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Abstract As stated earlier, a practicalethal of eliminating the
formation of the satellite drops is by using a modulated
This study reports the resulté an investigation on the  disturbance. In terms fo piezoelecte stimulation,
break-up of viscous jets submittedo multimode Chaudhary and Maxworthy as well & Schelle and
piezoelectrt stimulations This is performed by modulating Bousfield provide results of such experimentdowever
the exit velocity withnon-sinusoidaperturbationsPrevious these authors limit their experimental investigation to
experimentscarried out with this type of stimulation have stroboscom visualization and are thus unable to provide
been limited in finding acceptable configurasdor break-  quantitative information on capillary wave dynamics which
up essentially with the helgf stroboscopi photograph®f  control jet break-up.
the jet behaviour The spatial information obtained from In this work, we report results obtathdor various
analyses of photographs proves to be @uifficientto give  multimode piezoelectric stimulation casesing both the
tendenciesTemporalinformation is required to study the stroboscopi techniqwe for measuring break-up lengths and
correlations between the satellite formatiand the  a laser photometric device combined with specrallysis.
excitation imposed on the jet, and as demonstratatlisn The latter method has been shown écaldequatgor non-
paper may be useful for testing theoretical models. In thimtrusive measurements of the jet surface profilehe
work, we perform non-sinusoidal piezoelectric excitation processed signals allow to recowhe amplitudesof the
experiments for various value$ wltagesand phaseangle  different Fourie modes ard the phase shifts of the
under stable and unstable conditions. The cases studied alsarmonics relative to the fundament&@his enablesus to
include in-phase and out of phase superimpesitid pinpoint the differences in the developrhed an initial
fundamental and overtones. Spect@halysis usal in disturbane applied to the jet and thus to propose a method
conjunction with a laser photometrmethal unveils the capable of evaluating imquantitative manne performances
interactions between the fundamental and the harmonicof variouswaveformsin terms of jet break-up. Finally, the
componentsvhich grow at different rates and determine thespectral analysis of the experiments proteebe invaluable
final behaviour of the jet. In particular, we shownhthe  for comparisons with non-linear theories
non-linear interaction between etfundamentaland the
harmonics may be ascribed to the formation of a variety of Experimental
dropsizes and shapes.
Jet Generation and Stimulation
Introduction The piezoelectric stimulation technique essentially
consists of a fluid chamber comprising an acoustic
Continuous ink-jet technology requirt® formation of  transducer at one end and a nozzle at the other.
calibrated drops, from a jet, at a well definede With Temperatug controlled fluid is supplied from a
fluids of rather low viscosity such as tlosised in pressure-regulatkreservoir to the fluid chamber. A vertical
continuousink-jet printing, all techniques which result in a jet issues from a 7@m diamete nozzk which has a length
sinusoidal stimulation of low amplitude of the jet lead toover diameter ratio of about one.

break-up with satellites which are deleteridas printing, The acoustt transducer is made of a piezoelectric
unless properly controlled sine they lead to drop ceramic bonded to a steel rod. The expansand
placement errors. contraction of the piezo ceramic-rod assembly witthia

It is possible, imposing a complex periodical sigimal fluid chambe varies its volume behind the nozzle, allowing
obtain a stream of drops devaifl satellites This has been  a velocity perturbation to be applied onto the jet issuing
successfully demonstrated for piezoelectiwitation;” for ~ from the nozzle. Since the volume of the fluid chamber is
the electrohydrodynamic stimulation technidlieend the small, we can assume that the pulsation input from the
thermal disturbance of the jet. transducer motion is completely transferred to the jet.

The latter two above cited methods are freenfrmzzle This perturbation is then amplified alprihe jet and
interaction$ but unfortunately, cannot provddwith large  leads to drop break-up. Jet break-up eitimepresene or
perturbations of the jet such as those used in thisabsene of satellites could be obtained by this techni§ue
investigation. Other details are shown on figure 1.
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Figure 1. Schema of the experimental set-up
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Our study is limited to the effect of the second
harmonic. So the voltage to be fedthe transduce should
contah the sinusoidal waveform and the second harmonic
This signal is synthesized on a microcomputergisaveral
dozens of data points for enperiod The modulated
waveform is then sent tothe arbitray frequency
function/amplifier generator. Then ehdigital signd is
converted to analog and amplified to drive fliezoelectric
crystal with a periodically varying voltage comprised
between 1 and 200 volts peak to peak.

The jet's exit velocity modulation carelassumd to be

of the following form:
u = u, sin(wt) + u, sin(2et + @) Q)

where u, andu, are the amplitudesf ahe fundamentaland
the second harmonic velocitontributionsrespectively o

= 2naf is the angular frequency with f being the fundamenta

frequency and finallyp is the phase angle between the
fundamental and the second harmonic.

Since we are using the transducet warious
frequencies, it is necessary to know its behaviower a
large range of frequencies. This is simow figure 2for an
excitation voltage of 200 Volts.
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Figure 2. Transducer displacement versus frequency
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the resonant frequency under these conditiohstwe® 62

and 63 kHz whilst the second harmonfctiee transduceis
arourd 110 kHz. There might be a slight shift in resonant
frequeny and probaby alsoa change in the amplitude of
vibration when the transducer is submitted to pressure i.e.
unde flow conditions. Due to various difficulties associated
with the experiment (very small orifice, light rays the
same path as the jet) it has not been possible to measure the
characteristics of the piezoelecttransduce unde actual
working conditions. Since the rigidity of @élresonato is
very high, it is reasonable to assume thia¢ overall
behaviour should remain the same.

According to figure 2, it appears that the behaviour of
the transduce will be the same from around 40 to 55 kHz
ard then on from 70 to 100 kHz. So it is necessary to
choose appropriately the working frequencies andtie
excitation voltages.

Measurement Techniques

The first measurement technique to be discussed, is the
stroboscopic visualization of the jet. For tipigrpose we
use the arbitrary frequency generator cited above to also
drive an LED which helps to capture still images of jet
break-up A phase scanning device set in-between the
generatoandthe LED allows to introduce a variable phase
shift betwea the transducer triggering signals and those of
the LEDF and thus to strobe the jet at different relative
times.

The second measurement technique used in this study,
is the laser shadow method which allows to perform non-
intrusive measuremest of the jet surface profile. This
extremely accura¢ techniquewhich has the capability to
resolve relative diameter variationssmal as 103 has been
giscussed in an exhaustive manner elsevitzrd therefore

nly the main features necessary foe understandig of
the results given in the next section will be presented here.
The main components of the measuring system are a laser
diode and attendant optics which shape the beam into a thin
laser sheet. In the course of the experindeming which the
jet is slowly displaced in front of the light, the sheet is cut
by the opaque jet. The transmitted light which gives the jet
profile is then projected onta photodiode The signal
collected by the photodiode is amplified befobeing
sampled using a digital oscilloscope and sent to a micro-
computer. A Discrete Fourier Transform (DFfocedue is
used to expand the jeddiusinto Fourie modesand to
extractinformation on both amplitudes of different modes
and phase shifts between the fundamensad the
harmonics.

Results and Discussion

Break-up length and spectral measuremeratre
performed at various excitation voltages and presgles
under different operating conditians Stroboscopic
photographsre alsotaken at the late stages of the jet. The
ink usa in the experiments has a viscosityf 4.4 mPa.s, a

This resulthasbeen obtained at ambient pressure usinglensityp of 1172 kg/m, and a static surface tensiog of
a laser vibrometer which measures the surface motion of tH&® mN/m.

piston using interferometric techniques. Ona patice that
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Multimode Stimulation Break-up Mechanisms numerical solution of the Navier-Stokes equations the
For our purposes we consider an axisymmetric jet problem at hand by Huynh ef’. The addition of a stable
emanating from a nozzlef eadius Ry. The jet travels at a second harmonic component is exemptifien figure 4
velocity V, which is much greater than the characteristicwhere it is seen growing with a slopgua to tha of the
capillary speed V = (o/pd)”” and is perturbed by a fundamentalup to a dimensionless length of about B.Z
modulatel velocity (see equation 1) with a frequency f of from the nozzle. The growth of the seddmarmont then
wavelengh A . suddenly breaks down before beginning to oscillate with
The theoretical temporal analyses of capillatypjeak- some damping. This latter behaviour is close to the
up demonstrate that for small initial perturbatiotie cut-  theoretical predictiors
off dimensionless wavenumber

2nRg
kc = }\‘

is close to 1. Disturbances larger tham shout not grow.
This is specially important when superimposition of two < .
different wavenumbersisused to disturb the jet. For o313 %% L
instance if both wavenumbers are below the cut-off o’ N
wavenumberthey both will grow (unstable condition for . MES IR S ‘Y e
the second harmonic) and if one is belard the othe is o 5 10 15 20
above the cut-off wavenumber (staldondition for the z

secom harmonic) the smaller one will grow and the larger _ ) )
one will oscillate. Figure 4. Multimode stimulation for k=0.69. Grdwtof

fundamental and harmonics

Stable Second Harmonic

We choose to discuss in this sub-section the following  \we can also see by comparing figures 3 and #tttea
cases. First a jet subjeto an initial perturbation consisting addition of the second harmonic hasmaja influence on
only of the fundamental and then, the fundamentdl@n the jet intact length since the break-up lengéyresented

added stable second harmonic. by the vertical lines are the same for both experiments.
The first experiment is performed kt= 0.69 (most

unstable wavenumber) with only a sinusoid@gnal. This  yUnstable Second Harmonic

gives rise to a velocity contribution which at the nozzle exit |y this sub-section we consideretlthree following
leads to an initial dimensionkesadius perturbationalso  cases. Fundamental input only,dathen fundamentalwith
called input hereafter of the order of 0.01. second harmonic either with a phase anglef 0° or of
180C°. According to the indications gimeabove it is

! d necessary to choose the fundamental such that the second
::“n"fm ’.,w" ] harmonic can be amplified so the dimensionless
LT “.w“ j wavenumbe constructd with the fundamental should be
c R ) smaller than 0.5.
g0l o E We shav on figure 5 the growth of the fundamental
et o, | and the second and third harmonics for an experiment
R <.'~.~‘::‘, . performed at k = 0.45 with a sinusoidal input.
o 0.’0 ¢ ".00“ o° ° A
0.01 0 5 10 15 20 '
Z/ .
Figure 3. Normalized amplitudes of fundamérdad harmonics . ’ °
for k=0.69 and sinusoidal stimulation signal % o1 . " °
E I . . °
The results for this experiment are shown on figure 3 . ’ o e o
where for the sake of legibility @vhave plotted only the * . .
growth of the fundamental and the second and third o001 ; - E— r
harmonics. The growth of the fundamental is close to Zl

exponential as expected from linear theoriasd the

overtones begin to grow during only the lgsiarte of the  Figure 5. Normalized amplitudes of fundaméraad harmonics

jet life. ) ) ) for k=0.45 and sinusoidal stimulation signal
The second experiment is again performed at k = 0.69.

This time, the second harmonic adddo the
fundamental. Both initial inputs are ofetforder 0.01 in We can note that the growths of the fundamental and

order to compare with the theoretical restdasedon the the second harmonic are close to exponentials astieady
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growthfor the second harmonic and a slope equal to almost The contractions and the bulgings whicle abserved

two times that of the fundamental. are very different from one case to the other. Indeed, on
The second case is again for k = 0.45 with the seconfigure 8a, the wavelength atettime of break-y includesa

harmonic added to the fundamental with a phaseearfyl large drop and a large satellite, whilst figure8b shtvat

0°. Both initial inputs are at 0.01, agdior the purpog of  for ¢ = 180° the break-up occurs almost simultaneously

comparison with theoretical resultsin contrast to the with two drops and two small satelliteShis is in

resultsof the stablesecond harmonic (figure 4), one can correlation with figure 7 where the ratio of second harmonic

note on figure 6 that the growth of second harmonic isto fundamental is higher. Finglthe figuresillustrate the

steag up to break-up of the jet with almost no difference fact that a variety of drop sizesan be obtainel by

with the fundamental. Notice also that in contrast to thenodulated jet break-up.

former case that the break-up timgedrasticaly reduced

(almost one third) when ugjran unstabé secom harmonic.

The comparisonsvith the theoretical resufisre good over

the major part of the jet but deteriorate dgrihe velry late

stage of the jet. In particular, the similarity in the growths A = 490um ’

of the fundamental and seabinarmont that is noticed

experimentally in figure 6is not well described. _.
1 _j ﬂ

2 e A = 490um

= 28

g 01 wt?

< ....o""‘ Figures 8a and 8b. Stroboscopic photographs at break-up for
.,..s"° Rt different operating conditions

0004838
:‘..‘ ° .o".
o ® 7 10 15 Conclusions

In this paper, we have perforthean experimental
Figure 6. Multimode stimulation for k=0.45 ahg=0 °. Growth of  investigation of the effect ofmultimode piezoelectric
fundamental and harmonics stimulatian on the break-up of a liquid jet. For this purpose,
we hawe used excitations with and without the second
The third experimenis carried out at k = 0.45 with the narmonic. The cases studied include stedie unstable
secoml harmont adde to the fundamental with a phase conditions with in-phase and oaf phag superimposition
angle of 180. Both initial inputs are again at 0.01. of fundamental and overtone. Various measurement
methodsincluding stroboscopic visualization and spectral
analysis have been used.
3 The stroboscopic illumination allows to obtain
o e o ] photographs representing the characteristic shapes of drops
’ 1 and satellites but is unable to provide @nformation on
the capillary wave dynamics which leadavariety of drop
- oo 3 break-up patterns.
ol oot ] The laser shadow technique usedconjuncti; with
00324 o 1 DFT analysis allows to extract valuestbe amplitudes and
°f 1 phaseshifts of harmonics from the temporal variation of the
0.01 e A T - jet radius. This method proves toe kinvaluable in
Z/ characterizig the intricate surface phenomena and in
testingthe validity of numerical simulations. It is important
Figure 7.Multimode stimulatia for k=0.45 and g=180°. Growth {0 emphasize that this type of companig®unique ard has
of fundamental and harmonics not yet been reported in the literature.
Finally to summarize, we can conclutthet the addition
of the second harmonic under stable conditions has
In contrast to the abo_ve case, the second h_armonlﬂagligible influence on the break-up lengths, althotie
overtakes the fundamental in the early stagesejethlife  jpitjal value of the second harmonic may have seffect
as demonstrated on figure 7 and seetos control  on the nature of the satellitén contrast unde unstable
completelythe outcomeof the break-up. This result is in conditions the second harmonic controls the break-up.
discrepancy with the numerical simulations of Huynh €t al \oreover in the latter case, dfpha® shift betweenthe
Finally in figures8a and 8b we give the stroboscopic fyndamental and the harmonic disturbanceaiasge effect

photographs of the jet for ehexperimentsperformej at  ogn the break-up location and by the way oa gize of the
k=0.45aml = 0° and 180 respectively. drops and satellites.
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