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Abstract

The present paper reports about recet progress in the development of a technique for controlling the
formation of sprays from fan-shaped liquid sheds produced by flat-fan pressure @omizers. The motivation for
the work is the need of many branches of industry to have best controlled sprays for various applicaions like,
e.g., spray coating and spray drying. The technique relies on the vibrational excitation of the liquid sheds
emerging from prefilming pressure aomizers. The vibrations produce wave fronts on the shees which, under
suitable oonditions, are regular in shape and lead to the disintegration of the shed into regularly shaped
ligaments. These ligaments finally disintegrate into droplets of high regularity which finally form the spray. The
aim of the work presented is to establish a mmpad device for exciting the sheds, to investigate the shed and
ligament formation processes, and to identify the mechanism that forms the droplets by ligament bresk-up.

Introduction

A large variety of pre-filming presare gomizers are emmonly used for various purposes in industrial
production processs, agriculture, and ather fields. One group of such atomizers, the flat-fan pressure aomizers,
produce fan-shaped liquid sheds, which diverge in flow diredion and dsintegrate into ligaments due to the
Kelvin-Helmholtz instability of the sheet. The drop formation eventually takes placedue to the bre&-up of the
ligaments. The global drop size spedrum of sprays from such atomizers is typicdly quite wide, extending from
very small droplets of afew micronsto drops of 300 um or more in size The detail s of the spedrum of course
depend on the width of the aomizer orifice the liquid and ambient gas properties, and the operation conditions
of the @omizer. It isthe am of the present work to develop a technique for controlli ng the bre&-up of the fan-
shaped sheds to influence the width of the drop size spedrum and the mean drop size

In the literature we find only few papers deding with the vibrational excitation of liquid sheets for
controlling their disintegration. The group led by N. Dombrowski worked in this field. Their most important
paper on the subjed may be [1], where they investigate the dfed of nozZe vibrations on the drop sizeformed by
water shed break-up. Their results show that, at typicd frequencies of some kHz, the mean size of the droplets
may be aff eded by the vibrations. It isinteresting to note that the frequencies and vibration amplitudes treaed in
[1] are of the same order as in our work. The aithors point out that both forced and natural vibrations may have
eff ects on the shed break-up. A systematic study on the dfeds of forced vibrationsis not given in the paper.

The present group previously reported on the development of this technique in [2,3]. The results showed
that the technique works better for liquids with higher dynamic viscosity than with lower viscosity, and that the
tedhnique can force the formation of sprays which consist of streams of pradicadly monodsperse drops. It could
be shown that the technique suppresses the formation of small droplets in fan-shaped liquid shed brea-up.

Our present paper introduces a new version of the experimental set-up, which is more cmpad and suitable
for the pradicd applicaion than the one used ealier for the preliminary investigations discussed in [2,3]. We
then present a theoreticd approach for cdculating the shee contour and the ligament formation as a function of
the operating conditions of the d@omizer. Theredter we present experimental and theoreticd results from
investi gations on the shee formation and breg-up, and on the final processof drop formation by brea-up of the
ligaments. We dso present windows of the liquid flow rate and excitation frequency and amplitude, inside which
the technique can be gplied. Finally we put together the anclusions from our work.

Experimental Setup and Technique

The setup developed for the production and visualization of sprays under the influence of forced nozze
vibrationsis shown in Fig. 1. The esential part of the setup is the shaker Briel & Kjaa 4809 which moves the
nozzle & the end of the nozzle holder up and down. The frequency and amplitude of this oscill atory motion of
the nozzle may be aljusted by means of the signal generator and a power amplifier Briel & Kjag 2706 (not



shown in the sketch). The liquid is supplied to the cnventional flat-fan nozzle from a presarrized vessl via a
throttle valve through an elastic hose. The volume flow rate of the liquid through the nozze is adjusted by the
overpresarre in the vessel and the throttle valve. The latter islocaed far enough upstream from the nozzle so that
perturbations in the liquid flow die out before the liquid reades the nozZe. It has been an essential result from
our ealier work on this technique that the flow of liquid entering the nozzZle must be @& smooth and well

controlled as possble in order to allow for aregular formation of the shee and, consequently, of the ligaments
which finally disintegrate into the spray droplets.

For visualizing the sheds and sprays, the flow is illuminated from behind by means of a strobascope. The
strobascope is g/nchronized with the shaker via afrequency splitter, which produces integer fradions of the
signal frequency applied to the shaker and enables a synchronous operation of the shaker and the stroboscope &
a @onstant — and adjustable — phase shift. This technique dlows for the production of standing pictures of the
shed disintegration and drop formation processes.

Measurements on the performance of this stup for the present investigations are caried out on the basis of
image procesdng. They concern the shed opening angle, the diameter of the ligaments, and the size of the
droplets. The ligament bresk-up process was visualized with a high-spead camera Hadland Ultra 8+1, which
provides squences of images of the disintegrating ligaments for observing the break-up medanism, which was
to be identified in the present work.
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Figure 1. Sketch of the experimental setup for the production and visuali zation of the sprays under forced
nozzle vibrations. The nozzle may be ay conventional flat-fan pressure gomizer.

Theoretical considerations

In the present sedion, we nsider theoreticdly the formation and propagation of the liquid shed and
ligaments. The ideabehind the cdculationsis the treament of the ligament formation as a processof withdrawal
of liquid from the shed. A photograph of a liquid shee disintegrating urder the influence of axial nozzle
vibrationsis shown in Fig. 2. The experiment depicted was carried out with water at the flow rate of 11 I/h, at the
vibration frequency of 3.2 kHz, the amplitude 0.03 um, and with the Ledhler flat-fan atomizer 632304 made of
brass which exhibits the orifice dlit width of 0.4 mm and the nominal spraying angle of 60°.

We omnsider the liquid shee with the opening angle 8 and the flow-rate equivalent constant radial velocity
Vo. The thickness of the shed at the radia distance r from the nozzle padle is h, and the flow rate of liquid
through the nozzle Q. For aliquid shee fill ing the whole opening angle 6, we can express the liquid volume flow
rate &

Q=V,hré , 1)
and the shee thickness consequently as h=Q/(V, r6). This shed thickness we will assume to persist in the
regions where the shed has narrowed due to the disintegration, so that it does not fill the whole opening angle
any more (seeFig. 2). Therefore the propagation of afluid element in the radia diredion may be expressed by

r=r,+V.t , @
wherer, isthe location on the shea where it starts to narrow, and t istime. Substituting thisinto the equation for
the shee thickness, we obtain

h=e Q@ )
VOQ(rO +V0t)

The arclength of the fluid structures at the distancer from the nozzle pole may be expressed as |.=r 6, so that we

have



Figure 2. Photograph of aliquid shed of water at the flow rate of 111/h, influenced by vibrations with the
frequency 3.2 kHz and the amplitude 0.03 um. Ledhler flat-fan atomizer 632304 with dit width of 0.4 mm.

L= (r, +Vot) @
whil e the width of the shed persisting at the same distancer from the nozzle pade is denoted by |. The velocity of
withdrawal of the ligament from the shed we mnsider as constant and cdculate it as

d
Uu==-—"-2=Vve@. ®)
dt  °
We now consider the liquid volume entrapped between two wave fronts, which is given by the expresson
Q/f. Therate of volume withdrawal from the sheet by the ligament formation processwe expressas ra°U, which,
due to Eq. (5), is equal to m@°V,6. In each moment we can describe the volume of liquid entrapped in the
remaining shee between two ligaments by its width I, its thicknessh, and its length V/f in the radial diredion, so
that we get [hV/f for this remaining sheet volume. This expresson we rewrite to oltain

Vi Q Q 1
| 2 = . (6)
f V0, +Vit) f 0(r, +Vyt)
The volume balance of liquid is given by the fad that the liquid withdrawn from the remaining shed reduces the
remaining volume with ongoing time. The balancereads

d [QI 1 0
LR N )
dt of 6(r, +Vot)

Integrating this equation under the assumption that the radius a of the ligament is constant in time, we obtain
I fool

=—mVe% t+-0 . ®)
ry +Vt Q 1,
We cdculate theinitial value |, of the shed width using the equation
Q=1,hyV, . 9)

Furthermore we know that the initial shed thicknesshy must be given by the equation hy=Q/(Vo0Oro). Thisfinaly
yieldsthe expeded relation

l, =6r, . (10)
From Egs. (8) and (10) we obtain for the width of the remaining shee between two ligaments the expresson
I(r):re—razezér(r—ro) . (11)

This result can realily be compared with the result from visuali zation experiments on the disintegrating liquid
shed. It predicts that the width of the sheet deaeases parabdlicdly with the radial distancer from the nozze.

Another shed property of interest for our technique is the bre&-up length, i.e., the length of the mherent
shed to full bre&-up into ligaments, denoted r+ in Fig. 2. The radial distancefrom the nozzle pale to the position
where the shed isfully disintegrated is readed when the length | of the remaining liquid shed has become ze&o.
This requirement leads us to the expression

Q
r=r,+ - (12)
° mf



This equation can be used for cdculating the ligament diameter if the distancer- - ro is measured as a function of
the opening angle of the shed and of the other relevant parameters. The ligament diameter d=2a then reads

d=2—2 (13)
e (r. -r,)
which can be cdculated for known values of r. - rq and 6 obtained by image processng with known Q and f. At
the same time we can measure the ligament diameters on the images diredly and depict both valuesin a diagram
for comparison. We will seein the following section that, obviously, our above cdculations were caried out
under the right assumptions.

Experimental results and comparison with theory

We investigated the process of shee formation, propagation and break-up, we looked at the process of
ligament formation, and finally investigated the processof ligament bre&k-up into drops. In this squence, which
corresponds to the physical processin the experiment, we present our results, partly in comparison with theory.

Sheet formation, propagation and break-up

Under conventional conditions of operation of flat-fan atomizers, one expeds the formation of a fan-shaped
liquid sheet. In our ealier publications [2,3] we showed that flow rates through flat-fan atomizers required for
their conventional operation are far too high to achieve the cntrol effed on the drop formation we presently
want. For our technique to work properly, we must avoid the dynamic interadion of the liquid shed with the
gaseous ambient medium. In order to dothis, we keep the liquid flow rate (or the Weber number) small enouch
to ensure agood efficiency of our vibrational control of the shee disintegration. It was sown in [3] that, under
such flow conditions, the shee does not spread monotonicdly, but contrads by the surfacetension. Only when
the vibrations are gplied daes the shed spread monotonicdly. The opening ange formed under excited
conditions is depicted in Fig. 3 as a function of the product of frequency and amplitude of the forced nozzle
vibrations. We seethat the opening angle mnverges to a single value for all frequencies investigated, once the
product s, f has assumed a sufficiently large value. This value of the opening angle is about 20° small er than the
nominal spraying angle of 60° of the nozzle. Thisis due to the fad that in our measurements we took the angle
between straight lines through the boundary drops in the sprays as the angle 6, which is ssomewhat smaller than
the angle of the shed we would measure dose to the nozzle exit. These measurement results are an important
basis for the further analysis of the spray formation process

As anext issue we look at the length r. - ry of the intad shee downstream from the nozzle & a function of
the operating parameters. In Fig. 4 we seethat the measured quantities depend linealy upon each other for all
flow rates and liquid properties involved. It is a plausible result that the intad sheed length tends to deaease &
the opening angle increases, since the increased opening angle accéerates the shed brea-up due to the larger
velocity of liquid withdrawal.

The evolution of the liquid shed width as a function of the radial distance from the nozzle pole was
predicted by Eq. (11) to be parabdlic. Figure 5 depicts a mmparison of a cdculated shed contour with a result
from the visualizaion. It is ®en that the parabaolic curve represents the shed contour quite well. We can
conclude from this agreement that the éove cdculations are reasonable.
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Figure 3. Opening angle of the sheet as afunction of Figure 4. Non-dimensional shed length to com-
amplitude and frequency of nozze vibrations (Q=11 plete break-up as a function of the opening angle
I/h, 25% wt. glycerol in water, nozzle Lechler 632304). of the shed for two dfferent liquids and two flow

rates (d, — nozze dlit width, Lechler 632304).



Figure5. Water shed at Q=111/h, f=4.267kHz, s=
0.03 um with nozzle Lechler 632304 in comparison
with shed contour caculated by Eq. (11).
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Figure 7. Diameter of ligaments as measured and
cdculated for 25% wt. glycerol in water at the
flow ratesQ =9 and 111/h.
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Figure 9. Drop size & afunction of the excitation
frequency for 25 %wt. glycerol in water.
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Figure 6. Comparison of ligament length as measured
diredly and as cdculated from measured experimental
parameters by Eq. (14).

Figure 8. Visualizaion of the disintegration of
ligaments formed by forced sheet disintegration (water
flow rate 20 I/h, excitation frequency 4.8 kHz,
excitation amplitude 0.03 pm, time between two

images 1666 s, nozzZe Leciler 632364,
manufadured from PVDF, dit width 0.6 mm).
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Figure 10. Parameter window for appli cation of the
present technique with water (nozzle Lechler 632.304).



Ligament formation

20 4

The ligaments are formed by withdrawal of liquid from
the narrowing liquid sheet. The ligaments can be dharaderized 10 /O/ \T
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the end of the intad shed length r.. This length is predicted by g O . ——"
Eg. (4) for the cae r=r., where we denote it |, as per R /g .< o\/
=2 R R T
m° f 1 O/\IAGX —m—s,=0.1um
In this equation we @n again introduce the measured values of o No—d —0—5,=0.3 um
re, 6, Q, a and f, to cdculate |, and, on the other hand, we ca 1500 2000 200 3000 300 4000 400 5000 5500 6000
measure |, diredly on the images under the given conditions. Frequency (H2)
The cmmparison of these two data sets for the ligament length is Figure 11. Parameter window for

depicted in Fig. 6. We seethat the results agreewell. The same applicaion of the present tednique
applies to the diameter of the ligaments, which are depicted as with 25% wt. glycerol in water (nozze
measured and cdculated viaEq. (13) in Fig. 7. Lechler 632304).

Drop formation by ligament break-up

The final step to drop formation is the disintegration of the ligaments into droplets. This process we
visuaized using the high-speed camera Hadland Ultra 8+1. An example of the disintegration of ligaments for a
water shed formed at the flow rate of 20 I/h through the nozzle Lechler 632364 (made of PVDF) is diown in
Fig. 8. Time increases from left to right on the images in steps of 166.6 ps. On the images we measured the
ligament and droplet diameters. We assumed beforehand that the mechanism that leads to the bre&-up of the
ligaments may be the Rayleigh mechanism. For this case we know that the mean drop sizewe @n exped must
be aout 1.9 times the ligament diameter, since the most unstable wavelength of a disturbanceis about 4.5 times
the ligament diameter [4]. An evaluation of about 10 measured values yielded the result that, on average, we get
a nondimensional drop size dy/d, = 1.82+0.32. This result lies well inside the expeded range for the Rayleigh
medanism, which is therefore dealy identified. In addition to this finding, it is of interest to quantify the
influence of the excitation frequency on the drop size produced. This dependency is depicted in Fig. 9 for 25 %
wt. of glycerol in water at the flow rates between 9 and 111/h and the amplitude of the vibrations < 0.05 pm. We
seethe expeded trend of the drop sizeto deaease with increasing frequency at the given conditions.

Operation windows

Finaly we investigate the parameter windows inside which the presented technique of forced shee
disintegration works. The aiterion for the workabili ty is the regularity of the wave fronts and ligaments formed.
The results for two values of the nozZe oscill ation amplitude s, and for two dfferent liquids are shown in Figs.
10and 11 We seethat the windows are wider for the liquid with the higher viscosity, particularly in terms of the
flow rate, and also wider for the higher vibration amplitude, which isin agreement with ealier observations.

Conclusions

A technique for the mntrolled formation of flat-fan sprays from conventional pressure gomizers by forced
shed disintegration is presented. The technique relies on the formation of regularly shaped ligaments from wave
fronts on the liquid sheds, and on the Rayleigh-type bre&-up of the ligaments into droplets. The technique is
suitable for producing sprays with very narrow drop size spedra (shown in our ealier work [3]), and it allows
the drop sizeto be controlled by the excitation frequency. Future work will i nclude the investigation of conicad
sheds under the influence of nozzle vibrations and will represent the parameter windowsin a universal form.
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