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ABSTRACT

We present an experimental study of the flappistgioility
which appears when a coaxial liquid jet is atomized a
cocurrent fast gas stream. When primary atomizafiogs not
lead to a total break-up of the liquid jet, it unglees a large-
wavelength instability, characterized by very lamaplitude
oscillations, and can break into large liquid framts whose
typical size is the jet diameter. These large dquagments, and
consequently the flapping instability, are to beoided in
applications related to combustion where liquidpdets need to
be as small as possible. We carried out experinvaittisair and
water coaxial jets, with a gas/liquid velocity catf order 50.
We studied the consequence of the flapping instatih the
break-up of the liquid jet. Measurements of thgdiency of the
instability were carried out. We suggest a mecmanidere the
flapping instability could be triggered by non axismetrical
KH modes.

INTRODUCTION

Airblast, or assisted atomization of a liquid jist
fundamental to a large number of applications.his process
the liquid is stripped from a cylindrical jet byfast co-current
air-stream, and a spray is producedApplications range from
injectors in turboreactors, to cryotechnic rockagiaes with
LOX/H2. This process is widely used, and has prawetiable,
but the mechanism by which the liquid bulk is bnokiato
droplets is still subject to controversy. A bettederstanding of
the different stages of the atomization processldcdelp
improve the efficiency of combustion, and decrethgeamount
of emissions.
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38041 Grenoble Cedex 9, France

Experiments carried out by coworkers on a planeingix
layer 2 and on a coaxial injectdrhave shown that the liquid
break up is the result of two successive instasiit. The first
instability is analogous to a Kelvin-Hemholtz instiy, and
leads to the formation of waves at the interfacaveen the
liquid and the fast gas stream. However, while Kelv
Helmholtz instability involves a discontinuity ofig¢ velocity
profile between the gas and liquid phases, thealmilitly
involved here has been shown to rely on the smesthof the
velocity profile, namely on the finite thickness tie gas
vorticity layer. Within an inviscid approximatioit,predicts that
the wavelength\ of the surging waves will be given By :

Acn = G (pL/pG)llzéG 1)

with &g thickness of the gas boundary layegy, and ps the
liquid and gas densities andC = 4 a dimensionless
coefficient. The axisymmetric waves resulting frothis
instability are next accelerated by the fast gasast, and
undergo a Rayleigh-Taylor transverse instabiliggding to the
formation of liquid ligaments®®’. These ligaments grow and
will eventually break into droplets, whose size tigerefore
controlled by the thickness of ligaments, i.e. Wavelength of
the R-T instability.

If the liquid intact length is larger than the pdtal cone, as is
the case in our experiment, atomization of theidigiet is
incomplete: while small droplets are still produced the
potential cone region, far downstream the liquitl gads up
breaking into large liquid lumps. Just before itedk-up, the
liquid jet downstream the potential cone exhibitsstaking
“oscillating” aspect, in which the jet undergoesithations of a
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wavelength large compared to the jet diameter {ggre 1).
Our study is devoted to this large scale instabihithich we dub
the “flapping” instability.

Figure 1: Instability of a liquid jet in airblastcamization for: a)
Ug = 25 m/s and U= 0.15 m/s ; b) Y= 30 m/s and U= 0.15
m/s.

The configuration used in our experiment is quit@pde: a
round vertical liquid jet is entrained by a fastagial annular
gas stream (figure 2). Injection is made throughoctim
convergent nozzles. The contraction is of a faétér for the
liquid jet (exit diameter 8 mm), and 6 for the gets(outer exit
diameter 11.4 mm). The convergence in the injestsures that
the intensity of perturbations is reduced. Theitigis water.

Gas flow is measured with a mass flowmeter (Brooks

Instruments), and liquid flow is measured with d@anoeter
(Kobold).
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Figure 2: Sketch of the injector.

The liquid velocity Y was varied in the range [0.11 m/s , 1

m/s], and the gas velocityddn the range [15 m/s , 60 m/s]. For
these ranges of velocities and the smooth converggrctor

we used, the flow is laminar in the liquid and demindary
layers. The three dimensional structure of the fleag captured
with a single camera and a vertical mirror placedraangle of
45° next to the nozzle (see figure 3) : this dewatlews to

capture on a same frame the front view and side wEthe

atomized jet, and consequently the three dimenkgeametry
of the flow. The camera is a high speed cameran@hav12),

and frames are taken at a frequency in the range [Bvs ;

2000 im/s] depending on the gas velocity and thpeeted

frequency of the instability.
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Figure 3: Sketch of the experimental set-up a) Fuew ; b)
Top view

Figure 4a shows the aspect of the liquid jet fos gad
liquid velocities of I = 40 m/s and U= 0.3 m/s respectively.
For this regime, a large number of small drops pneduced
near the injection, when liquid is stripped frone thulk of the
jet by the fast air stream. However, it can be sserigure 4
that large liquid fragments remain intact on thés af the jet:
though the jet undergoes a strong destabilizatitrese
fragments cause the formation of large drops favrdtream.
This destabilization of the bulk of the jet is dwethe flapping
instability studied in this work. When the gas ity is
decreased, the growth-rate of the K-H and R-T bilities is
strongly reduced and the flapping instability beesmthe
dominant mechanism in the break-up of the jet:idigs not
stripped from the jet anymore (see figure 1). Tihgability of
relatively large wavelength leads the jet to tveist break into
fragments whose size is of order R.

The flapping instability is therefore especiallyerant in
situations when K-H and R-T instabilities fail t@mpletely
atomize the jet: this occurs in particular when lgvggth of the
gas potential cone (shown in dotted line on thecskef figure
4b) is shorter than the liquid intact length. Inr @xperiment
this is generally true. This means that the ulterateak-up of
the jet is likely to be controlled by the flappimgtability.
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a) b)

Figure 4 : a) Airblast atomization forgls 40 m/s and U=
0.3 m/s ; b) sketch emphasizing how the flappingtaibility
creates large liquid fragments.

In order to measure the intact length of theitiget, the
images taken with the device shown on figure 3paoeessed
allowing to the following sequence: the imagestaresholded,
we use a Matlab routine to find all paths on thadgm and the
jet is taken to be the longer path on each imade ihtact
length is taken to be the distance between thetmjeand the
point belonging to the jet which is farthest frohetinjector.
The intact length for a given set of gas and liquidiocity is
averaged over 300 images. This process is onlyedaaut for
the front images of the jet (the mirror images aoé used for
this measurement). The intact length L is
nondimensionalized by the liquid jet diameter Dsules are
shown on figure 5.

The data of figure 5 show that as expected thediguact
length decreases with increasing gas velocity Wdd,iacreases
with increasing liquid velocity Ul. These measuretsewere
only carried out for conditions where the flappimgtability
was present, i.e. the liquid jet exhibits largelesazscillations.
Raynal (1997} proposed a scaling for the liquid intact length:
L/D = 6WM where M is the momentum flux ratio M =
psUs?/p U % This scaling was verified experimentally in his
plane shear layer experiment (liquid sheet flowamga solid
wall and atomized by a single gas stream).

then
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Figure 5: Liquid intact length L of the jet

nondimensionalized by the liquid injector diamef®y as a
function of liquid and gas velocity.
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Figure 6: Logarithmic plot of the ratio L/D as a
function of M. The equation of the power law fitosts a much
slower decrease than the predicted®caling 2

In figure 6 we plot the ratio L/D as a function Mf it can
be seen thata though M appears to be a relevaaipser (the
data of figure 5 are collapsed), the scaling lawsepbked
experimentally is quite different from the one poted 2. The
decrease of L/D with M is much slower, and the galof L/D
are significantly larger (longer relative intachggh). This could
be due to the fact that for our conditions theitigatact length
is set not only by the amount of fluid strippedthg gas from
the jet, but also by the amplitude of the flappingtability. As
mentioned above, this is mainly because the liquiiakct length
largely exceeds the length of the potential cone.

We next show measurements of the angle of apeofute
jet: these measurements are taken by superpodinmades
obtained for a given set of conditions. Figure Dveh an
example of result for this operation, for a liquidlocity U =
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0.28 m/s and a gas velocity )14 m/s. The resulting image
shows that there is a constant angle over a relgtilarge
distance. The angle is measured in the region ctosthe
injector, where the edges of the superpositioncianer. We
plot the measured angle when gas and liquid veédsciare
varied on figure 8. As expected, the angle increasth the gas
velocity and decreases with increasing liquid vigypc.e. when
the momentum of the liquid is increased. The meamants for
the lowest liquid velocity (Ul = 0.17 m/s, repretahby crosses
on figure 8) stray a bit from this trend: this abide due to the
fact that for this very low liquid velocity the jét extremely
thin a couple of diameters downstream the inje(doie to its
acceleration), and therefore easily deviated bygtwestream.

Figure 7 : Superposition of the successive postiohthe
jet, for Ug = 14 m/s and Ul = 0.28 m/s.
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Figure 8: Angle of aperture of the jet as a functaf

gas velocity, for different liquid velocities.

Measurement of the wavelength of the instabilitys Heeen
attempted, but results are inconclusive due tcstiang spatial
variation of the wavelength as a function of thevdstream
distance: this is evidenced on figure 1b for exanplhere it
can be seen that the first wavelength is signiflgasmaller
than the second one (presumably due to the incieagdocity
of the liquid). We therefore choose to focus indtem the

frequency of the instability.

The main difficulty for this measurement is tha¢ th
flapping instability occurs roughly within a samkane, but a
plane of changing orientation. The orientation leé plane of
oscillation changes after a few periods, and appéearbe
random. In order to get rid of the tridimensionaldf the
instability, the images taken with the device shawrigure 3
are processed according to the following procedunages are
thresholded — only the dark region connected toirffextor is
retained (drops and detached ligaments are removethie
center of this region for a given line is computedthe mirror
image (this is position x) and on the front imapges(tion y) —
the distance of the jet center from the axis ofitljector is then
defined as r=(+y?)"* the variations of r as a function of time
are calculated for several heights (distances ftwrinjector) —
a Fourier transform of this signal yields the frenqey of the
oscillation.

We find that the maximum frequency is independént o
the distance from the injector, provided that theagsurement is
made far enough from the injector. Measurementsecto the
injector might be affected by the Kelvin-Helmhoitwstability:
the latter instability is expected to produce axisyetric waves
close to the injector, but any alteration to thensyetry of the
waves could induce a variation of the distancastddce of the
jet center from the axis) at the KH frequency. Tikisvhy we
take care to measure the frequency of the flappistability
farther downstream, in regions where the flappimgisually
predominant (criterion: the axis of the jet is diged from the
axis of the injector of a distance larger than R).
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Figure 9: Frequency of the flapping instabilityaas

function of gas velocity, for different liquid vedities.

The frequency of the flapping instability, shown &igure 9,
increases with gas velocity. Only the points wharmaximum
frequency was clearly apparent in the spectrum \kepe for the
results of figure 9. We can compare these datatpeiith the
measurements of the Kelvin-Helmholtz instabilityread out in a
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previous experiment (see figure 10). The KH indtiybiwas
measured just below the injector, by aiming a lasehe edge of
the jet, and analyzing the signal received by agtiode located
opposite the laser: the signal is periodically rintpted by the
KH waves, and the frequency can be measured phecipeto
much larger velocities than with image processirgthods. It
can be seen on figure 10 that the frequency oKtheanstability
is slightly larger than the flapping instabilityutbthat both
frequencies are relatively close. We emphasize theth
instabilitites were measured at different locatioresy close to
the injector for the KH instability, and far dowrestm for the
flapping: measurements of both series were madedapendent
as possible, and the closeness of the resultoimply a clue to
the physical link between both instabilities in axperimental
conditions.
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Figure 10: Frequency of the flapping instabilityll¢t
symbols) and of the Kelvin-Helmholtz intability (pty symbols)
as a function of gas velocity Ug.

Though the range of gas velocity Ug is not large

enough to predict a scaling of the flapping frequewith gas
velocity, the experimental points are consisterthwai frequency
proportional to Ug. This is the scaling law expesinally

measured by Lozano et al (2008)on their liquid sheet
experiment (a rectangular liquid sheet atomizedvy parallel

gas streams). This is also the scaling found byd€au(2007y

in his numerical simulation of the same
configuration. The analogy between their configoratand ours
resides in the limit of the jet instability whenethradius is
decreased: for a large radius KH instability is ehem surface
instability, but when R becomes of the order of niagle of the
KH instability wavelength, it can be expected thiatious modes
analogous to the flapping modes of a liquid sheay start to
overcome the axisymmetric instability in our eXpent. In a

flapping sheet it is know®® that the sinuous mode overcomes

the varicose mode: it is relatively easier for wae® opposing
sides to propagate with opposing phases (sinuouse)mthan
with the same phase (varicose mode).

liquid ghee

In our configuration this has been verified by swdv
the inviscid stability analysis in axisymmetric gestry for
helical modes of the form@®&®*™® with n£0. We solve the
resulting dispersion relation for spatial mode®. icomplex
wavenumber and real frequency. We find that mddes=1 are
unstable. Modes for n>1 are all stable. The foduthis paper
being on the experimental study, we just preserfigume 10 the
comparison of the resulting growth rate for thesgimetric
mode (n=0) and the helical mode (n=1): it can gbat when
the radius of the jet is decreased (in figure 11,iR
nondimensionalized by the vorticity thickne®s the growthrate
of the helical mode overcomes that of the variaosele. In our
experimental conditions we haved®R#+20 (the value increases
when the gas velocity is increased), which corradpan figure
11 to the region where the helical mode is sigaifity more
unstable than the n=0 mode. This predicts thaktienstability
for our conditions should produce non axiymmetriaface
waves.

This might be at the origin of, or at least enhartbe
flapping instability: figure 12 shows a PIV visuadtion of the
gas velociy field around the liquid jet for expeeintal
conditions for which the flapping instability is sdrved farther
downstream. The PIV is carried out with a laseceslof the
coaxial jet, and a seeding of the gas phase witldroplets.
Figure 12 shows how the gas jet is detached fraidiuid jet
downstream the first KH wave, causing large gagaelations
scaling with the KH wavelength. In particular, &rcbe noticed
how the slight dissymmetry in the KH wave (the kfte of the
wave is a bit ahead the right side) induces a dissgtry in the
way the gas jet impacts the liquid jet downstredmm ftarge
recirculations: we suspect this is the mechanispaesible for
the flapping instability. This scenario has beersevibed on
recent 2D numerical simulations of our experimentaiditions
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Figure 11: Result of the inviscid stability anatysin
cylindrical geometry: growthrate of the unstablésgmmetric
and helical modes as a function of the ratid. R7he helical
mode has a larger growthrate.
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Figure 12: PIV visualization of the gas velocityelfl
around the liquid jet: the flow is non axisymmetti; = 10 m/s
and U = 0.4 m/s.

CONCLUSION
We have studied the flapping instability of a ligyet, an

instability occurring downstream the Kelvin-Helmtmol
instability when the liquid jet has not been fulitomized. We

have presented measurements of the frequency o thi

instability, which is close to but smaller than tinequency of
the KH instability. We offer a scenario for the dpment of
the instability, based on the dissymmetry inducedhie gas
flow when non axisymmetric modes overcome the waec
modes. Further experiments need be carried outiféerent
conditions (in particular different radii of theliid jet, different
gas injectors) in order to investigate more prégisthis
hypothesis, and to precise the scaling of the ftapfrequency.
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