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ABSTRACT

A computational and experimental study of the
deformation and breakup properties of nonturbulent
round liquid jets in uniform gaseous crossflows is
described, seeking to develop numerical predictions
to find these properties at conditions that are difficult
to address using experiments. The time-dependent
incompressible  two-dimensional  Navier-Stokes
equations were solved in the gas and liquid phasesin
conjunction with the level-set method to determine
the position of the liquid/gas interface of the
deforming liquid jets. The computations were
evaluated  satisfactorily based on  earlier
measurements for solid circular cylinders in
crossflow  (recirculating wake lengths, drag
coefficients, conditions for the onset of eddy
shedding, and frequencies of eddy shedding) and
present measurements of the properties of
nonturbulent round liquid jetsin crossflow (liquid jet
crosstream deformation, liquid jet streamwise
deformation and deflection, and breakup regime
transitions). Subsequent computations to find liquid
jet deformation and breakup properties reveaed
relatively small effects of liquid/gas density ratios on
deformation and breakup regime boundaries. Small
Reynolds number conditions approaching the Stokes
flow regime, however, resulted in a significant
increase of the resistance of liquid jets in crossflow
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to deformation that has not been addressed by
existing measurements of breakup properties.

NOMENCLATURE

D drag coefficient
R cross stream dimension of liquid column
streamwise dimension of liquid column
initial diameter of liquid column
eddy-shedding frequency
length of wake behind a solid cylinder
Oh Ohnesorge number, u /(p,d,o)"?
q liquid/gas momentum ratio, p.U%/(pcUs’)
Re jet Reynolds number, pcU.do/uc
St Strouhal number, fd,/U,

time
t characteristic breakup time, (p./ps)”?do/Us
Y, jet exit velocity
U, crossflow velocity
We Weber number, pedoU.,2/c
distance in the direction of the crossflow
distance in the direction of the liquid jet
molecular viscosity
density
surface tension

o

mhaoo00

QT < X

Subscripts
G gas phase property
L liquid phase property

INTRODUCTION

The deformation and breakup properties of
nonturbulent round liquid jets in uniform
nonturbul ent crossflows were studied
computationally and experimentally. The study is
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motivated by applications to the primary breakup of
liquid jets in crossflow that are encountered in air-
breathing propulsion systems, liquid rocket engines,
diesel engines, spark ignition engines, and
agricultural  sprays, among others. Due to
experimental constraints, past experimental studies
of the primary breakup properties of nonturbulent
round liquid jets in gaseous crossflows by Vich,'
Mazallon et al.,? Sallam et al.®> and Wu et al.* were
limited to large liquid/gas density ratios and
relatively small Ohnesorge numbers. The objective
of the present study was to use numerical predictions
in order to consider the moderate liquid/gas density
ratios and large Ohnesorge number conditions that
are more representative of practical high-pressure
spray combustion applications.

Numerous past  experimental and
computational studies of round liquid jets in gaseous
crossflows have emphasized penetration lengths and
jet/spray plume trajectories.>*® The deformation and
primary breakup processes at the liquid surface have
recently received more attention, however, with
several investigators™ reporting striking similarities
between the breakup of round liquid jets in crossflow
and the secondary breakup of drops subjected to
shock wave disturbances™® In  particular,
analogous to the secondary breakup of drops, the
primary breakup of round liquid jets displayed
regimes of bag, multimode and shear breakup whose
transitions were governed by the Weber number.
Liquid jet velocities were found to have little effect,
i.e., variations of the liquid/gas momentum ratio, q,
in the range 3-8000 had no effect on liquid jet
deformation and breskup properties.®® Existing
information about the primary breakup of liquid jets
in crossflows, however, is limited to relatively large
liquid/gas density ratios (in excess of 500) and
relatively small Ohnesorge numbers (smaller than
0.12), providing motivation to use computational
methods in order to investigate parameter ranges
that are difficult to address using experiments.

In view of these observations, the objective
of the present investigation was to develop a
computational method to investigate the deformation
and primary breakup properties of nonturbulent
round liquid jets in uniform crossflows, as follows:
formulate the computational method, use existing
measurements of the properties of solid cylindersin
uniform crossflow to evaluate the numerical
predictions, use both existing and new measurements
of the deformation and deflection properties of
nonturbulent round liquid jets in crossflow to
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evaluate the predictions, and finaly to exploit the
numerical predictions to study the properties of
sprays at the small liquid/gas density ratios and large
Ohnesorge number conditions of interest for
practical high pressure combustion processes.

COMPUTATIONAL METHODS

The measurements of Mazallon et al.? and
Sallam et a.® showed that the deformation and
breakup properties of round nonturbulent liquid jets
in uniform crossflows were independent of liquid jet
velocities which implies that the various streamwise
planes of the liquid jet do not interact. This
assumption was adopted during the present study so
that liquid column behavior is taken to be equivalent
to the temporal behavior of an initially motionless
two-dimensional cylindrical liquid jet element
subjected to a step increase of the ambient crossflow
velocity. It was further assumed that effects of
evaporation are small, liquid and gas phase
properties are constant, the liquid jet velocity
remains constant at its initial value, U;, and the
liquid jet flow and the crossflow are nonturbulent.
Notably, al these assumptions correspond to the
experimental conditions of Mazallon et al.,> Sallam
et al. and the present investigation that will be used
to evaluate the present numerical predictions. Under
the present approximations, the distance traversed by
the cylindrical jet element in theinitial jet direction,
y, is therefore the product of the constant jet velocity,
U;, and the time of interaction between the liquid jet
and the crossflow, t:

y = Ut @

Other major assumptions of the analysis
were as follows: normal and tangential forces are
continuous across the liquid surface, i.e., the surface
isinfinitely thin and has negligible mass storage and
inertia capahilities; the surface tension is constant;
effects of buoyancy are negligible; flow Mach
numbers are small so that effects of viscous
dissipation and kinetic energy can be neglected; and
the flow isisothermal. Effects of eddy shedding were
considered at appropriate operating conditions.
These approximations represent a model of liquid
breakup conditions that has been reasonably effective
during evaluation of predictions for the properties of
secondary breakup of drops subjected to shock wave
disturbances by Aalburg et al.*

American Institute of Aeronautics and Astronautics



Numerical Methods

The time-dependent and two-dimensional
Navier-Stokes equations were solved in both gas and
liquid phases using the projection method of
Chorin.®* The discretization in space was carried out
on a staggered grid according to the incompressible
marker and cell (MAC) method of Harlow and
Welch.*? The liquid/gas interface was captured by
the level-set method of Sussman et al.;® this
approach yielded the local fluid properties of each
cell with a smooth transition between the gas and the
liquid phases near the interface. A redistancing
algorithm due to Sussman and Fatemi®* was used to
maintain the level-set as an accurate distance
function at al times. The interface calculations
allowed for effects of surface tension, pressure and
shear forces, with surface tension represented by a
body force distributed over an interface having finite
thickness, following Brackbill e a.* The
discretizations in both space and time were second-
order accurate.

When eddy shedding was absent, the
domain size was 5 d, wide and 12.5 d, long and was
covered with a moving grid that was 256-512
elements wide and 640-1280 elements long. The
boundary conditions were symmetric along the sides
of the computational domain with a constant fluid
velocity across the inlet and a fixed pressure along
the outlet. When eddy shedding was present, the
domain width and the number of elements were
doubled with no assumption of symmetry of the flow
over the liquid jet. Tests of various sized solution
regions and finer grids caused less than a 2.5%
change of computational results reported in the
following; therefore, computational errors are
conservatively estimated to be smaller than 4%.

Computational Conditions

The ranges of present calculations were as
follows: Reynolds numbers of 12.5-200, Weber
numbers of 0.1-100,000, Ohnesorge numbers of
0.001-100, liquid/gas density ratios of 2-oo and
liquid/gas molecular viscosity ratios of 0.001-1,000.

EXPERIMENTAL METHODS

Apparatus
The experiments were carried out inside a

subsonic wind tunnel with a cross section of 610
x610 mm with windowed side walls to provide
optical access to observe the trajectories and the
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deformation and breakup properties of nonturbulent
round liquid jets at uniform crossflow velocities of 5-
18 m/s at normal temperature and pressure (see
Sallam et a ).

Using a pressure feed system capable of
injection pressures up to 1.5 MPa, the liquid jets
were injected vertically downward through round
supercavitating nozzles which had sharp-edged
inlets and exits with passage length-to-diameter
ratios smaller than 3 to create nonturbulent round
liquid jets with no tendency to break up in the
absence of crossflow (for jet Reynolds numbers as
large as 30,000).

[nstrumentation

Present measurements were confined to
liquid jet deformation and deflection prior to the
onset of ligament and drop formation along the
liquid jet; therefore, conditions were excellent for
flow visualization and measurements could be made
using pulsed shadowgraphy. A frequency-doubled
YAG laser (Spectra Physics, Model GCR-130, 532
nm wavelength, 7 ns pulse duration and up to 300
mJ optical energy per pulse) was used for the light
source of the shadowgraph system. Deformation of
the liquid jets in the streamwise direction of the
crossflow, the onset of breakup, and liquid jet
trajectories were obtained from these shadowgraphs
with experimental uncertainties (95% confidence)
smaller than 10%.

Test Conditions

Test conditions involved two different
liquids (water and ethyl acohal), liquid injector
diameters of 0.5 and 1.0 mm, liquid jet velocities of
9-14 m/s and air crossflow velocities of 5-18 m/s.
This yielded the following ranges of normalized test
variables: liquid/gas density ratios of 806 and 997,
liquid/gas viscosity ratios of 48 and 66, crossflow
Reynolds numbers of 345-1100, crossflow Weber
numbers of 0.6-12, liquid/gas momentum ratios of
170-6700, and jet Ohnesorge numbers of 0.003-
0.013. Crossflow Mach numbers were smaller than
0.1; therefore, compressibility effects were
negligible.

RESULTSAND DISCUSSION

Computational Evaluation

The numerical predictions were evaluated
based on earlier measurements and computations
(predictions) of the properties of crossflows over
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solid cylinders. These predictions were carried out
considering liquid jets having very large densities
and viscosities so that the liquid jet did not deflect or
deform or internally recirculate significantly as a
result of the crossflow.

Typical predictions of streamline patterns
for crossflow over solid cylinders are illustrated in
Fig. 1. The streamline patterns areillustrated for two
Reynolds numbers, Re=30 and 170, at times tU,/d, =
10 and 40 after the start of crossflow, respectively.
At Re=30 (top picture of Fig. 1) a stable wake is
present on the downstream side of the cylinder,
consisting of a symmetric pair of e ongated vortices.
Predictions of the temporal development of these
stable wakes as well as their finals lengths were
compared with measurements of Coutanceau and
Bouard® and the computations of Kawaguti and
Jain® and Thoman and Szewczyk,*® showing good
agreement within the uncertainties of the results. At
Re=170 (bottom picture of Fig. 1) eddy shedding is
present and the flow over the cylinder is no longer
symmetric, and does not approach a steady-state
condition, so that the full width of the flow must be
considered. In spite of the somewhat irregular flow
patterns, eddy shedding proved to be relatively
periodic and yielded a constant eddy-shedding

frequency.

Measurements and computations of eddy-
shedding frequencies for crossflow over solid
cylinders are illustrated in Fig. 2. Eddy-shedding
frequencies, f, represented by the Strouhal number,
St=fd,/U,, are plotted as a function of the Reynolds
number of the crossflow, with the present predicted
onset of eddy shedding at Re=40 also marked on the
plot. Results shown on the figure include the
measurements of Kovasznay,* Roshko,* Berger and
Wille” and Nishioka and Sato.* The agreement
among all the measurements and predictions is
excellent. Notably, this agreement also extends to the
determination of the onset of eddy shedding for all
these results at Re=~40.

The final parameter that was considered
during evaluation of the computations was the drag
coefficient, Cp, of a solid cylinder in crossflow.
Present predictions for the drag coefficient for
crossflow Reynolds numbers of 5-200 showed good
agreement with the measurements of
Wieselsberger,” Tritton® and Nishioka™ and the
computed results of Takami and Keller*® and Dennis
and Chang.*” Taken together, the agreement between
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present predictions and earlier results for flows
normal to solid cylinders was satisfactory; therefore,
subsequent computations addressed the behavior of
round liquid jets in crossflow which was the main
objective of the present investigation.

Flow Visualization

The properties of round liquid jets in
uniform crossflow for a given initial diameter are
affected by the Reynolds number, the Weber number,
the Ohnesorge number, and the liquid/gas density
ratio. In the following, the shape of the interface of a
round liquid jet as a function of time after exposure
to a step change in cross stream velocity will be
considered for the last three variables — Weber
number, Ohnesorge number and liquid/gas density
ratio — while keeping the Reynolds number constant
at Re=50 because it has a smaller effect on the flow
than the other parameters for Re=50. In each case,
ambient flow is from left to right and the shape of
the interface will be shown at t/t'=0,1,2,...,6, where
t'=(pL/pc)*?dy/U, is the characteristic breakup time
of round liquid drops at small Ohnesorge numbers
defined by Ranger and Nicholls®® The left-most
contour istheinitial condition.

Figure 3 shows the influence of the Weber
number on the shape of the interface of round liquid
jets in uniform crossflows for We=1, 4 and 8 at
Re=50, p./pe=2, and Oh=0.01. The liquid column is
seen to respond to the ambient fluid flow by both
trandating in the streemwise direction (i.e, as a
liquid jet this would involve following a trajectory
that is deflected in the streemwise direction) and
deforming from its initial circular shape. The
trandation is caused by the drag of the ambient flow
on the liquid column as a whole. The shape
deformation comes about because acceleration of the
ambient fluid over the liquid column yields reduced
pressures at its sides which draws the liquid in the
cross stream direction until it is eventually brought
to a stop by counteracting surface tension forces
which tend to bring the flow back to itsinitial state
in a decaying periodic manner as acceleration of the
liquid eventually relaxes the velocity difference
between the liquid column and the ambient fluid to a
negligible value. Increasing Weber number implies
decreasing surface tension, which results in
progressively larger lateral deformation of the liquid
column with also leads to larger drag forces and drag
coefficients. The corresponding reduced liquid
column stability and increased drag forces eventually
lead to breakup of the liquid column, but at
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somewhat larger values of We than considered in
Fig. 3. This behavior is remarkably similar to
processes of deformation and secondary breakup of
round liquid drops exposed to shock wave
disturbances, see Chou and Faeth,® Chou et al.,*
Dai and Faeth,* Faeth et al.,” Hsiang and Faeth,?%
and references cited therein.

Figure 4 shows the influence of the
Ohnesorge number on the shape of the interface of
round liquid jets in uniform crossflows for Oh=0.01,
01 and 1.0 a Re=50, p./pc=2, and We=8.
Conditions for the lowermost illustration in Fig. 4
are identical to those for the uppermost illustration
in Fig. 3. Then increasing Ohnesorge numbers from
this condition, implying increasing liquid viscosity,
tends to slow the rate of lateral deformation of the
liquid column so that maximum deformation is
reached when the velocity differences between the
liquid jet and the ambient fluid are reduced; this
correspondingly reduces the pressure drop from the
forward stagnation point to the side of the liquid
column and thus the maximum degree of
deformation for a given Weber number. Another
effect of increasing Ohnesorge number is to inhibit
oscillations of the liquid jet, eventually eliminating
the oscillatory deformation regime at Ohnesorge
numbers somewhat larger than those considered in
Fig. 5

Figure 5 shows the influence of the
liquid/gas density ratio on the shape of the interface
of round liquid jets in uniform crossflows for
pL/pe=2, 8 and 32 at Re=50, We=4, and Oh=0.01.
Conditions for the lowermost illustration in Fig. 5
are identical to those of the middle illustration in
Fig. 3. Then increasing the liquid/gas density ratio
implies increasing the relaxation time (' ~(p./pe)"?)
whereas decreasing jet acceleration in the transverse
direction which scales with (p/ps)*. The
characteristic breakup time of Ranger and Nicholls™
tends to scale liquid/gas inertial effects on
deformation and breakup times correctly, however,
so that the nature of the liquid column contour tends
to reman qualitatively similar for similar
dimensionless times, t/t’, for the resultsillustrated in
Fig. 5. Therefore, jet velocities relative to the gas
phase are proportional to (p./ps)2. Increasing the
liquid/gas density ratio then implies a larger relative
velocity between the jet and the crossflow over the
time of deformation, explaining the progressively
larger transverse distances traveled by the jet for
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each t/t” time increment as the liquid/gas density
ratio increases.

Liquid Jet Deformation

The deformation properties of initially
round liquid jets in crossflow are readily seen by the
plots of normalized deformation, dy/d,, as a function
of normalized time, t/t’, illustrated in Fig. 6. The
property d. is the maximum cross stream dimension
of the liquid column at any given time. The
conditions considered in Fig. 6 include those
considered in the visualizations of Figs. 3-5, but are
somewhat expanded to include We of 1-16, Oh of
0.001-1.0 and p,/pg of 2-32.

The uppermost illustration in Fig. 6
displays effects of varying the Weber number for
p/pc=2 and Oh=0.01. The maximum degree of
deformation progressively increases as the Weber
number increases, eventually exceeding d./d,=2 for
We in the range 8-16, where breakup of liquid jetsin
crossflow, and round liquid drops subjected to shock
wave disturbances, generally is observed, see Refs. 2
and 3. For conditions prior to breakup, d/d,<2 and
We<8, the column shape oscillates during relaxation
back to a round jet configuration with the period of
oscillation progressively increasing as the Weber
number isincreased.

The middle illustration of Fig. 6 displays
effects of varying the Ohnesorge number for p./pc=2
and We=8. For values of Oh<0.01, varying Oh has
little effect on either the amplitude or the frequency
of oscillatory deformation. Increasing the Ohnesorge
number beyond 0.01, however, causes a progressive
decrease of the maximum amplitude of deformation,
and eventually leads to a nonoscillatory relaxation
process for Oh=1.0, by exceeding the critically
damped condition for this process. This behavior is
similar to the effect of Oh on secondary drop
breakup where increasing Oh also leads to the ter-
mination of the oscillatory deformation regime.”%*

The bottom illustration of Fig. 6 displays
effects of varying the liquid/gas density ratio for
We=4 and Oh=0.01. It is evident that increasing the
liquid/gas density ratio tends to increase maximum
levels of deformation for given values of We and Oh,
caused by the progressively larger relative velocities
between jet and crossflow as the density ratio is
increased, as already discussed in connection with
Fig. 5. Normalizing the time with the characteristic
Ranger and Nicholls”® breakup time, however, helps
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account for effects of liquid inertia on liquid column
oscillations so that the frequency of oscillation in
terms of t/t tends to be relatively independent of the
liquid/gas density ratios.

Finally, in order to further evaluate the
computational predictions, present numerical results
for liquid jet deformation were compared with
present experimental measurements of the
streamwise deformation of round liquid jets
subjected to uniform crossflow in a wind tunnel.
This required computing liquid column response to
crossflows for relatively large density ratios, eg.,
pL/pc=700-1100. Achieving accurate computational
results at such conditions is problematical, however,
because the increased t* requires proportionally
longer integration times. In order to avoid this
difficulty, computations were carried out at
reasonably tractable liquid/gas density ratios
(pL/pe=2-256) and Richardson extrapolation was
used to find results at large liquid/gas density ratios
for evaluation using the present measurements.

Measured and  predicted temporal
development of the deformation of round liquid jets
in crossflow are illustrated in Fig. 7, considering
water and ethyl alcohal jets gecting from 0.5 and 1.0
mm diameter nozzles. The deformation is
represented by ddd, where ds is the maximum
streamwise dimension of the liquid column which is
an easily observable property of the liquid jet.
Similar to the results illustrated in Fig. 6, times are
normalized with the Ranger and Nicholls®
characteristic time for a liquid column. Results are
illustrated for values of the Weber number in the
range 1.75-32. For We=14-32, primary breakup
occurs along the surface of the jet after a time;
therefore, measurements and predictions are
terminated when this condition is reached. In
general, the agreement between measurements and
predictions in Fig. 7 is good, well within the range
anticipated in view of experimental uncertainties and
computational accuracy.

Liquid Jet Deflection

Measured and predicted deflections of
round liquid jets in crossflow are illustrated in Fig.
8. The deflection is represented by the crosstream
distance, x, traversed by the axis of the liquid jet
from its initial position after a given time period of
exposure to the crossflow, t. The experimental
results were obtained for relatively small Weber
numbers in the range 0.6-2.7 and Ohnesorge

6

numbers in the range 0.003-0.01; this places the jet
in the column breakup regime where it is deflected
appreciable distances downstream and no breakup
occurs along the liquid surface, providing an
extended region for testing present predictions. The
conditions of the predictions generally match those
of the measurements. It is evident that the scatter of
the measurements is consistent with the range of We
considered and experimental uncertainties; in
addition, predictions and measurements agree within
similar bounds.

Deformation Regime Maps

Figure 9 is the deformation and breakup
regime map for liquid jets in crossflow in the
classical Hinze”® approach, which has the
deformation and breakup properties plotted as a
function of the liquid jet drag-force/surface-tension-
force ratio (represented by the Weber number) vs.
the liquid jet viscous-force/surface-tension-force
ratio (represented by the Ohnesorge number). The
computations provide normalized maximum liquid
jet deformation values of (dgmax-do)/do=50 and 100%,
whereas, the measurements provide maximum
normalized deformations at 50% and the boundary
for the onset of breakup. The experimental
conditions of the measurements and numerical
predictions are comparable. Measured and predicted
maximum jet deformations of 50% are in excellent
agreement. The results in Fig. 9 also show that the
predicted normalized maximum deformation of
100% provides an excelent estimate of the
conditions required for the onset of breakup. This
behavior is very similar to the relationship between a
computed normalized maximum deformation of 80%
and measured onset of secondary drop breakup for
drops subjected to shock wave disturbances observed
by Aaburg e a.** Thus a predicted breakup
approximation for liquid jets at a maximum
normalized deformation of 100% will be adopted in
the following as a simplified way to obtain some
insight about effects of liquid gas density ratio, etc.,
on liquid jet breakup conditions using computations
of deformation.

As discussed by Aalburg et a.* and Sallam
et al..% it is easily shown that Weber and Ohnesorge
numbers govern breakup regime transitions for the
liquid jetsin crossflow (the effect of other properties
on breakup regime transitions will be discussed
subsequently): for conditions when viscous forces are
small, gas dynamic forces (drag) on the liquid jet
must be stabilized by surface-tension-forces, which
implies that deformation and breakup regime

American Institute of Aeronautics and Astronautics



transitions correspond to particular critical Weber
numbers, i.e., We,=const.; whereas, for conditions
where surface tension forces are small, gas dynamic
forces (drag) on the jet must be stabilized by liquid-
viscous forces which implies that critical Weber
numbers are proportional to the sguare of the
Ohnesorge number, i.e., We,~Oh? It is evident that
the resultsillustrated in Fig. 9 generally satisfy these
requirements. for Oh<l, regime transitions are
independent of Oh and are given by constant values
of Wey; in contrast, for Oh>>1, predicted results
indicate that We,~Oh? as expected.

A better approach for representing
conditions where liquid viscosity effects are
important (at large Oh conditions), developed by
Aalburg et a.* for the secondary breakup of drops,
is to account for liquid viscous effects directly by
plotting the ratio of drag to liquid viscous forces,
We"?/0h, as the ordinate of the plot, rather than the
ratio of drag to surface tension forces, We (for a
region where surface tension is less important than
liquid viscous forces). Based on the ideas of Aalburg
et a.*, the deformation and breakup boundaries of
Fig. 9 were plotted in the new We“?Oh vs. 1/0h
coordinates in Fig. 10 to provide a deformation and
breakup regime map that is complimentary to
Hinze's traditional approach (We vs. Oh) but more
relevant to the large Ohnesorge number conditions
that are often encountered in practical high-pressure
spray combustion applications. The measured
breakup boundaries for large values of 1/Oh due to
Mazallon et a.? and Sallam et a.® are in good
agreement with the numerical predictions for a
maximum normalized liquid jet deformation of
100%, as expected based on the results of Fig. 9. At
small values of 1/Oh (large Oh conditions),
deformation and breakup boundaries are now
constant in terms of We“%Oh. In addition, the
results illustrate that effects of liquid/gas density
ratio are relatively small for values in the range 32-
oo, particularly for conditions where 1/Oh islarge.

Finally, effects of Reynolds number on the
deformation and breakup regime boundaries of
liquid jets in crossflow were found to be small for
Re>50 similar to past observations for the secondary
breakup of drops.®® This behavior isillustrated by the
results plotted in Fig. 11, where the Weber number
for a maximum normalized liquid jet deformation of
100% is plotted as a function of Reynolds number for
Oh=0.01 and 1.0. Values of p./ps in the range 128-
o had little effect on this result, as noted on the plot.
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Clearly effects of Re are small when Re>50, which
corresponds to the region where the drag coefficients
of spheres and other blunt objects in crossflow are
relatively independent of the Reynolds number. For
Re<50, however, the resistance of liquid jets in
crossflow to deformation, and probably to breakup as
well, increases as the drag coefficient increases
toward the Stokes flow regime. Thisis caused by the
tendency of increased drag coefficients to increase
the rate of relaxation of the liquid jet toward the
crossflow velocity. An effect of this nature, however,
might very well enhance liquid jet breakup by the
liquid column mechanism as discussed by Sallam et
a.;®> this phenomenon clearly merits additional
study.

CONCLUSIONS

The deformation and breakup properties of
nonturbulent round liquid jets in gaseous crossflows
have been  studied computationally  and
experimentally. Computational conditions included
Reynolds numbers of 12.5-1,000, Weber numbers of
0.5-100,000, Ohnesorge numbers of 0.001-100,
liquid/gas density ratios of 2-« and liquid/gas
viscosity ratios of 0.001-1,000. Experimental test
conditions included Reynolds numbers of 345-1100,
Weber numbers of 0.6-12, Ohnesorge numbers of
0.003-0.013, liquid/gas density ratios of 806 and 997
and liquid/gas viscosity ratios of 48 and 66. Major
conclusions of the study are as follows:

1. Present predictions of the wake and drag
properties of solid cylinders in crossflow, and
the deformation and deflection properties of
round liquid jets in crossflow, were in good
agreement with available measurements and
numerical predictions.

2. Similar to past experimental observations of the
properties of nonturbulent round liquid jets in
gaseous crossflows due to Mazallon et al.? and
Sallam e al.® remarkable similarities were
observed between the deformation and breakup
properties of nonturbulent round liquid jets in
crossflow and the secondary breakup properties
of round liquid drops subjected to shock wave
disturbances.

3. The liquid/gas density ratio had a surprisingly
small effect on the deformation and breakup of
nonturbulent round liquid jets in crossflow for
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values of p./pec>30, particularly when Oh is
small.

The Reynolds number of the crossflow had a
surprisingly small effect on the deformation and
breakup properties of liquid jets for Re=50,
where the liquid jet drag coefficients are
relatively constant. As the Reynolds number
approached the Stokes range, however, liquid jet
resistance to deformation and breakup increased
significantly due to increased drag coefficients
and associated increased jet relaxation toward
the crossflow velocity, preventing the jet from
reaching the large degrees of deformation
associated with breakup. On the other hand,
increased drag forces could also contribute to
more effective liquid column breakup, an effect
that was not studied here but merits attention in
the future.

A liquid column deformation and breakup
regime map, plotted as We"?/Oh as a function of
1/Oh, yielded constant deformation and breakup
regime boundaries at large Oh, where liquid
viscous effects are important, that were
relatively independent of other parameters of the
flow. Thus, this deformation and breakup
regime map is complementary to the classical
map of Hinzeé® which exhibits similar
advantages at small Oh, where surface tension
effects are important.
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Fig. 1 Streamline patterns for a stable wake (Re=30)
and for eddy shedding (Re=170) behind a solid
circular cylinder in crossflow
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frequency as a function of the Reynolds number for
solid circular cylindersin crossflow.

(D=0 -
@QBo000 e
@O0 e

Re=50, p/pg=2 Oh=001

th'=0,1,2.,6

Fig. 3 Visudization of liquid crossections as a
function of time for various Weber numbers (Re=50,
pL/pe=2, Oh=0.01; t/t'=0,1,2,...,6).
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Fig. 4 Visudization of liquid crossections as a
function of time for various Ohensorge numbers
(Re=50, p./pe=2, We=32; t/t'=0,1,2,...,6).
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Fig. 5 Visualization of liquid crossections as a
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