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Abstract ity potential theory for cylindrical jets fov/D<,. How-
ever, the same theory predické=V,; and V>V, for
This paper presents data showing the relationship of the jafD>,, which we do not find to be strictly true. A pos-
velocity (V)), Af, and the droplet velocity (Y of a continu-  sible contributing factor for this discrepancy includes
ous, stimulated jet emanating from an orifice in a thin, flathe fact that the surface deformation along the length
plate. The jet velocity measurement is non-trivially de-of the stimulated jet, in this case, is a monotonically
rived from the flow rate, as the jet diameter (D) is a funcincreasing amplitude, culminating in droplet formation
tion of V, due to the presence of a dynamical meniscus &nd break-off. This strongly violates the assumption of
the orifice-jet boundary is the measured wavelength of a uniform and infinitesimal deformation in the simple
the surface deformation imposed on the jet at a frequenctheory.
f. The droplet velocity is measured in a straightforward .
fashion. Introduction
We find good agreement between the measured val-

ues forAf and those calculated from the simple veloc- The physics of liquid jet surface deformations is of great
interest in the continuous ink jet field due to the funda-

mental role it plays in determining droplet generation
for the printing process. As the sophistication and re-
Presented a8&T's Eleventh International Congress on Advancesquirements for speed increase, there is a constant need
in Non-Impact Printing Technologig®ctober 29-November 3, for higher frequency droplet generation and break-off
1995, Hilton Head, South Carolina. uniformity. This work is aimed at furthering our under-




standing of the fluid physics and dynamics of the stimu¥,? and for the lower flowrates (pressures), can be signifi-
lated fluid jet and droplet generation. cantly different from the diameters at larger flowrates.

One of the questions which has become more impor-
tant recently is how the large amplitude deformations be-
have as compared to the more well-known and understood oo
small amplitude deformations. Rayleigbf course, ad- ~ *%%7 R=0men
dressed the basic problem of the infinite liquid cylinder
with an imposed uniform surface perturbation. He was_*
able to show many of the salient features of the jet defoi@.
mation growth as a function of time. In reality, however,§ %71
the liquid jets used for ink jet printing do not have infi- &
nite extent and do not have small perturbations impose
on the surface. The jets, in a properly operating printer,
have relatively short length before breaking up into drop- &+
lets. This is accomplished by imposing a substantial sur-
face deformation on the jet as it exits the orifice. : :

Our experimental work was carried out usingF'gure 1. Single Jet Flowrate vs. the Square Root of the
printhead components from the Scitex 5100 printer. Thgressure
droplet generators had 132 jets that emanated from ori-

ficos having diameters randing from 1 86.to-1.88 mile In practice, if one assumes the value of D is the same
g ging : X as the orifice diameter, and if [p, and Q are measured

The printhead test stand_ was equ!pped to prqvide Wi.d ith an accuracy of, say, 1%, then the error forson the
range frequency s_tlmulat_|0n_ Of the Jets and variable f!w rder of 4%. This error is compounded if the variation of
pressure. A proprietary liquid ink with well-known fluid the jet diameter as a function of flowrate is not accounted

properties was used as the test fluid. _for, making an independent measurement of D necessary
An LED strobe light source, a microscope and ret|—for the range of pressures investigated here.

cule; and a Mideo Systems video imaging system with Measurements of D vs. the fluid pressure, P, were made

Media Cybernetics ImagePro Plus analysis software were_. ; _ ;
used to record the jet surface deformations during thgSlng two different set-ups. The first method employed a

course of the experiment. Data analysis, preparation, aqérobe light source backlighting the jet array and a photode-

presentation was accomplished with ImagePro, MS-Ex: ctor .in conjunctior] with a m_icroscope focus on a portion
cel and MS-Word software ' of the jet array. The jets were imaged onto the photodetector

which was connected to a lock-in amplifier referenced to the
strobe source. When the pressure of the fluid behind the ori-
fice plate was varied, the diameters of the jets changed in
- : . _ ..concert with the jet velocity, causing the “shadow” cast by
In prlnqlple, the velocity of an unstlmglate_d jetis eaSIIythe jets on the detector to vary proportional to the changing
determined from the flowrate, Q, and jet diameter, D bygiameters. This caused the output of the detector to increase

or decrease accordingly, which was then amplified with a

high signal-to-noise ratio by the lock-in. The output voltage

4Q . o ,
= (1) of the lock-in was, in thls set-up, proportlonal to the average
priD diameter of the jets in view of the microscope

This method of measuring the jet diameter had the dis-

The average flowrate, Q, of a jet at each test pressugglvantage of being difficult to calibrate and sensitive to
was measured by collecting the jetted fluid of 132 indi-detector and light source drift. It also was generally used
vidual jets for a known amount of time and weighing it.with low power microscope magnification of the jets and,
The fluid pressure was electromechanically controlled téherefore, the results are values of D that are averages over
better thart0.05 psi. This procedure was performed sev-several individual jets. This method has the advantage of
eral times for each condition so that an average value dfaving almost infinite resolution, with the detector output
the flowrate was obtained—not only for many jets at oncebeing an analogue signal proportional to the amount of light
but also over a time of several tens of seconds. striking it.

The density of the fluid used for these experiments  The second method of jet diameter measurement was
was determined at the time of manufacture and wadirect analysis of the video images of highly magnified,
checked periodically during the experiments. The fluidunstimulated jets made with the Mideo video system. Many
supply was also routinely replaced during the course aghdividual measurements of several jets for each trial were
the experimentation, so that any variations of the datmade and averaged, producing an average diameter for a
due to fluid density fluctuations could be kept minimal.single jet.

A typical result is shown as a plot of Q v&2ih Fig- Since the jet images were made with the video system
ure 1. Plotted this way, the flowrate is shown to be lineahaving two jets always in the field-of-view, and since the jet
w.r.t. P2, Since Yis related to Q by (1xhen V ~ p2 spacing for the arrays used were very well known, these
holds true for the case of D=constant—which is predictedmages were self-calibrating. This proved to be a big advan-
by simple theory. However, D is found to be a function oftage over the lock-in method, where absolute calibration was
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difficult to achieve. The major disadvantage the video methodirection. This is typical of the oscillating droplet ge-
had was that, because the captured images were digital, thenetry that is often observed immediately below the
resolution of the D measurements were inferior to that probreak-off point.

vided by the lock-in method. This was partially compen-

sated for by making many such images and measurements !. O 000 06 9 9

and finding an average value for a jet diameter. ) 0 0 62 ¢ @& )
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Even though the droplet shape is oscillating, the
Figure 2. Average Single Jet Diameter vs. Pressure  velocity of the center of mass is constant. Therefore,
) ) ) _ when making measurements of the droplet position—
The relationship between D andi¥ shown by Fig-  either with the microscope reticule or video image analy-
ure2, where data provided by both methods of measuresjs software—it is the center of droplet mass that was
ment are shown. As can be seen, at low pressures and jg¢ated. One way to minimize the error encountered lo-
Ve|OCitiES, the diameter of the jet is found to ianeaSQ;ating the center of mass Visua”y is to measure the dis-
rapidly as P decreases towards O psi. As the pressufgnce between two widely separated droplets in the
increases, the jet diameter changes very slowly and apertical direction and dividing the distance by the num-
pears to approach an asymptotic lower limit. Note thaper of spacings.
the calibration of the lock-in curve was determined by  video images, like the one shown as Figure 3, were
the video measurements of D. analyzed with an image analysis computer program. This
With Q, D, andp being known (measured) quanti- program had several advanced features, including one
ties, the values for Mvere calculated from (1). Many of that determined the position of the droplet centroids in
these results are found in Table 1 and are addressedtle x and y directions. The differences between neigh-

the Results and Discussion section. bor droplet centroids in the velocity direction is L, from
) which V, can be determined from (2) , above.
Droplet Velocity Some care was given to make the droplet velocity

measurements near the point of break-off so that aero-
The droplets that form from the break-up of the jets trave&]ynamic drag did not slow the dr0p|et5 enough to cause
with a velocity parallel to the jet velocity. The magni- an error in the measurement of L. On the other hand, if
tude of the droplet velocity was measured by using ghe measurements are attempted too close to the break-
stroboscopic light source backlighting the array of dropoff point, the position of the droplet center of mass be-
lets after break-off so that they appear fixed in space. fomes more difficult to determine due to the large
microscope with reticule or a video image and of thegistortion of the droplet shape there. Generally, our drop-
array can be used to determine the spacing of the dropet velocity measurements were made on an array of drop-
lets in the direction of travel. Knowing the frequency ofjets a few L below the break-off point to minimize the

jet stimulation, {, allows the droplet velocity, Vto be  effects of air drag and distorted droplet geometry.
calculated from

V=f,. L (2) 14

where L is the droplet spacing in the direction of the
velocity. 10

A typical video image of an array of droplets in flight s
used for measuring L, is shown in Figure 3. The dropZ
lets are moving downward in the figure, as indicated 15
the figure, and are shown over a distance of about 6= “T
An artifact of the droplet break-off process is visible in 21
the figure as a periodic distortion of the droplets from , , , , , , , ,
perfect spherical shapes. The row of droplets near the o 2 4 6 8 0 12 14 16 18

« Measured
— Power (Measured

center of the figure are somewhat flattened as compared Pressure (psi)
to the row just above or below it. The first and last two _ _
rows show droplets which are elongated in the vertical Figure 4. Droplet Velocity vs. Pressure
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The result of a typical series of measurements is shown O 0 O O
as Figure 4, where Ms plotted as a function of Pressure, w? = kzro2 -1 5 1 Dc_y'
P. The solid line is a power law fit of the form=ar, E %{%G r
where a and x are fitted parameters. Additional measure-

ments of droplet velocity are listed in Table 1 and are disyhere g=surface tension of the fluigh=fluid density
cussed further in the Results and Discussion section. r,=unperturbed jet radius, k=, w=2,f, and | and },

are the usual Bessel functions.

When kg>1 (A/D<,), wis real and positive and rep-
resents the angular frequency of a wave on the surface
of the jet propagating with a phase velocity=t/k.

. : ; S ; ?Note that the relation (4) also yields the proper results
IS th? wave veIocny. Rayleigof course, in his ea.rly P10~ for the propagation of plane waves on the surface of a
neering work, studied the problem of small amplitude PeMayel liquid by taking the limits Kyf— o.)

turbations on an infinite cylindrical jet. He found that there When k<1, thert becomes imaginary and describes

\r,;?é?j tt\)Noﬂrfég\'/g}ﬁz ]:;)f/rI;thﬁgrrgcies ?ﬁéhv?/ zjiste\lléwcph%rftﬁgp%e case where the amplitude of the disturbance grows as
y ' 9 a function of time at an exponential rate—but at rest w.r.t

disuflfﬁgr;?; alrgithc:fnt]hc?f ?&aem?éel:)rlg:nt?seggasidered herethe fluid. That is, the disturbance only grows in ampli-
where: P P tude and does not propagate along the length of the jet.

o . L An example of the wave propagation mode>kr
(1) the fluid is considered inviscid on the surface of a liquid jet is shown as Figure 5. The
. ; PR\ = FMY = amplitude of the disturbance does not increase in the jet
(2) the flow is irrotationaltxV = 0B/ =0 velocity direction and has a wavelength such aB«I1.
It eventually damps out due to fluid viscosity, which was
not included in the analysis here.

(4)

Wave Velocity

Small Amplitude Waves
The most interesting of the three velocities studied her

(3) the fluid densityp=constant

1 . . L .
(4) theEsz term in Bernoulli’'s equation is negli-

gible compare to the others |
(5) and the velocity potentiad, is defined by:
—a_(p:Vr, —a_(p:Vz, |f|(p:‘}
or 0z
The differential equation for this problem is the cy-
lindrical Laplacian:

%  10p 0% Figure 5. Stimulated Jets wit/D< /7.
T2t ot 570 (3)
or ror oz . . .
Figure 6 shows a jet stimulated such thé@>I1, or
Assuming a product solution of the form: kr,<1. The amplitude of the disturbance clearly increases
in the direction of the jet velocity, until abouk 6rom
e=R(NZ(2)T(t), the origin, the amplitude reaches the magnitude of the
- jetradius itself. When this point is reached, the jet breaks
and the boundary conditions: up and droplets form.
VR =% oo and By
dt or 0z

so that the curvature at the surface of the jet is, to a good
approximation, given by:

These approximations, conditions, and restrictions
then allow a simple harmonic solution to (3), with the
dispersion relation: Figure 6. Stimulated Jets wit/D> /7
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Many measurements of ¥w/k and V, were made 120 7 Pressure = 3.0 psi
StimulationFrequency = 24.445

6.46E-04 1.12E-03

at a number ofA/D values. The difference betweerk

and V, were calculated and are plotted in Figure 7. @ *°°7 8.10€
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The numbers near the curve in the figure are the

Figure 7.0/k - <V,> vs.A/D values for z of the radial maxima, where the axis of the
. ] jet lies along the Z-axis. The jet breaks up into droplets
~ The line to the left oA/D=B is calculated from the gt z=7x10* m and the profile of the droplets is plotted

dispersion relation (4) with the proper parameters fokg the right of this point.
the test conditions used. As can be seen from the plot, |n Figure 10, the Z-values of the maxima are plot-
the theoretical calculation for the phase velocity is veryted vs. position for both the wave and droplets. The slopes
close to the measured values. To the rigi/DEB, the  of the fitted lines for each are the velocities for each:
value ofw/k - V, is roughly constant and slightly larger v =3.85r0.04 m/s and }=4.32:0.04 m/s. The differ-

than zero. ence between the droplet and wave velocities is thought
] to be due to a retarding force acting on the break-off
Large Amplitude Waves droplet during the last period for which the droplet is

When the amplitude of the disturbance on the jet isti|| connected to the j&t
no longer small enough to satisfy the boundary condi-
tions and approximations discussed above, then the so-
lutions to (3) are likely to be less able to properly describe
the wave motion or disturbance growth that takes place. 1403
Alarge amplitude disturbance can be obtained by allow- ..
ing a true perturbation to grow until the surface varia-
tion becomes on the order of the jet radius, as in Figurg
6 above; or have a large amplitude initial disturbanceg soeos+

as shown in Figure 7.
lated in Table 1, the average, Vfor 9.5 psi jets is

o ¢
<V,>=9.53% 0.06 m/s. The large error for the, \¢al-

Figure 8. Large Amplitude Initial Disturbance culated from the points in the figure is, in fact, not an
actual error, but rather is due to the maxima not being

The large amplitude initial disturbance condition inlinearly spaced along the length of the jet. The value
Figure 8 shows that, under these conditions, the jets bred@r <V,> in Table 1 was obtained from the average of a

Pressure =3.0 psi  Stimulation Frequency = 24.445 kHz

T vd=3.85+-0.04 m/s
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Figure 10. Wave Maxima vs. Distance from Origin: 3.0 psi

Figure 11 shows a similar plot for the maxima from
a 9.5 psi (faster) stimulated jet. The wave velocity of
the maxima, Y=9.17+ 0.23 m/s, is close to the velocity
for the droplets of 9.0& 0.04 m/s. However, as tabu-

B I )
LI )

up into droplets at a distance of aboatfBom the ori-  large number of measurements $onall amplitudedis-
gin. A jet surface line profile of a similar large distur- tur.bance stlmullatlon for 9.5 psi jets at 3 different stimu-
bance is shown as Figure 9. lation frequencies.
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Figure 11. Wave Maxima vs. Distance from Origin: 9.5 psi

4.50 -
Results and Discussion N — = o5 H

The results from the previous section point out one of the , | 1\
anomalies encountered with large amplitude stimulation® \
the wave velocity appears to depend on the jet velocity i s VAR
some cases, and/or is possibly not well-defined in other% \ ; \L/
Amplitude-dependent wave velocity and propagation are  *" N [
characteristic of the non-linear effects in fluid dynamics. 5, , ,

A closer examination of the high amplitude surface % % % b g >
deformation reveals that the wavelength of the wave is S o 3 s 3 88

- N ™ <t T - T >

not truly constant. Figure 12 is a plot of the wave maxima

positions along Z for the wave on the jet and the firsﬁzigure 14. Wave Velocity Profile on Highly Stimulated Jet: 3.0 psi
two free droplets.

One implication of this result (that,Ms not con-
stant along the length of the stimulated jet) is thatsv
probably not equal to V It is difficult to say this with
certainty, as local measurements ohsve not been per-
formed. It is likely that local velocities in the continu-
ous region of the stimulated jet aret well-represented
by the average velocities, which have been measured
here. It can be said thaf,\on the continuous portion of
the large amplitude stimulated jet and the average value
of V; are not equal.
0.00E+00 : : : : ] The overall behavior of the wave and the break-off
Istmax o Zndmax o Sdmax - dmmax - stdop - 2nddiep process found here seems to be consistent with prior

analyses in that there is apparentreduction in the fluid
Figure 12. Position of Maxima Along Jet momentum in the droplet break-off region. What has
actually been determined experimentally is thawthee

The dotted line is drawn in the figure to connect theon the jet is retarded near break-off, which is also the
first two points on the left and shows that the subsequemoint where the amplitude of the stimulation becomes
points fall successively farther from the line. Taking theof the same order as the jet radius. The relationship be-
differences between adjacenadd dividing by the period tween \,, and V is not revealed by this analysis.
of stimulation yields the velocity of the wave maxima/drop-
let averaged over one A plot of these velocities for a 9.5 Large Amplitude Wave Growth
psi jet stimulated at 48.778 kHz is shown in Figure 13. The rate at which the perturbation on the surface of

The variable wavelength nature of the wave on thahe jet grows was determined by Rayleigh to be an ex-
jet is apparent in this plot, showing that the local velocponential function of time fok/D >M. As discussed be-
ity dips sharply near the break-off point, and then infore, once the amplitude of the wave on the jet becomes
creases again to the (constant) droplet velocity. Similatoo large for the conditions leading to the dispersion re-
behavior is exhibited by the 3.0 psi, 24.445 kHz datdation (4), then the simple theory probably does not de-
plotted in Figure 14. scribe the physics well.

These data appear to indicate that the disturbance on In Figure 15, the radius of the jet is measured as a
the surface of the jet is slowing down as it approaches tHenction of time for one period at a fixed position along
break-off point. Once the newly forming droplet has bro-Z. R(t) in this plot is a periodic function, but not de-
ken off from the main jet, it assumes a constant velocity. scribed by a single frequency comportent
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100 and <R=are real and not noise. The difference data also
90 1 show that the amplitude disturbance grows with time in
an exponential fashion.

If the time dependent radius can be written as
R(t)=R,+r(t), where r(t) is a periodic function of time
and <r>=0, then <R - <R>?=<r?>. It follows that <#>
grows exponentially with time. If r(t)zcos(Tt), then
<rz>=r2?/2, so that the amplitude,, ris found to grow
exponentially.

80 +
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40
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Measurements of \, V,,, & V 4

An extensive series of measurements were made
using the video imaging system of the wavelength of

Figure 15. Stimulated Jet Radius vs. Time the jet disturbances and droplet positions in order to
] ) . Obtain relatively accurate values fog,¥nd V,. These

It is of interest to calculate the square of the timgneasurements were made for 3.0 and 9.5 psi fluid pres-
averaged radius, <R>and of the square of the radius, syres. The 9.5 psi trials were repeated for stimulation
<R?>; for comparison purposes. ) frequencies of 32.663, 48.778, and 67.113 kHz. The 3.0

_If the jet velocity at a particular point along the pg; trial used a stimulation frequency of 24.442 kHz.

axis of the jet is assumed to be constant w.r.t time, then The average jet flowrate was measured together with
<Q>=DBV<R?>. The value of <R vs. Z is plotted in 5 yjdeo system measurement of the unstimulated jet ra-

Figure 16, along with the value of <R> dii. These measurements, along with the known value
for the fluid density, then allow calculation of the aver-
e <RN2> age jet velocity, Y The results of these measurement are
w00 | o <Ro2 recorded in Table 1. Note that the.re is .only a single value
5 5 of V, for each pressure. All of the individua) Measure-
5 X ments were averaged together since no dependence on
g WJ stimulation frequency is possible for this velocity.
3000 | —/x“"\x———’**\ Figure 18 is a plot of the 9.5 psi data from Table 1,
¢ where the velocities are plotted vs. their valuea/ox.
Z X\& This figure reveals that the wave velocity is significantly
&, larger than the droplet velocity and that both dip slightly
2000 ' ' ' ' ' asA/D approaches$l. The large error bars for the jet

Q0100 20804 40804 60804 - 8OB04 10803 12803 yelocity prohibit any strong statements concerning the

magnitude of Y. It appearsfrom these data that the jet
Figure 16. <R™> & <R>’vs. Z velocity is comparable to the droplet velocity and is sub-
stantially less than the wave velocity. Only more pre-
At first glance, the data plotted in this figure appearcise measurements of Will bear this out.
to be quite noisy and, not unexpectedly><Roes not
equal <R3. However, when the difference ¥R- <R>?

Distance Along Z Axis (m)

9.7

is taken and plotted vs. the same Z values, the resulting oo O5psiTials I
curve is quite smooth and is closely described by a simple it
exponential function, as can be seen in Figure 17, below  *°7 _
. 941 :
1800 Q : : :
E o3l :
1600 4 —e—<R"2>- <R>"2 > ) : : s
Z : P
1400 4 ——exponential fit ;f’j 921 ¢ B :
> 91 L : : ——Vw
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2001 Figure 18. V,V, & V/ vs 8/D for 9.5 psi
0 =t F t t +
0.00E+00 2.00E-04 4.00E-04 6.00E-04 8.00E-04 1.00E-03 1.20E-03 Concl uslons
Distance Along Z Axis (m)
Figure 17. <R*> - <R>2vs. Z The problem of waves on a cylindrical jet has a straight-

forward solution only when the amplitude of the defor-

The resulting smoothness of the curve in this plot isnation is small. Small deformation waves were
surprising considering the fluctuations in the data of Figgenerated fok/D<IN. The phase velocity of these waves
ure 16. This shows that the details in the plot 0f2<R as a function oh/D were found to be in good agreement
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Table 1.

Pressure Stim. Freq Q D 8/D Vi Vy Vv,
(psi) (kHz) (10°kg/sec) (105 m) (m/s) (m/s) (m/s)
3.0 24.442 9.130" 0.003 5.28"0.05 3.3 4.20"0.07 3.78"0.03 4.12" 0.05
9.5 32.663 16.90" 0.03 4.79" 0.10 6.1 9.48" 0.04 9.10" 0.02 9.21" 0.23
9.5 48.778 " " 4.1 9.55" 0.08 9.22" 0.02 "
9.5 67.133 " i 3.0 9.57" 0.06 _ 9.25"0.02

with the dispersion relation, (4) (see Figure This dis-  growth of the deformation amplitude is still roughly an
persion relation came from the solution of (3) with manyexponential function of time, when the amplitude is de-
simplifying assumptions and approximatioddhen fined as j=[<R?> - <R>?]*2, even though there is a more
these simplifications are not allowed, as is the case wheromplicated dependence of the individual values of><R
the amplitude of the wave motion becomesgyég the and <R=on Z.
solutions become less useful in describing the actual Another problem of a more experimental nature that
wave motion on the jet. proved to be non-trivial, is that of the dependence of the
The deviation from simple theory of the wave whenjet radius on jet velogit This makes the measurement
the surface deformation isrtge was revealed in the me  of jet velocity somewhat more complicated and requires
surements of the wave propagation along the length afn extremely accurate measurement of the jet radius for
the jet forA/D>I. We found that the wavelength of the each trial where the jet velocity is varied in order to
large amplitude deformation decreased as the amplitud@aintain a reasonable errorf@,. Even with the high
increased in the direction of the jet velgcithis sug- resolution video system measurements, where the radius
gests that: 1) the jet and wave velocities are probably naneasurement errors were quite small, the jet velocity
the same, as is often assumed, and 2) the wave velocityeasurement could still not be made routinely with less
decreases as the amplitude of the wave increases, urttilan an error of a few percent—which isja compared
droplet break-ff occurs. to the errors associated with the droplet and wave ve-
The droplet velocity was shown, without question,locity measurements. More accurate measurements of
to be less than the wave velocity on the jet before breakhe jet velocity would have to be made before compari-
off. Schneidetand Lienharéiconsidered the problem son of the wave and jet velocities can be made with
and found that the droplet velocity should be less thamore confidence.
the jet velocity due to surface tensidifieets during the
period just before breakfo In both cases, howewdt References
was assumed in the analyses that the jet velocity and )
wave velocity were the same whatD>M. It appears 1 Lord RayleighProc. Ry. Soc, 29 71(1979). _
from the measurements made here, that this may not b& R- FagerquistProc. IS&Ts 7th Int'l Congess @ Adv. in
strictly true. It would not be surprising to find the non- ';'gn'lmpat Printing TechnologiesOctobe 1991, pp.67-
linear nature of the fluid dynamics of this problem to 5

! - L. échneid Internal Memo, Scitex Digital Printing, Inc.,
become important when the amplitudes of the surface = 5,y 1992_le 9 9

deformations are no longer small. 4. J. H. Lienhad V, J.H. Lienhard (IV)J. of Fluids Eng
Measurements of the jet radius, R, as a function of 106, pp.13-17, (1984).

time at constant Z showed that the radial motion of the5. A. Soucemarianadin, J. Xing,Attang A. Dunand Proc.

surface of the jet is not simple perioti@he time ave IS&T's 7th Int'l Congess on Ad in Non-Impact Print-

aged values of Rand R were used to show that the  ing TechnologiesOctober 1991, pp. 367-375.
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