 

distortion of the jet cross section. Wavelike disturbances 

appear on the upstream side of the jet as a result of 

Rayleigh-Taylor instabilities, which grow into ligaments 

along the periphery of the liquid jet. Instabilities on these 

last one are at the origin of droplets which break away from 

the liquid column to form a spray. Wu et al. (Wu et al. 1997) 

distinguished two atomization modes, the first on the jet 

surface and the second at the end of the liquid column, 

namely surface and column breakup. At the column breakup 

location the liquid jet stops to form a continuous stream (i.e. 

liquid column). It corresponds to the beginning of the spray. 

Sallam et al (Sallam, Aalburg & Faeth 2013) showed that 

the sizes of the ligament and droplet depend on the 

atomization regime and are correlated to a non-dimensional 

number based on the Weber number and on the liquid to gas 

viscosity ratio ((µl/µG)(1/We)). 

 

Many authors observed that the jet trajectory is mainly 

influenced by the moment flux ratio. Nevertheless a great 

dispersion in the results is obtained (No 2015). This 

dispersion is linked to the measurement and processing 

techniques; the turbulence level in the jet core related to the 

injector geometry, the boundary layer of incoming gas flow. 

Wu et al investigated the influence of different parameters 

on the axial (yb) and transverse (zb) location of the jet 

column breakup. They observed that the ratio yb/d is nearly 

independent of the moment flux ratio (yb/d ~ 8.06) whereas 

the transverse location varied as 3.07.q
0.53

. Nevertheless 

there exist discrepancies concerning the determination of 

this length in the literature cause by an accurate 

determination of this location due to high droplets (or 

ligaments) density around the jet column.  

 

The influence of an acoustic forcing greatly depends on 

the modulation rate defined by Uu'
rms  and a 

non-dimensional time scale parameter comparing the 

breaking time scale of the column introduce by Wu et al 

(𝑡𝑏 = 3.07(𝑑 𝑣𝑗⁄ )𝑞0.53 ) to the oscillating period of the 

excitation (𝑇 = 1 𝑓⁄ ) Anderson et al (Anderson, Proscia & 

Cohen 2001), Song and Lee (Song, Ramasubramanian & 

Lee 2013), Sharman and Lee (Sharma & Lee 2018). For 

high excitation level and small time scale ratio, large 

oscillations of the liquid column were observed. On the 

opposite case Song and Lee observed negligible influence 

of the excitation on the jet trajectory but a periodic variation 

of the droplet size distribution. 

 

In order to obtain a detailed description of the 

interaction between atomization and acoustic perturbations, 

a simplified test rig (SIGMA) was developed at ONERA, 

focusing on a single injection point in the form of a water 

liquid jet weakly turbulent into subsonic air crossflow in a 

confined pipe summited to an acoustic excitation. Within 

this paper, the experimental characterization of a Liquid Jet 

in an Oscillating Cross Flow (LJIOCF) atomization is 

presented and compared to numerical simulations using a 

multi-scale approach developed especially for the SIGMA 

test rig configuration. 

 

The aim of this numerical simulation is to predict the 

effect of an acoustic perturbation of the shearing air flow on 

the (primary) breakup of a liquid jet. Many numerical 

studies ( (Desjardins, Moureau & Pitsch 2008); 

(Gorokhovski & Herrmann 2008); (Pai, Pitsch & Desjardins 

2009)  ) were performed with Direct Numerical Simulation 

(DNS), based on advanced interface methods describing the 

whole atomization process, from the larger to the smaller 

scale. However, capturing these small scales within a full 

chamber simulation is still out of reach. Therefore, 

industrial simulations of combustion chambers are based on 

more efficient LES (Large Eddy Simulation) simulations 

( (Dorey 2012); (Eyssartier 2012); (Senoner et al. 2009) ). 

In this approach, the liquid fuel injection is performed 

through a direct injection of droplets at the injector nozzle. 

By this way, the coupling between the gas and liquid phases 

during the atomization process is not taken into account. 

For this reason, the simulation presented in this paper 

uses a multi-solver approach. The numerical simulation 

takes in account the largest scales of the liquid primary 

atomization by an appropriate large-scale model; a 

dedicated atomization model allows then the dynamic 

generation of the dispersed phase; the evolution of the cloud 

of droplets is then taken in account by a dispersed phase 

approach.  

 
First, a description of the experimental set up and 

methods is detailed. Then the multi-scale approach, as well 

as its implementation within the CEDRE code is presented. 

The third section concerns the main results obtained and the 

comparison between both approaches followed.  

Experimental set up 

The SIGMA experimental set up shown in Figure 1 was 

designed to obtain an air flow submitted to high acoustic 



10
th

 International Conference on Multiphase Flow, 
ICMF 2019, Rio de Janeiro, Brazil, May 19 – 24, 2019 

levels. The air flow issued from a high pressure tank was 

directed into a plenum placed upstream of a pneumatic 

loudspeaker working in the sonic regime. The mass flow 

rate is directly linked to the pressure and the temperature 

measured in the plenum with a K-type thermocouple and a 

gauge pressure. This system was previously calibrated and 

accuracy at less than 1% is obtained. The test model is 

connected to the pneumatic loudspeaker through a 2m long 

straight pipe having a 50X50 mm2 square cross section. 

The overall pipe length downstream of the pneumatic 

loudspeaker was designed, first to permit the flow 

development to steady conditions and then to obtain 

acoustic modes in the frequency range observed in 

combustion chambers (between 100HZ to 600 Hz). The 

outlet liquid jet is placed close to a velocity antinode 

corresponding to high air velocity fluctuations. 

 

The test model is sketched in Figure 2. It consists in 

three zones. The inlet zone, 100 mm long, has the same 

cross section than the upstream duct. It is followed by a 

convergent ensuring a channel height reduction with a 

smooth transition without airflow separation. The third zone 

having a rectangular cross section (20x50 mm
2
) 

corresponds to the test section 110 mm long. At its end, air 

and liquid flows exit in the room at ambient conditions. For 

visualization, the vertical walls of the test section are made 

with Perpex. A glass window is put on the top of the test 

section to allow the study of the liquid film generated by the 

impact of the liquid jet on the upper wall. A set of 7 

microphone taps placed as in Figure 2 enables the 

acoustical characterization of the setup. 

 
 

Figure 1: The SIGMA experimental set up. 

 

 
 

Figure 2 : SIGMA test model. 

 

A liquid jet of water is injected vertically upwards in the 

symmetry plane of the test model, flush with the floor wall. 

The nozzle is placed 100 mm from the exit of the test 

section. The liquid injection system consists of a large tank, 

a pump, a flowmeter and a nozzle. The liquid flow rate is 

measured with a Coriolis Micro Mass Flow Sensor and 

controlled with the pump (Micropump 75211-30). 

Measured mass flow rate is used to calculate the jet initial 

velocity (uj) at the nozzle exit. The nozzle geometry is 

adapted from Wu et al (Wu et al. 1997) in order to 

guarantee that a low liquid turbulence intensity at the jet 

exit. The nozzle passage has an inlet diameter of 6 mm 

followed by a 45° reduction to reach the specific nozzle exit 

diameter (dj=2 mm). The length/diameter ratio of this last 

straight section is equal to 4. 

Experimental methods 

The experimental conditions considered for this study 

are summarized in Table 1. The air and liquid velocities are 

chosen to reproduce the main flow phenomena encountered 

in aeronautical aircraft engines in working conditions. The 

air bulk velocity is defined in the jet injection cross section. 

 

Parameters Values 

Air flow rate [g/s] 75,7 

Air bulk velocity [m/s] 63 

Test liquid Water 

Liquid flowrate [l/min] 0.92-1.73 

Liquid velocity [m/s] 5-11 

Momentum flux ratio q [-] 7.8-17.5 

Weber Number We [-] 136 

Reynolds number of the air Reair [-] ~21500 

Airflow modulation frequency [Hz] 177 

 

Table 1 : Experimental conditions. 

 

Different techniques were used to analyze the flow 

behavior. The acoustic field was identified from the 

processing of sound pressure signals delivered by a 

microphone located at the different longitudinal places on 

the upper wall of the test model. Using a 1D model and the 

experimental determination of outlet acoustic condition, the 

velocity and the pressure wave, amplitude distributions 

were determined. A Phase Doppler Anemometry (PDA) 

system from DANTEC was used to characterize both the air 

flow field and the spray. For the air velocity field, the flow 

is seeded with DHES particles injected far upstream of the 

test section. 

 

High speed flow visualization were recorded from a 

black and white Phantom camera V341 coupled with a 

pulsed back lighting using two Dedocoo lamps. The frame 

rates varied between 800 and 10000 frames/s in order to 

capture flow features with different characteristic times. 

The integration time was kept generally below 50 µs in 

order to freeze the motion of the liquid column and the 

droplets. Multiple videos were recorded for each test 



10
th

 International Conference on Multiphase Flow, 
ICMF 2019, Rio de Janeiro, Brazil, May 19 – 24, 2019 

condition. Dedicated software was developed to analyze the 

liquid behavior. 

  

Phase-averaged analysis was applied to process the 

signals and video records. The acoustic velocity signal at 

the location of the liquid jet exit was used as reference 

signal. On each measurement point, the velocity and size of 

10
6
 individual droplets were phase averaged for 90 phases 

with a step of 4°. To characterize the liquid jet behavior 

38428 instantaneous images were considered with a phase 

angle step of 10° and a bandwidth of 4°. 

Numerical approach 

The numerical simulation is performed with the 

multi-scale LES approach of the CEDRE code (Blanchard 

2016). This method couples a multi-fluid solver for the 

liquid jet main body with a dispersed phase solver dealing 

with the atomized spray. The acoustic perturbation is 

imposed as a fluctuating air inflow condition, the resulting 

acoustic velocity and pressure fields having been validated 

against a theoretical model. 

 

The multi-fluid model is based on finite volume 

discretization of Navier-Stokes conservation equation for 

both liquid and gas. The hypothesis of local mechanical 

equilibrium imposes that the two fluids have the same 

velocity and pressure within the given cell. The considered 

fluids are water and air, thus two phases consisting at single 

species are used without any loss of generality. No explicit 

interface reconstruction is performed; the interface is 

therefore implicitly defined by smooth variations of the 

phase’s volume fractions. Since two-fluid model should 

simulate the main liquid body of the LJICF, surface tension 

terms are taken in account by a generalized Continuum 

Surface Stress ( (Lafaurie et al. 1994); (Desjardins, 

Moureau & Pitsch 2008)  ) formulation.  

 

Once the interface became too smeared, the coupling 

with the dispersed phase solver is activated and the liquid 

mass directly converted into droplets. The numerical 

resolution of the multi-fluid model relies on a Finite Volume 

approach on general unstructured meshes. The time 

discretization is based on an explicit RK2 scheme. A 

second-order MUSCL scheme is used to achieve robust 

second order space accuracy. Thermodynamic closure laws 

are considered for each phase: perfect gas and weakly 

compressible liquid (Dutoya & Matuszewski 2011). The 

coupling source terms include classical momentum and 

energy two-way approach effects, as well as the 

multi-solver interactions. 

 

The dispersed phase model is based on a statistical 

Boltzmann-like density function conservation equation. Its 

discretization is performed with a Lagrangian approach. 

This model simulates the behavior of liquid spherical 

particles suspended into a carrying phase; the volume of the 

droplets is considered negligible. 

 

The only considered external forces acting on the 

particles are drag and gravity. Drag force Dp,F is given by a 

Schiller-Naumann correlation (Mashayek A. 2011). The 

dispersed phase model is coupled in a two-way approach 

with the two-fluid model for modelling the mechanical 

(drag) and thermal exchanges as well as the mass transfer. 
 

 
Figure 3 : Air crossflow velocity field imposed to the inlet 

boundary condition. 

 

To limit the computing cost, the computational domain 

was limited to the test model (Figure 2). To be 

representative of the experiments, different boundary 

conditions need to be imposed. The first concerned the inlet 

air velocity distribution. A RANS simulation of the flow 

inside of the upstream square channel was performed. The 

axial velocity obtained at the end of the channel is 

compared to the experimental measurements in Figure 3. 

The second condition concerned the acoustic impedance 

and the amplitude of the excitation imposed at the inlet of 

the computing domain. A non-reflecting condition was used 

and the amplitude was fixed to obtain the same excitation 

level at the liquid jet injection location.  

Results and Discussion 

In this section, a cross-comparison is first performed to 

validate both the numerical model and the method used to 

analyze the experimental data. The air flow characterization 

and its numerical validation are first presented for the 

steady and forced flow conditions. Then, the numerical 

simulation of the LJICF obtained without acoustic forcing is 

compared to experimental results. 

 

Finally, the characterization of the forced atomization is 

presented and analyzed from a detailed data base, obtained 

by both experiment and numerical simulations. 

Experimental and numerical cross-comparison  

Aero-acoustic characterization 

For this characterization no liquid was injected. Using 

microphone and PDA measurements, the measured 

longitudinal distribution of the pressure and velocity waves 

amplitudes are compared to theoretical predictions given by 

a 1D model based on the Helmholtz equations (Figure 4). It 

can be observed that the experimental data upstream of the 

test section are in very good accordance with the 1D model, 

but diverge farther downstream. Acoustic pressure up to 

1900 Pa (160 dB) is measured upstream of the convergent 

section while the r.m.s. velocity fluctuation is around 6.5 

m/s at the liquid jet exit location, which corresponds to a 

modulation level of 10% with respect to the local air bulk 

velocity.  
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Figure 4 : Longitudinal distribution of the acoustic pressure 

and velocity inside of the experimental set-up. 

 

In Figure 5, the longitudinal distribution of the 

amplitude and the phase of the velocity signal obtained 

from the simulation are successfully compared to 

experiments. 

 

 
 

Figure 5 : Experimental and numerical comparison of the 

acoustic velocity field along the test model. 

Characteristics of a liquid jet in a steady flow condition 

In this first step, the experimental and numerical results 

obtained in steady air flow conditions are compared. 

Following the classification given by Sallam et al. 

(Sallam, Aalburg & Faeth 2013), the primary breakup 

regime used in this study always corresponds to shear 

breakup mode characterized by a large Weber number, 

We>110). 

 

Examples of instantaneous and averaged images 

obtained from the two approaches are shown in Figure 6. The 

experimental visualization shows that the liquid jet bends 

towards the leeward direction and impacts the upper wall of 

the channel, forming a liquid film. Waves appearing along 

the surface of the liquid column are amplified by the shearing 

air, leading to both column and surface breakup processes 

and generating different liquid structures like ligaments and 

droplets. The simulations capture the main body behavior by 

the multi-fluid model as well as the subsequent cloud of 

droplets. As no explicit interface reconstruction is performed, 

the gas/liquid interface is, in this case, identified by the iso 

liquid volume fraction 𝛼𝑙=0.5. The main body shows the 

expected downwind bending; the jet shape flattens as it 

approaches the breakup point. Near this location, 

longitudinal instabilities can be observed, leading to a 

periodical release of liquid blobs which, in turn, undergo 

further breakup up to the formation of droplet clusters. It 

seems evident that the liquid body topology and position 

deeply affects the spray generation, which is the main 

objective of the multi-scale approach. 

 
 

Figure 6 : Instantaneous (top) and averaged (bottom) 

visualization of liquid jet injected in cross flow obtained 

from experiments and simulations. 

 

In order to compare the results in greater details, the jet 

trajectory obtained from each data base was extracted from 

averaged images. It is defined as the outer envelope 

detected from an image-processing technique. Similar 

post-processing methods were used in order to minimize the 

uncertainty. In both case this extraction is based on a 

thresholding method. Tests performed on numerical and 

experimental images show that the threshold level has a 

weak influence on the obtained jet trajectory. For 

simulations, the threshold corresponds to a liquid volume 

fraction 𝛼𝑙 equal to 0.5. 

 

Figure 7 shows a very good agreement between the jet 

trajectory obtained by the simulation and the experiment, 

especially in the column trajectory. Near the breakup region, 

small discrepancies can be observed.  

 

 
 

Figure 7 : Comparison of the liquid jet trajectory at various 

momentum ratios (q). 
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The simulation tool gives new input to analyze the 

influence of other parameters, like the liquid conditions at 

the jet outlet and the flow confinement on the jet trajectory. 

It is shown that when the channel cross section is reduced, 

the aerodynamic force applied on the jet column increases, 

causing a greater deflection of the jet. Simulations 

performed with different liquid velocity profile at the jet 

outlet reveal that a higher jet penetration is obtained with a 

Poiseuille profile compared to the uniform velocity 

distribution. 

Characteristics of a liquid jet in a forced flow condition 

This section focuses on the characteristics of a confined 

liquid jet injected into modulated crossflow. Figure 8 shows 

instantaneous shadowgraph visualizations of the jet for 

different phases of the air velocity oscillation. A periodic 

swinging phenomenon of the liquid column is observed 

linked to a cyclic droplet atomization from the jet column. 

This observation is valid only for a modulation rate above 

10%. It was also shown that the liquid column breakup 

process is piloted by the swinging phenomenon of the liquid 

column. Unlike the steady crossflow configuration, the 

impact of liquid jet on the upper wall is cyclical and most of 

the ligaments and droplets induced by the column breakup 

process are directly carried away by the crossflow without 

impacting the upper wall. The numerical simulation is able 

to capture the global swinging phenomenon of the liquid jet 

main body and shows a droplets periodic release at column 

breakup location as well (Figure 9). 

  

 
 
Figure 8 : Instantaneous frame sequence showing the effect 

of the air-crossflow modulation on the liquid jet referred to 

the acoustic disturbance phase. 

 

 
 

Figure 9 : Instantaneous liquid and particles fields showing 

the effect of the air-crossflow modulation on the liquid jet 

referred to the acoustic disturbance phase for the 

simulation. 

 

 

In order to characterize the local jet behavior under 

crossflow modulation, a statistical power spectral analysis 

was performed on sequences of instantaneous visualization 

frames, obtained both by the experiment and the numerical 

simulation. It is shown that the oscillations and the breakup 

of the liquid column respond to the acoustic forcing. The 

same conclusion can be drawn for the other features of the 

two phase flow. 

 

 
 

Figure 10 : Liquid jet trajectory according to the air flow 

acoustic velocity phase at the jet exit location, q=7.8, 

We=136 and f=177 Hz. 

 

In Figure 10 the phase-averaged oscillation of the liquid 

jet trajectory during the excitation cycle, obtained from the 

experimental data base, is shown. As indicated before, the 

reference phase used to process the visualizations 

corresponds to the air velocity signal measured at the jet 

outlet position. It was observed that the jet penetration 

height reaches its maximum position during a phase ranging 

from -20° and 10°. The liquid jet then bends towards the 

floor up-to the phase range of 160°-180°, and finally 

straightens back. To interpret this result, it is necessary to 

compare the observed trajectory movement with the 

reference air velocity signal. A quasi-static response of the 

jet would imply a phase delay of 180° between the two 

signals. Indeed, the minimum and the maximum jet 

penetration would correspond respectively to the maximum 

(90°) and the minimum (270°) of the air velocity signal. 

Therefore the liquid column responds with a phase delay of 

approximately 90° (Figure 11). This phenomenon is due to 

the inertia of the liquid jet induced by its mass. 

 

The two most interesting points to analyze in the final 

spray induced by the atomization of the liquid jet are the 

phase delay corresponding to the column breakup and the 

liquid deposition on the upper wall. Figure 11 illustrates the 

evolution of the coordinates of the end of liquid jet as 

function of the phase of the acoustic disturbance. The 

results show that the column fracture occurs for phase 

ranged from 135° to 145° at the beginning of the 

deceleration of the air flow, as well as the maximum 

deflection of the liquid jet (Figure 11). The liquid deposition 

linked to the impact of the jet on the upper wall is observed 

starting from 315°- 325° up to the breakup phase. The 

rupture location is around 7𝑑 downstream of the jet inlet 

and 6𝑑 above the floor. When compared to the steady flow 

results (presented in the previous section), it can be 

concluded that the acoustic forcing does not modify 
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significantly the location of the liquid column breakup, but 

imposes a cyclic droplet ejection in the air flow with a 

phase delay of 45°-55° with respect to the maximum of the 

air velocity fluctuations. 

 

 
 

Figure 11 : Jet response as function of the acoustic 

disturbance phase. 

 

 
 
Figure 12 : Comparison between experimental and 

numerical maximum and minimum jet trajectories. 

 

 
 

Figure 13 : Evolution of normalized trajectories heights 

obtained from experiment and simulation at 𝑦/𝑑 = 2.8. 

  

Figure 12 compares the jet trajectory envelops obtained 

from experiments or simulation. The z coordinate 

oscillation of the jet trajectory at a fixed y/d = 2.8 is shown 

in Figure 13. These results show that the same behavior is 

obtained with the two approaches. In particular, the 

maximum and the minimum penetration heights are in very 

good agreement. However, a phase delay around 15° is 

observed between experimental and numerical trajectories. 

The signal obtained from simulation shows a slight phase 

lead compared to the experiment. This phase difference may 

have two origins. The first is related to the difficulty 

encountered in correctly estimating local drag force 

fluctuations when part of the liquid mass of liquid is 

transferred from the continuous structure of the liquid jet to 

droplets; this leads to a poor prediction of the force exerted 

by the air on the liquid jet. In parallel, an underestimation of 

the rupture length of the jet column induces a modification 

of the inertial response of the jet. As it is, it seems difficult 

to separate these two effects. 

Characterization of the spray into modulated crossflow 

The PDA technique was applied to study in more details 

the behavior of the spray issued from the liquid jet 

atomization, in the duct symmetry plane (x/d = 0) 15 mm 

above the floor (z/d = 7.5). The mean droplet size is around 

40µ𝑚  for the 𝐷10  and  77µ𝑚  for the 𝐷32 .The droplet 

velocity distribution for droplets around 40µ𝑚 are then 

compared to the simulation (Figure 14).  

 

 
 

Figure 14 : Spatial distribution of the mean longitudinal 

droplet velocity downstream of the jet injection point. 

 

The results show the droplets acceleration as they travel 

downstream in the duct. Their velocity reaches a maximum 

value at the end of the test model. Nevertheless, due to their 

large size, the droplet velocity does not reach the air 

velocity. Very good agreement is obtained between the two 

data sets from y/d = 20 up to the end of the duct. 

Nevertheless, a significant difference is observed near the 

jet injection location. This difference is most probably due 

to the difficulties for numerical simulation to accurately 

estimate the droplet initial velocity within the atomization 

model. Despite that initial underestimation, the particle drag 

force model provides a good estimation of the droplets 

velocity further downstream. 
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The horizontal profiles of the droplet velocity measured 

along the x axis for different droplet sizes are plotted in 

Figure 15. These curves reveal the wake effect induced by 

the jet body. Similar results were obtained from simulations. 

 

Phase averaged processing of the PDA data set indicates 

that the spray formed consists of droplet packets moving 

from the jet to the channel outlet. At different locations, the 

phase dependence of two main parameters were analyzed; 

the droplet velocity and the number of particle𝑁. This last 

one was used to compute on each location 𝓜 and a given 

phase 𝜙  a dimensionless number representative of the 

instantaneous droplet concentration: 

 

〈𝜒〉(𝓜, 𝜙) =
𝑁(𝓜, 𝜙) 

𝑁𝑇(𝓜)
 

 

Typical signal evolutions along the y coordinate of these 

two parameters are shown in Figure 16 and Figure 17.  

 

 

 
 

Figure 15 : Droplet velocity distribution along the x axis 

(horizontal) (
𝑦

𝑑
= 40 ;

𝑧

𝑑
= 7.5). 

 

 
 

Figure 16 : Phase averaged droplet velocity signal along 

the y axis (
𝑥

𝑑
= 0 ;

𝑧

𝑑
= 7.5). 

 

 
 

Figure 17 : Phase averaged 〈𝜒〉 signal along the y axis 

(
𝑥

𝑑
= 0 ;

𝑧

𝑑
= 7.5). 

 

While almost no phase shift is observed for the air 

velocity signal in function of the distance, a significant 

phase shift is observed on the droplet velocity signal. The 

convective velocity computed from the phase shift is equal 

to 0.45 𝑈0 
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Figure 18 : Cyclic behavior of the spray downstream of the 

liquid jet exit (z/d=7.5). (Experimental and numerical 

simulation). 

 

However, only a small phase shift is observed from 

numerical results (Figure 18). An estimation of this phase 

shift indicates a phase angle around 20° every 20 mm, and 

thus a maximum phase shift around 80° between the jet exit 

location (y/d=10) and the end of the duct (y/d=50), 

compared to phase shift around 180° from experimental 

analyses. 

Conclusions 

The aim of this work is to analyze the capability of an 

industrial simulation approach used to predict the unsteady 

liquid flow phenomena encountered in industrial 

liquid-fueled combustion chambers with respect to the 

acoustic field. The simulation approach couples a 

multi-fluid solver for the liquid jet main body with a 

dispersed phase solver dealing with the atomized spray. An 

experimental setup reproducing the main mechanisms 

encountered in and downstream from an actual injection 

system was defined. It consists in a liquid jet sheared by an 

air cross flow subjected to acoustic forcing. The boundary 

conditions for the air and liquid flow and the acoustic field 

were characterized. Flow visualizations and PDA 

measurements were applied both in steady and forced flow 

conditions. Phase-averaged processing synchronized on the 

air velocity signal measured at the liquid jet injection point 

was applied on the different data bases. 

The results show that the flow simulation correctly 

reproduces the unsteady liquid body behavior. In particular, 

the amplitude and phase of the oscillations of the jet 

trajectory induced by the acoustic forcing are in good 

agreement with the experimental observations. The spray 

behavior downstream of the liquid jet breakup is also well 

reproduced on averaged. This concerns the droplet 

acceleration. Nevertheless, the propagation of droplets 

packets observed experimentally was not obtained with the 

simulation tool. The origin of this discrepancy can be due to 

the atomization model used to couple the two solvers. To 

improve the coupling method, further work based on DNS 

tools is currently under way at ONERA. 
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