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Abstract In this paper, we present results on the thed
stimulation of a continuousjet using both sinusoidal

This pape presents exparients peformed on afluid jet (frequeng f ) and hamonic (two modes 6 frequency f and
stimulated ly an external thenal devicewhich inour cagis 2f) signals. First of all, we detail tle expermental

a laser diode. The investigation considers both SinUSOida|arrangment and procedures used this investigation.
andhamonic excitation signals. We d®nstrate that in the Secondy, we present selected resulobtainel for both

ca of a purel sinusoidal excitation the break-up length singie ard two mode excitations. In particulawe present a
varies seni-logarithmically versus the optical peer of the  giscyssiorof the different régines ¢ breakup obtained, and
lasg diode In the case of a hanonic excitation, the e emphasie the operating conditionswhich allow or
excitation frequeng the anplitude and phase of the signals suppress the famation of satellites. Finafl the physical

are independenl controlled, leading to a varietof drop  mechanisms of the thermal stimulation are examined.
break-up patterns. Fingll the most suitable conditions for

printer applications are raphasized and the psical

mechanisms of thermal stimulation are discussed. EXpe”mental Set-Up and Procedures

The expemnental set-up is shan in figure 1. The jet
(diameter = & = 72 um), emerges from a standard printing
Conti inkeiet technol i the fomat ; headwith an orifice having a length over diater ratd I/2a
drc())n 'Snuf?:)smma'J ot egtnoaoﬁe||r.3(§ﬁ:§§ raete Uné‘éﬁgr;l 1. Thejet velociy (U0 012m/s) is carefuN( c_ontrolled py
rop 1a et . e means of a pressure regulated tank containing the flind.
piezoelectit stimulation producing velogit disturbances stimulating device consists of a laser diodsiténg in the

which grow Fhrough_ surface tension forces until tjet red radiation of 680 nm with a maximum power d 30 mWw.
br_eaks up Into .unlfam. drops has be.emsed.. Other At the exit, the mitted lase bean is divergent Using
st|m.ula_t|on tec_h_nlquesml_ght be used, in parncular. for appropriate lases,we obtan a laser spotfoabait 30 um in
designirg mu|t|-Jet§ devices.The _Electro_ryd_r oDynamic diameterwhich is then focused on the jet surface at &liou
(EHD.) exc¢ers,wh|ch appear to be aaso designbecause mm downstrean the orifice. The optical pwer of the laser
the s_umulat;on s.tage IS danstrean the nozzlg hgve been diode ismodulated at drequenyg approximately equalto 40
considere®. With fluids of rather la vicosity, all kHz. By using a custoized sofware, the modulatel signal

techlr_1t|q(;1e3/\f/r1|r(]:h rtelsulg T a zmusl,(mde}lhmul?tlnqp thI.O\r’]V is synthesized on amicro-computer and converted to a
ampirtude ot thejet lead fo a breax-umin satefiteswnic analog one which is then sent to the laser diode driver.

are deleterious for appropriate printing sinceythead to ; ; : :
. The optical energy applied onto the jet reads:
drop placenent errors. In ordemtobtaina stream of drops P gy app J

devoid of satellites, it is necesgato impos acomplex  P(t)= P+ P cog2rit) + P, cos(2* 2t + ) [1]
periodic signal. This has been succdsfly peformedfor the _ _

EHD stimulation technique I introducing wo modeswhich ~ Wher Py , P, P, are the continuous, the first and second
are further amplified by the capillay effecf>. A  mode d the optical pwer, ¢ is the phas shift betveen the
disadvantage of the EHD wstilation is te necessit of  fundamentd and the seconthode. In contrast to Nahas and
ratherhigh electrical fieldswhich lead to both high voltages Panton’s work®, we control carefujt the modulation of the
ard small clearances begen the electrode and the jet. Solight and consequentithe disturbances appliguhto the jet.
there is incentive to find other stilation meanswhich ~ Moreoverwe are able to obtaiamuchgreate efficiengy in

operate danstrean the nozzle shilarly to the EHD  our stimulation compared to their'sThis is mainly due to
excitation. the fact thatve were particulasgt carefulin choosinga very

absorbirg ink. The typical absorption thickness is of the
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order of a fev microns, thus a verthin outer lger is heated
and this enhances the stimulation efficiency.
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Figure 1 Schematic representation of the experimental set-up

The inkjet break-upis studied using a visualization
technique described elsheré. The microcamputer used to
generatehe signal also triggers a strobe light (LEBRich
allows us to observe thenagnified jet profile on a video
display. The mean velociy U, of thejet is detemined from
the relationshigJ, = A f (A the wavelength7 350 ym). In
orde to observe closely the brealup d the jet, the
formation and lifetime of the satellites,we introduce a
variable phase shift beeen the diode triggerinsignak and
those of the LED. This allows to strobe théet at different
relative times, i.e. at different axial locations.

The fluid used is ayed glycerinewate mixture with
viscosiy u 0 6.35mPa.s,with a d/namic surface tensiow
of 650103 N/m and mass density p 0 1130kg/m? at room
temperature.

One mode thermal stimulation

Thermal disturbance of the jet

As a first step,we stmulated thejet using only the
fundamentalmode (i.e.we limited ourselves to thfirst two
tems appearing in equation 1). In order tmwe the
maximum efficiengy, we perfomed ourmeasurenents at the
optimum wavenunber ko O 0.7 with correspads to he
minimum break-up length. First of alle observeby putting
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laser diode is onye also observe thfermationof dropsand
satelliteswith awell defined frequengcgiving avery stable
picture on theTV monitor. This picture is identical to the
ones obtained b sinusoidal sthulation through weak
piezoelectt or EHD excitations. This danonstrates
unambiguousy that the thenal modulaticn imposedonto
the jet induces surface tensiomodulationswhich constitute
the initial disturbance mplified by the capillay instability.
Notethatalthoud thelaserspot falls ony on one side of the
jet, because the circulartjés unstabé the axisymmetric
mode is amplified leading to the break-up of the jet.

Effect of the optical power

Figure 2 shws that the breakpulength varies sami-
logarithmically as a function of the optical per peak to
peak which can be changed readily using the driver.
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Figure 2 Jet break-up length as a function of the laser diode
optical power, k = 0.71, We = 102, P[10-30] mW

According to the linear stabditanalsis the break-up
lengh L, is related to the equivalent initial radius
perturbation of amplituele, through:

L / Ce . O
b _YWe 7o
2a 2y a
where We = §Uq* a/0)'? is the Weber nmber andy the
dimensionless growth rate.

The modulation of the surfactensionis proportiond to

the modulation of the teperature at the surfaeehich itself
is proportional to the raplitude of modulation of the laser

(2]

on and off the laser diode a clear variation in break-u;aiode paver. It is natural to expee, to vary in proportion

lengths indicating athemal stimulation of thejet. When the
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to P, as shwn in figure 2. Fron the slope obtained by
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fitting the expemnental data and uginrelation [2], we
obtain an expemental value of th growth rate ye, [ 0.30
for k= 0.70 in good agrementwith the linear thegr taking
into account the viscous effect in the jet and agnauic
interactions’. From the expernental operating conditions, it
would be interesting to evaluate the order oh@itude of
the tamperaturemodulation AT on the jé surfae ard the
enery Q required for the formation of a drop. We find:

ATO1°C QU1wd

Finally from the value of the breakup length,we deduce
the ratio €,/a) which is approxinately equa to 10* close to
the values obtained using EHD rstilatiorf>. Therdore
thee themal and EHD sthulations are considered to be
rathe weak tpes of stinulation canpared to the acoustic
one. Using onemode thema excitation, one always
observes the fomation of one drop and one satellite per
wavelengh (figure 3). Fran the results obtained using EHD
stimulatiorf®, we expect @ contrd the breakup pattern
using a wo-mode themal stimulation and thus to obtain a
stream of drops devoid of satellites.

Two mode thermal stimulation

Operating conditions

The complex signd retaining wo modes (3 tens of
equation (1)) is first synthesized using our cushized
software and then sent to the laser diode driver.

The frequeng f for our wo mode themal stmulation
measurenents was 19.5 kHz.As for the EHD sthulation,
we choose towvork & a dimensionles wavenumber k =
(2mal/A) < 0.5 Q is the wavelength) in order for the second
mode to be mplified. As seen on figure 3yhen the funda-
mental is predminantwe find one dropvith a slav satellite
per periodwhereaswhen the sthulation signa consiss of
only the secondnodewe find two dropsandtwo satellites.
In order to investigate the behaviourtbé jet betwveen the
above cited patternsve choose to varthe ratio P./P;

(optical power ratio of the two modes) and the phase ghift
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Figure 3 Typical jet break-up patterns
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General map of the different régimes

Figure 4 shows the generalmap in the P./P;-¢ plane
exhibiting the different zoneshere the break-yp generates
one, wo, three offour droplets pewavelengthThis type of
behaviouris very much raninescent of the onghich has
been obtaineaith EHD stimulation*®. The ony difference
is a phase shii of about 180°with respect tothe map

obtained using EHD stimulation. This point will be
discussed in the next section.
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Figure 4 Jet break-up diagram at wave-number k = 0.40 and jet
velocity Y= 11.1 m/s

Break-up zones without satellites

It is an essential requiment fa technologich reasos to
obtain a strea of drops devoid ofatellites The operating
conditiors in the case of figure & E 0.40 andJy 011 m/s)
giverise to a single no-satellite area corresponding to a fore-
side break-up. In order to obtain several no-saetlines
with both aft and fore-side breakup, as itwas shavn by
using EHD stinulatiorf it is necessar to increag the
wavenumber and/or thget velociyy which are the relevant
parameters.
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stimulation where the electric field prmotes a decrease of

. 1 F Jet the net pressure inside the jet and a local swelling of the jet.
o - + Direction « Due to the surface tension gradieng #hea stress
< I ; (Marangonieffec) induces a surface flar from the heated
o s regions tevards the colder ones because in these <tirge
.% value of the surface tension is higher:
g 0,1 E 8o udiU _do, [4]
= C dr dx
2 [ Onewould then expect to have the timal disturbance
T I T Aft side break-up out of phasewith the perturbation ofthe free surface
3 __Feesis b ke corresponding to a necking at the heated area.
o A
0,01 ; } .
20° 140° 260° 380° a) pressure effect b) Marangoni effect
¢ : phase shift . r
-2 Gas ‘ + A2 -2 ‘ + A2
Figure 5 No-satellites areas at wave-number k = 0.43 and jet : Gas o
velocity U = 13.9 m/s = Liquid < ) Liquid <?$> §
Figure 5 exhibits the existence of tiveotexpectd no- | = gTTER O *
satellite areas for thconditionsk = 0.43 andJ, [0 14 m/s. 3 s é g,

The aft-side break-up area isaler thanthe fore-sice one,
butwe have shan for EHD stimulatiorf that ore canobtain
a rather good balancé the size bthe two areasby further

increasing the jet velocity. A

Mechanisms of thermal stimulation \ / AT \ / AT
In the present partwe wish t examine liquid zones
subjected to axial teperature gradientwhich induce axial Temperature modulation
flows that may generate the initial radius perturbatidhis
perturbation can be subsequgrdinplified by the capillary
instability phenonenon. We begin Yo considering an

infinitely long axigmmetric column of liquid bounded ¥ a
free surface of radius = a. The interface possesses surface

. . . . . ateo
tensi;m which is assmed to vay linearly with the local e / | \
temperature: \ ----- - j 777777 SO Y O NS Y

- do a€o
U_UO_B(T_TO) B=— >0
ATl
Considerily a sinusoidal variation of the riperature Deformation of the free surface of the jet

imposel on the surface along the axxsof the column, the
axial surface tension gradient induceswfio driven by
thermocapillarity:

Figure 6 Schematic representation of the jet surface deformation
induced by a pressure or Marangoni effect

Consideringhéa the secondmnechanis is daminant over
the first onewe thus explairand understad the pha shift
« the nomal stress (capillyr pressure) dm to the of 180° in the abscissa axis tween the 2node themal and

curvature of the jet reads: EHD stimulations as fanely noticed. This is also in
P-g 1 3] agreenert with the numerical modelling of Mashgek and
R AshgriZ.
For a lower value of the surface taperature, the
pressure inside the jet is higher, therefeeeexpet a bulk Conclusions

flow from the colder regions to the heated ones i.e. a

pinchingof the cold surface andvelling elsevhere. In that An experimental investigation of the break-up of an ink-jet

case, the defamation of the jé surfa@ would be in phase subjected to one andid mode external themal stimulations

with the stimulating signal as it is the case foretBHD  located devnstrean the nozzle have been presentedhis
paper. We have d@nstrated thad small power lase diode
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is sufficient to force the capillgrinstability of the jet By
using amultiple hamonic themal stimulationwe hawe been
able to control thget break-up patterng.his allovs s to
obtan streans of drops devoid of satelliteswhich is an
essential requireent for inkjet printing. Moreover, this
type of stmulation is vey much similar in temms of resulsto
those obtained eladnere using EHD excitation, and thus
represents a viable alternative to thenfer. Furthemore,
we haw identified the Marangoni effect as thmain driving
phenomenon for the external thermal stimulation of the jet.
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