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1. INTRODUCTION
The study of the interaction between a liquid jet and a gas cross flow appears to be complex
due to the simultaneous presence of a liquid column, subject to the stresses induced by the air
cross flow, bended and deformed by drag forces, pressure drop between windward and
leeward side, liquid fragments and drops stripped from jet surface. This reduces the coherent
liquid jet’s cross-section so the jet undergoes breakup and breakdown phenomena. The first
one leads to the loss of jet continuity and to the formation of ligaments and droplets. The lack
of coherence of the jet results in a substantial breakdown of the jet due to the fact that liquid
particles, formed in the jet breakup, are easily dragged by the airflow surrounding the spray.
In the literature two main atomization mechanisms [1,2] have been individuated in
dependence of the value of the ratio of jet to airflow moments, expressed by means of the “q”
parameter q = rL v L2 / rG vG2 . The first mechanism, characteristic of lower q values, is the
column breakup; the jet appears to be already bended by the airflow before the occurrence of
the breakup which is due to the onset and growth of waves on the windward side of the jet: a
significant change in the jet trajectory could be observed in correspondence of the rupture
point. At higher q values, the jet breakup occurs mainly through the surface breakup
mechanism; liquid ligaments and droplets are detached from the jet surface due to the erosive
action of the airflow: jet breakup can take place when the combined action of aerodynamic
stresses and surface tension causes the rupture of the liquid column. The discriminating
parameter in this case is the Weber gas number ( WeG = rG v 2 D / s , where v is the relative
velocity at the jet interface). At WeG values high enough the aerodynamic stresses become so
strong to induce the stripping of liquid from the liquid column. At lower WeG values the only
effect of airflow is the amplification of jet instabilities and a moderate bending of the jet. It is
clear from these considerations the relevance of the jet size and of the surface tension of the
liquid. Furthermore, the jet atomization due to the liquid velocity and to the ambiance
pressure (typical of high pressure jets injected in quiescent atmosphere) can play a relevant
role in the phenomenology of jet breakup. In conclusion, inertia of the liquid jet, aerodynamic
shear of the gas phase, surface tension and atomization are the main factors playing a rule in
this process. Other effects that have to be taken in account are the viscosity, the convection
inside liquid phase due to drag force and pressure drop, the energy transfer taking place at all
turbulence scales and cavitation phenomena inside the nozzle.
A mathematical description of all the elementary sub-processes involved in the jet bending
and atomization is far beyond the present capabilities of modeling. It comes, thus, helpful a
multilevel approach to the study of the phenomenon that exploits a strategy based on the
successive addition of physical effects and of the mutual interactions among them. This is a
typical example of the Sequential Enlargement and Combination of Separated Effects
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Contributions (2SEC) approach to the analysis of complex processes. It is not in the aim of
thie present paper an exhaustive discussion of the general aspects of 2SEC analysis strategy
and it is in the intention of the authors only to show a possible application of such strategy in
order to reduce the complexity of the problem by using different simplified models and
analyzing their effectiveness in describing the experimental evidences. In the process the
physical relevance of the different effects will be evidenced in terms of their influence on the
models effectiveness.
2.

MATERIALS AND METHODS

The approach followed is based on the elaboration of two numerical models of the jet and on
the tight comparison of their results with the experimental results obtained by means of
optical diagnostic of the jet behavior in a test device. Models outlines are presented in the
following subsections along with the experimental facility main features.
2.1
Numerical modelling: model I
The first model, pertaining to the integral models class, used for the jet description resembles
the approach largely followed in literature [1, 4] based on the numerical resolution of the
momentum balance equations and the subsequent tuning of the model parameters by using
experimental data available. In our case a momentum balance is written on a finite, thin slice
of the liquid column delimited by two layers perpendicular to the initial velocity of the jet. A
Cartesian system is chosen with the origin in the geometrical center of the nozzle outlet,
under the hypothesis of two-dimensional problem and taking x and z axes respectively
oriented along the gas flow and initial velocity of the jet. In this model the terms taken in
account are only jet inertia and drag forces along x direction and z direction. For the
evaluation of the drag coefficient in the x direction, the liquid jet is assimilated to an
unlimited, unbending cylinder transversally invested by a gas flow. Under these hypotheses,
even though Re varies significantly along the jet, due to the reduction of both relative
velocity and jet diameter, nevertheless it remains in the range of high values, where CDx is
practically constant with Re. Furthermore the cross section has to be referred to a cylindrical
geometry. In order to take in account the lack of shape ideality, due to column deformation
and surface roughness induced by the aerodynamical stripping of ligaments and drops, a
correction factor Y is introduced. In the balance relative to z direction the surface exposed to
the drag force is only the lateral area of the liquid element, cylindrically shaped in the ideal
condition. Because of the stiffness of a theoretical evaluation of the drag coefficient in the z
direction it appears to be useless the introduction of a correction factor in this equation too:
ignorance, about shape and energy transfer effectiveness, is all put in the friction factor. To
take in account the jet diameter reduction due to the atomization process, a linear reduction is
utilized.
2.2
Numerical modelling: model II
In the second model proposed, that pertains to the numerical model class, the jet trajectory is
determined by using a commercial fluid-dynamic problem solver (Fluent), retaining all the
complexity of the airflow and of the jet air interactions, but schematizing the jet as a single
nonspherical particle identified by a shape factor f = s / S [5] where: s is the surface area of a
sphere having the same volume of the particle and S is the actual surface area of the particle.
The f choice fixes, in conjunction with Reynolds number, the drag coefficient CD that
represents the model empirical input. This approach comes out from theoretical
considerations [6] and experimental investigations [7,8] and concerns the deformation of the
cross-section of a jet injected into a cross flow (from circular to ‘kidney’ shape) due to the
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pressure gradients induced by the separation of the turbulent boundary layer. This strong
distortion determines an increase of the drag coefficient with respect to its value in the solid
cylinder hypothesis. The choice of the f value (coupled with Reynolds number, value
relative to the actual working conditions) give the opportunity of calibrate the CD value with
respect to the experimental data. The standard k - e model have been used as turbulent
model and the coupling between the phases and its impact on both the discrete phase
trajectories and the continuous phase has been taken in account in the computation.
2.3
Experimentals
The experimental set-up is described in detail in reference [3] and consists of a fully optically
accessible tunnel, with a square cross section of 25 X 25 mm, in which the jet is injected
perpendicularly to the air cross flow. The air pressure and temperature were kept constant at
1.3 MPa and 300 K. The liquid used was distilled water and the nozzle diameter was 0.5 mm
for all the reported conditions. The injecting system is a plane orifice one with a nozzle hole
of 0.3 or 0.5 mm diameter. The optical set-up is a simple shadowgraphic scheme using a lowpressure xenon flash lamp as light source and a CCD digital camera. In each test condition
forty 10 bits images (1024 different tonalities of grey) of the spray were collected. The
analysis of the variations both in time and space of image boundaries obtained from averaged
images were used to characterize the jet stability in statistical sense.
In order to clarify a possible correlation between jet stability and injection conditions a square
average shifting indicator s has been introduced. A steepest increase of the s value in
correspondence of a z coordinate value in dependence of the injection and airflow conditions
was observed [4]. This increase could be tentatively attributed to the breakup of the liquid
column. In this case the error increase can be explained by the different behavior of a cloud
of droplets with respect to a liquid column. Although this is not a rigorous evaluation of the
jet break-up position it appears to be at least a good first approximation estimation method of
this position [4].
3. RESULTS AND DISCUSSION
The experimental trajectories have been compared, for different air and liquid injection
velocities, with those obtained by using both the model I and the model II. Two typical
results are reported in Fig. 1. For lower q values, the jet trajectory undergoes a strong bending
and is characterized by an evident knee. The windward outline shows the rising of waves on
jet surface, instabilities which initially promote the stripping of liquid ligaments, and then, for
higher wave amplitude, take to the loss of column integrity, i.e. jet breakdown. Both models
fit well the experimental points, even though they cannot depict the typical knee. When the
conditions are favorable for the z jb evaluations by the square average shifting indicator, the
integral model works well, maybe because it reaches a good estimation of the jet diameter
decrease. For higher q values, the trajectory simulated by the integral model is less bended
than numerical model, which better fist the real jet behavior probably due to the more
realistic simulation of a complex interaction between the liquid jet and the airflow. At q
values above 100 the bending force induced by the aerodynamic action cannot prevent the jet
impact on the opposed wall. In these conditions the kinetic energy of the jet is so strong, with
respect to air, that liquid column moves straightaway towards wall with a less evident
bending: both the models work reasonably well.
4. CONCLUSIONS
It has to be underlined the good description given by the proposed models of the jet
trajectories. The integral model is very effective when the determination of the jet breakdown
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allows for having a reliable estimation of the liquid column rupture; it gives reasonable good
results also in other conditions for the assumption of a jet diameter consumption law. This
confirms the general problem of integral models in requiring an experimental validation of
controlling parameters to give realistic results. The second model, which is less dependent on
the experimental determination of jet characteristics, is very effective in describing the jet
trajectories, apart from some cases where the assumptions of the model are significantly
different from the real processes. To this aim a more realistic determination of the drag
coefficient (and as a consequence of the f ) could give better results. In this case too it
appears important the assessment of a relationship between airflow and jet injection
parameters and the drag coefficient, which does not only depend on the value of Reynolds
number, but must also take in account the jet deformation and the occurrence of the
aerodynamically induced atomization process. The relevance of the jet atomization by liquid
stripping from jet surface (either as a direct consequence of stresses induced by the air cross
flow or due to jet velocity induced atomization with a subsequent liquid drag acted by
airflow) appears to be relevant for system operated at increasingly high pressures like gas
turbines. To prevent the jet impact on the wall the onset of a surface breakup mechanism
appears much more efficient than a column breakup one. It appears in this case that the
parameters to be controlled are, apart from the q parameter, also the parameters governing the
atomization process that are the Weber numbers relative to the gas flow and to the liquid jet.
In these parameters are also taken in account the dimension of the jet and the surface tension
of the liquid. This suggests that suitable choices of the nozzle size (i.e. of the jet initial
diameter) and of the initial jet orientation can allow for the determination of the most
efficient liquid dispersion in the duct.
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Fig. 1
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Comparison of experimental determined trajectories and results of modelling.
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