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Abstract

A basic experiment has been developed to investigate the secondary breakup of droplets in high velocity airstreams. Monosized

droplets are injected in the mixing layer of two co-¯owing air¯ows. Various conditions have been tested, di�erent initial drop sizes,

di�erent air and droplet velocities to evaluate the in¯uence of the Weber number on breakup regimes. An image processing tech-

nique has been developed to measure droplet diameter. Comparisons with numerical simulation conclude this work. Ó 1999

Elsevier Science Inc. All rights reserved.

1. Introduction

The propulsion engines performance is conditioned by the
delay of fuel evaporation, which is directly in¯uenced by the
distribution of droplet size. The smaller the droplet diameters,
the shorter is the evaporation time and the better is the com-
bustion. So each phenomenon which leads to droplet diameter
reduction is of primary importance in engine propulsion de-
sign. The e�ects of air¯ow on droplets have been studied for a
long time (Lenard, 1904). Works in literature show that de-
formation and droplets breakup are depending on boundary
conditions of the liquid gas interface. The main factors are:
· Droplet acceleration,
· Pressure, temperature, density and viscosity of the two

phases,
· Surface tension.

A dimensional analysis of those factors shows the impor-
tance of the Weber and the Ohnesorge numbers:

We � qgDV 2Dg

r
; Oh � ll������������

qlDgr
p :

Krzeczkowski (1980), Pilch and Erdman (1987), Hsiang and
Faeth (1992) and Shraiber et al. (1996) give a classi®cation of
breakup regimes as functions of these numbers.

Many of those studies consider the interaction between
shock wave and droplet fallen due to gravity (Hsiang and
Faeth, 1995, Wierzba, 1990). This kind of experiments produce
a ``clean'' breakup (axisymmetrical bag breakup for example)
which is not met in a combustion chamber.

The purpose of this paper is to build an experiment repre-
sentative of a combustion chamber condition, air ¯ow with
shearing and to compare experimental data with a numerical
simulation. Droplet size is measured along the air¯ow to ob-
tain the evolution of the PDF of droplet sizes.

2. Experimental set-up

A vibrating ori®ce is used to generate a stream of mono-
sized droplets in an air stream. As it can be seen Fig. 1 two
air¯ows are supplied by two ducts. Droplets are injected in the
mixing layer of the two ¯ows.

Two kinds of measurements have been undertaken:
· Aerodynamic characterization by hot wire.
· Visualization and image processing for the dispersed phase

characterization.

3. Visualization and image processing

3.1. Particle sizing

Generally a Phase Doppler Particle Analyzer (PDPA) is
used for droplet size measurement but in this case this tech-
nique could not be applied. PDPA can only perform mea-
surement on spherical particles. Due to the e�ects of the air
stream initially spherical drops are deformed (Fig. 2). So, an
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Notation

tb breakup time
Dg droplet diameter
Cd drag coe�cient
qg gas density
Lp Laplace number
ql liquid density
ll liquid viscosity
Oh Ohnesorge number
Rep particle Reynolds number
r surface tension
C spacing parameter
DV velocity di�erential (air±droplet)
We Weber number
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image-processing technique was developed to perform size
measurements.

A back lighting technique is applied to visualize the drops,
which appear dark on a white background. A stroboscopic
light freezes the droplet motion. Images are processed as fol-
lows (Fig. 3). First, a background image without droplets is
memorized to take into account non-homogeneous lighting.
Each recorded image is inverted to see droplets in white on a
dark background, then the inverted background is subtracted
from the initial image. At that time the droplets appears clear
on a dark background. Assuming the droplets could be de-
tected by their luminance level a threshold is applied on this
image to obtain a binary image in which droplets appear in
white. Then the surface of each white blob is measured; a scale
factor gives the true surface. An equivalent diameter is calcu-
lated assuming that the droplets are spherical. The relative
position of the centre of gravity is also measured to analyze the
particle size as function of distance from the injection point.

A comparison was made with PDPA measurements in a
zone where droplets are spherical, at 20 mm from the injection
point. Fig. 4 shows comparative histograms. This comparison
was made on about a thousand images.

A compromise must be found between the smallest droplet
observation and the size of the ®eld of view. The chosen lim-
itation was to take into account drops with a diameter bigger
than 20 lm. This limitation is similar to the one imposed by
PDPA where the range, for taking into account big droplets, is
16±570 lm. In those conditions the ®eld of view was 4.3
mm ´ 3.2 mm which corresponds to an image resolution of 768
pixels on 576 lines. Each pixel represents 5.6 lm, so a 20 lm
drop covers a surface of 10 pixels. It is obvious that an error on
surface estimation has a big in¯uence on diameter, 10% of
accuracy on surface estimation gives 5% on diameter mea-
surement. This in¯uence is more signi®cant on small droplets
where 10% of the surface corresponds to only one pixel.
Nevertheless, small droplets represent a small part of the

Fig. 1. Experimental con®guration.

Fig. 2. Droplet deformation.
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injected liquid ¯ow rate so this error has a little in¯uence on
mass ¯ux.

3.2. Droplet repartition

By summation of binary images it is possible to create an
image corresponding to the probability of droplet presence.
Also the outline of this image gives the envelope of the jet
expansion. This summation is done on 256 images.

4. Experimental results

Various experimental conditions have been tested for air
velocities ranging from 20 to 80 m/s and a droplet velocity
close to 10 m/s. Three median droplet sizes of 120, 220 and 320
lm have been injected. In all the cases, Weber number is less
than 50, corresponding to the bag breakup conditions. Fig. 5.
shows an example of breakup.

Fig. 6 shows an example of droplet deformation. The upper
air¯ow velocity is 80 m/s and the lower one is 20 m/s. The
complete ®eld is about 20 cm, each view corresponds to 4.3 mm.

For size measurement this region is split in slices of 2 mm
downstream the injection point. In each slice particles are
measured and a size histogram is obtained. Fig. 7 shows, for
each slice, the corresponding size histogram.

5. Numerical simulations

All the calculations have been performed using a
Lagrangian code developed at ONERA. The breakup model

was elaborated on the basis of correlation coming from the
literature or experiments carried out at ONERA.

In the numerical simulation droplets are considered as
spherical particles. Aerodynamic interaction between droplets
is taken into account by using a drag coe�cient depending of
the distance between droplets. The drag coe�cient is calcu-
lated with the following correlation build for high interaction
droplets:

Cd � 53:2C0:6Reÿ1:524
p ;

with C the spacing parameter (distance between droplets di-
vided by droplets diameter), 26C6 40 and Rep the particle
Reynolds number using droplet diameter and gas character-
istics, 206Rep6 75.

This correlation was obtained at ONERA by Adam (1997)
using a monosized droplet generator.

Collision between droplets is not taken into account in the
code. For the liquid phase, initial conditions are provided by
experiments. The droplet initial size is that measured in the
®rst slice near injection point. For the gas phase, the initial
conditions are provided by a numerical simulation validated
by hot wire measurements.

In the comparison with those experiments, three breakup
regimes have been used according to a classi®cation as the one
proposed by Pilch and Erdman (1987): vibrational breakup,
bag breakup and bag and stamen breakup. Breakup regime is
identi®ed by local Weber number value. Breakup occurs if the
breakup time is reached. The formulation used for this delay
was given by Nigmatulin (1990):

tb

t�
� 6�1� 1:2 Lpÿ0:37��Log We�ÿ0:25;

with: t� � �Dg=DV � ql=qg

ÿ �0:5
and Laplace number: Lp �

qlrDg=l2
l :

In the ®rst regime, the vibrational drop is broken in two
random parts. Size is computed in order to obtain mass con-
servation. The relative position of each droplet depends on
initial drop diameter; the expansion angle is also a random
value less than 2.5°.

For the bag or bag and stamen regimes, the breakup pro-
cess is similar but the number of droplets and their ®nal po-
sition di�er. Nigmatulin (1990) gives the value of 30% of the
liquid mass corresponding to the bag volume which is evapo-
rated in hot condition, as the experiment is in a cold ¯ow
condition there is no evaporation so the bag is considered to be
split in 25±35 droplets. Those droplets are created at the initial
position of the drop before breakup. As those drops are very
small they are rapidly dispersed by the air stream. The ring

Fig. 3. Image processing.

Fig. 4. Comparison between PDPA and video drop size measurement.
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corresponding to 70% of the drop mass is split into 10±15
similar droplets. They are distributed on a circle with a radius
equal to 4 times the initial drop radius. Expansion angle is
lower than 7.5°. For stamen breakup 4±6 droplets are located
on the ring axis.

For all regimes the drag coe�cient varies during the
breakup, due to the drop deformation. The velocity modi®ca-
tion follows a correlation obtained by Hsiang and Faeth (1993),

U0

U
� 1� 2:7

qg

ql

� �1=2 d0

d

( )2=3

:

In this correlation the dependence of the breakup regimes is
taken into account by the maximal stable drop diameter d. U is
the velocity after the breakup and variable su�x 0 are the
initial drop characteristics.

Fig. 8 shows a superposition of experimental drop disper-
sion (gray level image and white outline or dashed line) and
calculation (gray outline on plain line). Expansion angles are
comparable in both cases; In the experiment a non-symmetric
air¯ow velocity in the two air ducts could explain the upward

movement of the measured limit compared with calculation
outline.

The second comparison concerns size measurement. Initial
droplet size repartition is given for computation. The com-
parison is made at 20 mm from the injection point. At this
point it is assumed that secondary breakup is ®nished. The
following histograms (Fig. 9) show (in black) the initial
droplets repartition measured on the experiment and used for
calculation, the two other histograms are obtained from
measurement (white) and from calculation (gray). Those his-
tograms have been normalized, for each class containing the
maximum of droplets has the same value.

Air ¯ow disturbs droplets injection and droplets approach
each other and sometimes they collide and a new big droplet
and some little one are created. This explains the shape of the
initial histogram. In the computation all droplets are taken
into account and there is no evaporation. In the experiment
very small droplets are not detected, moreover droplets which
are not in the ®eld, blurred droplet images, give erroneous
information. If contrast is not su�cient they don't enter in the
counts. The model tested for bag breakup gives two classes of

Fig. 5. Droplet bag breakup.

Fig. 6. Droplet deformation and breakup. Air¯ow velocity: 20 and 80 m/s. Initial drop size: 220 lm.
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sizes, the real breakup is more complex and gives a more
continuous droplet size repartition.

6. Conclusion, perspectives

This basic experiment permits qualitative and quantitative
visualizations of the breakup phenomenon. It appears that
breakup is not so ideal as those proposed in the literature. The

breakup is a continuous phenomenon and simulations like the
one used give some interesting information but not completely
the reality. Following the remarks on the droplet size repar-
tition a new model is going to be implemented. First the du-
ration of the fragmentation process is considered as a random
variable following a Poisson's law. This means that during a
time step Dt, the breakup probability for a given numerical
drop is calculated as:

Fig. 7. Drop size evolution when moving away form injection point.

Fig. 8. Droplet repartition air velocity 60 m/s. Droplet diameter 220 lm.
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Pbup � 0 if We < Wec;
Dt
tb

if We P Wec;

�
where Wec is the critical Weber number and is approximately
equal to 12. The fragment radius repartition function is sup-
posed to obey to the following exponential law:

f �r� � K exp�ÿr=�r� if r6 rmax;
0 if r > rmax;

�
rmax is the maximum size of fragments and is given by the
following experimental correlation:

rmax � 2:1Weÿ0:61r0;

where r0 is the initial radius. The parameter �r is calculated in
order to respect a correlation on the mass median size (rmean) of
fragments. According to Pilch and Erdman (1987) we have:

rmean � 1

2
rmax:

Finally the constant K is adjusted in order to ensure the
mass conservation.

K
Z rmax

0

r3eÿr=�r dr � r3
0:

Naturally, for numerical purposes, the exponential law has to
be discretized.

Nevertheless the current model gives interesting informa-
tion concerning droplets repartition and expansion in the
spray.
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