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Introduction an ink jet printet. In order to validate the models, printer
features such as the breakup length, the number and vol-

With an electrohydrodynamic (EHD) generdt@me can ume of drops and satellites produced are measured.
switch from the periodical voltage excitation to an Our models, linear and non-linear, are both based
intermittent pulse voltage stimulation. In this case,on the Lee’s equatioAsThe two models take into ac-
isolated drops are produced. This technique used to geneunt a more realistic distribution of the electrostatic
erate drops on demand is interesting for ink jet printingfield than the one used by Hrdina and Crowlelyhe
It can as well be applied for other purposes. For instancéinear model gives rather accurate estimates of the varia-
Hrdina and Crowley use this technique to sort biologitions of the breakup time. The non-linear model, which
cal cell$. In their paper, they present a theoretical linearequires longer computing times, gives a good descrip-
growth model which predicts the number of drops protion of the drop and satellite formation.
duced versus pulse width. But the model does not give

any detail on the satellite droplets formation process. Linear Theoretical Model
Moreover, they do not compare their predictions with
experimental measurements. We consider a jet of conducting liquid of radaysexit-

Following a previous study on EHD stimulatfpn ing from the nozzle with a uniform velocity,, and pass-
this paper reports on two theoretical models of generang through an electrodghich is assumed to induce an
tion of isolated drops and corresponding experimentaxisymmetric field in the vicinity of the cylindrical jet
characteristic of ink-jet applications. Experimental mea-interface (see Figure 1). An intermittent applied voltage
surements are performed with a scaled-up prototype aff rather short duration induces a deformation of the jet
on a section of spatially limited extension. This pertur-
bation is further amplified by the capillary instability
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gress on Advances in Non-Impact Printing Technolo@esober Irgfecdhg?cl)sérg and finally leads to the formation of iso

30-November 4, 1994 in New Orleans, Louisiana.

Chapter 2—Continuous Ink Jet —75



This problem is examined here along the lines of dg(x)\ =1) andf(t) represents the timeariation of the
previous study of multi-electrode EHD continuous stimu-applied voltage. In the following, we consider only the case
latior®. Since the electric field has only a limited axial of rectangular pulses such tH@)=1 for 0 <t <t, and0
extension, the process can be divided into two succeglsewhere. The electrostatic pressure can be written:
sive stages: a first one where the jet is subjected to the

action of the electrostatic pressure, and a second staggXx,t) = -p., G(X) forO<t <t, (5)
where only the capillary forces are effective. The jet evo-
lution can be described by the long wave cylindrical jetp(x,t) =0 fort<O or t>0

model proposed by Léend previously used in EHD

stimulation problen?s3. In their previous study of inter- with p,,= 1/2 ¢, E;2 and G(x)= g(x?. The governing equa-
mittent stimulation, Hrdina and Crowlesetained a rect-  tion is then:

angular distribution of the electric fiellalong the axial

direction. As in [3] , we consider here a more realistic[}9 0 ﬁ 1 [10? ®)
C S L +
smooth bell-shaped axial distribution fiar % > W 0)(4 0)(2
Electrode The initial conditions are such that at t=0
"4
¥y —i Jet Drop
T 5200 _95 _ -
— ] o - - -
7 T Ui d &(
] v Typically for ink-jet applications, Weber numbers
‘”“)T q 0., are of order O(1%)3, so it is convenient to work with the
] Tr i coordinates (z1) translating with the mean velocity of
the jet. The relations between both sets of coordinates
Figure 1. Schematic Representation of Isolated Drops Foryre:
mation Process
Mathematical Formulation %JZ =x-p x=z+pr (8)
Linearizing Lee’s equatiofiselative to an inviscid [T =t % =T
liquid, we obtain the following equation governing the
surface displacemetsupposed to be very small: Equation (6) then becomes:
2 4 2 %0 100 04 0°G
=2 aﬁ5 T 00 264§+a0 P () T =5 A0S o > (z+ pr) 9)
Bt Zm@ oX 2p X or 2 @ o0z

whereT is the surface tensiop,the mass density apd  Jet Dynamics
the electrostatic pressure. Introducing as reference scales During the EHD stimulation stag@<€t<t,), the de-
the initial jet radius for space variables and radius per-formation is very weak and in (9), the electrostatic pres-
turbation,t, = (pa¥T)¥2 for the time ang,, for the elec- sure term fully dominates the capillary term which can
trostatic pressure, we obtain the following equation rebe neglected. Equation (9) can then be integrated with-
lating the dimensionless variables: out knowing explicitly the functios(x) for T between

0 andr, (duration of voltage pulse):

09, ,005_ 105° o 9? pe
ot * ﬁ 5 2 B}T »BET S 2) d(z1) = —% 53(z+ Br)-G(2) - ,BT (Z)B (10)
with: B

For r>1,, equation (9) reduces to the linear simpli-

B =U, (pa/T)2, S=p.aT (3) fied equation for temporal instability which has simple

solutions only for axially periodic deformations. The

B is the ratio of jet and capillary velocitieg2(s the  shape o®(z,1,) will change forr> 1, and the way to ob-

Weber number), and S compares the electrostatic pretgin solutions is to introduce Fourier transforms (denoted

sure to the capillary pressure. by the symbol ), to solve (9) for every wave number
The electrostatic pressure in (1) results from the acand to superpose the contributions of all amplified modes

tion of the electric fieldE(x,t) on the jet surface. This (0<k<1). After some lengthy but elementary calcula-

field can be expressed as: tions, we deduce the following approximate expression
valid for Iong enough times:
E(x,t) = B f(t) 9(x) (4) _ .
4z, T Era 1 exp Ikﬁr )) p(yk(T To))dj(k)exp(lkz)dk
whereE, is the extremum field valugy(x) represents Yi du

the f|eId variation along the axial direction (max (11)
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wherek=217 is the wave numbery, = k[(l— kZ)/2]1’2 are at the abscissaed and= 18 respectively which cor-
nK respond to the wave number of perturbation with the

is the temporal growth rate ardiG/du is the Fourier maximum growth rate. During the voltage pulse, the jet

transform of the derivativelG/du. This relation which  displacement is 9a, i.e. the wave lenyh of this per-

does not require precise knowledge of the funct®n turbation with the maximum growth rate. The marked

(x) , has the advantage of giving qualitative trends. Irminimum is at the abscissa 4.5 which corresponds,fo

practice due to the exponential temrp yk(r -To) in 2. Due to a “damping” effect of the modulation Tf

the integral, the behaviour will be controlled by a rathetthe second minimum and maximum are at the abscissae

narrow band of wave numbers arouggcorresponding about 12.5 and 17 slightly lower than (NG and A,

to the maximum ofy. The factori-exp ikﬁro) has a respectively.

maximum norm fork,, BT, = 7T, (modulo ). These The volume of isolated drops, can be estimated from

jet displacement maxima correspond to minimum valthe shape of the deformation, by assuming that the lig-

ues of break-off length. Fok,, BT, = 27T conversely, uid volume between two minima &{z, 1=T,) is equal

this factor is close to zero, afig andL, clearly take to that of the same section of the initial cylindrical jet.

larger values as one can note on Figure 2. The results plotted in Figure 3 show that the drop vol-
ume tends to increase when the voltage pulse duration is

- increased up to a point where the central drop splits into
- Linesr model ' Non limvr model ' two drops.
ss--f/——-.— - - -‘_‘\/i‘-’u- e - - - - - - -
“ “\—‘-; R N | Non Linear Approach
e’ :\::—*:’ e B As generally observed in the problem of stimulated
B R jets*58 the linear approach leads to good estimates of
B S A R croneta 23 BT e e s ve ot the break-up length,lsince the initial perturbations are
e L Nt small, i.e the linear theory is relevant. The volume of
g E e ey , 4 - drops is only approximatively estimated by linear theory
: : L * which by no means can predict the shape of the deformed

jet at the break-up time.

Thus a non linear approach is required. To solve nu-
merically the problem, we adopt a non linear approach
based on one dimensional models which can be viewed
as long-wave approximations of the Navier-Stokes equa-
The break-up length, and/or break-up time, can tions. In the case pf the temppral inst_ability prolblem,.by

expanding the different variables into Fourier axial

be estimated from linear theory by prescribing the per e
turbation amplitude to be equal to the cylindrical jet ra-mOdes (truncated at some value N), the partial differen-

dius. The precise determination requires the knowledggal.l‘ee equatlorf‘_are conyerted into a set of non linear
of the functionG(x).An approximate bell-like shape for ordinary differential equations which can be easily solved

the axial variatiorg(x) of the electric field on the cylin- numerically, and give the temporal evolution of the vari-

drical jet interface involves only simple mathematicalCUS Fourier modés This approach has been adapted to
developments: the case of intermittent stimulation. In practice, the rect-

angular pulse voltage duratiag is assumed to repeat
with periodT, (T, >>1,). The stimulation stage is treated
as in the linear approache and the deformation is given
by (9) at time retaining the same field distribution shape
g(x)as given by (12). Then this deformation is expanded

Figure 2. Dimensionless break-off tifigversus dimension-
less length of stimulated jét,

Breakoff Time and Drop Volume

_1 X0 _
g(x) = EEH COS"ZD A<x<A (12)

whereA is the mid height width. The Fourier transform

dG/du is then easily determined: into Fourier spatial modes, giving the initial conditions
n for integrating the non linear equations of time evolu-
dG 1 1 O tion of the various Fourier modes (up to 50 modes have

. .0
dx (k) = irh(ka), h(y) SmyB/Z -4 Y - rﬁ% been retained). Integration is stopped when the jet ra-
(13)  dius takes the value= 0 at some location. The shape of
the deformed jet is obtained by the temporal to spatio-
and the break-off tim&, is the root of the equation: temporal transformation applied in the case of high We-
o (T) = —1 with - ber number flow _ _ _
min : The results on break-up time (Figure 2.) confirm the
1 _ argument detailed at the beginning of this section: the
Sin(0) = mins—nj'sin@cosk%+&gq(m)mdk variations ofT, are very similar to those given by the
20 2B 2 2 Vi linear theory. The non linear approach is expected to ac-
(14)  count for the non linear process valid in particular for
large deformations before break-up. Therefore, the non
The results obtained by numerically solving (14) ardlinear solution should give accurate predictions on the
plotted on Figure 2. We clearly see that the two maximget shape up to the time of first break-up. Some jet pro-
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files are given in Figure 4 and we shall see in 81V thaexperiments wherk,, (measured) is equal to 0.62 and
they compare favourably with experimental observations0.58 for respectivelyJ, = 6.23 and 8.63 m/s.
The predictions of drop volumes would be limited in The discrepancy in the amplitude B©fcan be due
accuracy, because the integration is stoppetd=af,, to an underestimation of the electric field, and thus of
and it is necessary to extrapolate the long time behaviouhe initial jet perturbation. Note that the non-linear model
of the strongly deformed part of the jet. is not better in its predictions than the linear one as al-
ready discussed in § .
Experimental Results
Comparison of Volume of Dops

Experimental Arrangement In Figure 3, the dimensionless drop volunw)(is

A jet of 0.44 mm in diameter exits from a 12 mm plotted versusl(). Up toL, = 7 (formation of a single
long hypodermic needle of inner diameger 0.45 mm. drop), both models are in good agreement with experi-
The needle is grounded. The jet veloditywhich can  ments. This is probably due to the fact that in this re-
be as high as 10 m/s is controlled by a pressure reggion, the most unstable wave numbekjs For higher
lated tank containing the fluid. The stimulation electrodeL,,, other wave numbers may come into play. The vol-
consists of a stainless steel plate with a thickness of 012me of drops increases up to a splitting into several drops
mm. The electrode has a small hole with a diameter off different volumes. As the calculation is stopped at the
0.8 mm and the jet passes along the axis. The electrodiest breakoff, the volume of drops is difficult to evalu-
is connected to a voltage supply with which peak ampliate with accuracy, since it is necessary to extrapolate
tudes as high as 1.75 kV can be attained. A voltage pulgbe long time behaviour of the strongly deformed part of
is generated by a micro-computer which also controlshe jet. Moreover the viscous effet hinders the splitting
voltage period T,) and pulse widtht(). The latter can process and this is not accounted for by the models.
be varied between 0 and 1006 with a minimum step
of 10 us. The digital signal is converted to an analogic

one to drive the High Voltage Amplifier. I Linearmodel |~y /| e

The jet break-up is studied using a shadow techniqu ~ “" ] =~ ST T T / ST T o
described elsewhefeThe working fluid is a glycerine- e / 2T Edporiments -
water mixture (65% glycerine) with viscosiy= 17 cps, : ‘ e '
surface tensiom = 5710° N/m and mass density = i T ot ol R ',’_r;/
1168 kg/ni at room temperature. By adding a dye, the  &e } - -0 - - .. / T
conductivityo of the mixture is increased to 1.638/ Nun fincar modet : : .o
cm. Experiments are performed with a pulse voltage o “" | = ~ ,"l v T T T e e
1.75 kV peak amplitude and 286 period T,). Breakoff o e : : ; e
length, volume of drops, and jet shape at breakoff ar i L " e e e e
measured versus pulse width. Lp
Breakoff Time Predictions and Measurements Figure 3. Dimensionless volume of didgpversus dimension-

To compare experiments to predictions, the dimensionless length of stimulated jet,
less break-off timeT,) is plotted versus dimensionless

length of jet stimulated.() in Figure 2. The dimensionless In overall, the differences between the models are
scales are calculated as following: not very significant. Indeed, despite the fact that the non
linear models accounts for the formation of satellites,

T,= L, /U, T, and L,=U,1,/a. its drop volume predictions are not better than the linear

model ones, since the volume involved in satellites rep-

The measurements have been performed at two jeesent a few percent of drop volume.
velocities (6.23 and 8.63 m/s). We observe minimum and
maximum values fol,as predicted by both models. = Comparison of Breakoff Shapes

Nevertheless, some discrepancies exist between Figure 4 represents the experimental jet shapes and
experimental measurements and theoretical results ithe non linear predictions for different dimensionless
terms of absolute values &f andT,. We attribute the lengthsL,. For the same reason as above the predictions
difference inL, to the fact that both theories consider anshould only be compared with the jet shape photographs
inviscid fluid. Indeed as a first approximation, by tak- at first breakoff. There is qualitative agreement between
ing a growth rate modified by the effect of viscosity, theexperiments and theory. The satellite droplet formation

optimum wave numbe,,('sc°us) Sis given by: as well as the number of drops produced could be de-
duced from the theoretical jet profile. However, the long
Kopt'Sc0u9) = 1/[2 (1+30,)]-*2 time behaviour of the detached part of the jet is not easy

to predict from first breakoff jet profiles. In particular,
whereQ, is the Ohnesorge numb@&y, =n/(p 2 a T}? atLp = 12.5, even with the photograph of the jet shape,
We obtaink,,(s*us)= 0.62 instead of 0.7 for an in- it is difficult to decide whether or not a doubly bumped
viscid fluid. The former value is in better agreement withsection will split into two drops.
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Figure 4. Comparison of experimental jet profiles and non lin-

ear model predictions

This paper presents original experiments performed on

Conclusions
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