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DISINTEGRATION OF A LIQUID JET*

By A. Haenlein
I. THE PRO3BLEM

In the compressorless Diesel engine the fuel is in-
jected under high pressure through one or more fine noz-
zles (O¢l to 1,0 mm diameter) directly into the combus-
tion space or into an antechamber. TFor a knowledge of
the processes which take place in the combustion space,
it is important to know how the injected fuel is atomized
and how it is mixed with the surrounding air. This ques-
tion has been the subject of a series of researches., The
effect of the injection pressure, jet velocity and physi-
cal properties of the ligquid on the size of the drops and
on their penetrating ability has been investigated partly
by theory and partly by experiment. (Reference 1.)

In this work I set myself the task of determining
experimentally the process of disintegration and atomiza-
tion in its simplest form, and of thus investigating the
influence of the physical properties of the liguid to be
atomized on the disintegration of the jet. Particular at-
tention was pald to the investigation of thec process of
atomization. The experiments were performed in the engine
laboratory of the Dresden Technische Hochschule at the
suggestion of Doctor A, H&gel, whom I take this opportu-—
nity of thanking. I am also under particular obligation
to Doctor C. Weber, who stood tirelessly at my side dur-
ing the performance and evaluation of the experiments,

The apparatus was purchased with funds supplied by the
Notgomeinschaft der Deutschen Wissenschaft, for which I
hereby express my thanks.

*UJeber den Zerfall eines Flﬁssigkeitsstrahles." For-
schung auf dem Gebiete des Ingenieurwesens, April, 1931,
ppe 139-149, Accepted as a dissertation by the Dresden
Technische Hochschule (Institute of Technology).
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In order to simplify the work of observation as much
as possible, the study of a jet in compressed air, as well
as of one subjected to periodic impulses, was avoided, and
the investigation was limited to a jet flowing uninter-
ruptedly into a free space up to velocities of 70 m/s.

The work is a contribution toward the solution of the prob-
lem of jet disintegration, Further researches on this sub-
ject are now in progress at the Dresden Technische Hoch-
scaoule,

II. THE LIQUIDS TESTED

In the choice of the liquids for investigation, it
was endeavored to obtain wide differences in their physi-
cal properties, This was possible, however, to only a
l1imited degree, since the liquids coming under considera-
tion showed notable differences only in their viscosity
(ereatest difference 1:880), while their’ surface tension
and density varied only in the ratio of 1:241 and
1:1.4, respectively. The liquids chosen for investiga-
tion were water, gas oil, glycerine and castor oil., Their
physical constants and the method for determining then
are given in Table I,

TABLE I. Physical Constants of Liquids Tested

T i ]
Determined1 » i Tater Gas i Glyc- {Castor| Dimen-
by Sk 0il erine { 0il sion
IS e gl
Hydrometryf density 1.0 086 1,23 Oig: 96 g/cm3
L. 802 ¥ 1,02 10,876 t1.25 | 0.98 lg.s2/cm*
Engler fVisgosity
apparatus | 10° m | 10,2 |83 | 930 8600 |g.s/cme
at B0 ¢ v =7/ 10,010 |0,0955 | 0,745| 8.78 cm? /s
i 6 i
Capillary i{Surface i !
method tension o | 0,072 {0,035 | 0,066| 0,034| g/cn
a/P | 70,8 |40.0 [52.7 | 34.7 cm3 /g?
Drop Surface . T i
method tension o ' 0.072 |0,036 }o.oss! 0,035| g/cm
|

| 52.7 | 35.7 cr3 /g2

a/p ' 70,8 41,1
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III, THE APPARATUS

a) Arrangement for nozzles of O.1 to 0.2 mm diame-
ter.- With small nozzle bores (0,1 to 0.2 mm diameter),
pressures of 300 to 400 atmospheres were necessary for the
jet to attain sufficient velocity. To obtain these pres-
sures, the fuel pump of a Junkers Diesel engine was used,
which supplied 0,47 cm3 per stroke at n = 400 r.p.m.

Figure 1 is a diagram of the apparatus., From the
container the test liquid flows to the pump through filter
I. The pump is actuated by a cam and forces the liguid
through the nozzle from which the jet flows., Two pressure
gauges, for ranges of O to 120 atmospheres and O to 2000
atmospheres, were connected with the pressure tube in
front of filter III. The usual fine gauze filters I and
II were not sufficient for nozzle bores of 0,1 to 0,3 mm,
Hence there was introduced, just before the nozzle, a
special filter, which was filled with glass beads of 0,2
to 0,3 mm diameter and produced the requisite degree of
purification, In order to diminish the pressure varia-
tions due to the separate pump strokes, an accumulator I
was connected with the pressure tube. For this purpose a
coil of seamless steel tubing of 9 mm inside and 25 mm
outside diameter was used. The total length of the tube
was 30 m and its capacity was 1900 cm®.

The flow was regulated as follows:

1, By regulating the frequency of the pump strokes.
(The speed of the pump motor could bde controlled
within a range of 200 to 400 r.p.me..)

2. By varying the amount passing through an overflow
valve. 2

) Arrangement for nozzles of 0.3 to 0.5 mm diame-
tor.~ The output of the pump was not sufficient to pro-
duce the desired exit.velocity for nozzles of more than
0.3 mm diameéter. The necessary pressure was therefore
produced ag follows. (Fig. l.) The accumulator I Wwas
connected with a pressure chamber 2, which could De
charged to about 100 atmospheres by means of a compressed-
air cylinder, Simultaneously the nozzle was closed by an
easily removable needle valve, The pump then acted through
the accumulators I and II and gradually compressed the air
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cushion in the accumulator II. When the pressure attained
the desired value, the needle valve was removed and the
liguid flowed out under gradual pressure decrease. Thus
it was possible to keep the pressure and velocity approx-
imately constant during the course of an experiment last-
ing about five seconds. By means of this arraangement,
pressures up to 600 atmospheres could be obtained and noz-
zles up to 0.5 mm diameter could be tested, With larger
diameters the sudden pressure drop on opening the nozzle
was so great that observation of the jot was impossibdble.

c) Arrangement for nozzles of 0,7 to 2,0 mm diameter.-
The following arrangement (fig. 2) was used to investigate
these diameters., A cylindrical steel vessel of 18,000 cm3
capacity for pressures up to 200 atmospheres had its bot-
tom connect ed with the nozzle and its top with a compressed-
air cylinder. This vessel was about two=~thirds filled by
means of a pipe with the liquid under investigation and
was then subjected to the pressure of the compressed air,.
The pressure in the vessel could be kept approximately
constant for the duration of the flow by the proper ad-
Justment of the valve on the air cylinder. To be on the
safe side, this arrangement was used only for pressures
up to 120 atmospheres,

d) The nozzles.- These were supported by a nozzle
holder fastened to a heavy iron plate, which was separat-
ed from the rest of the apparatus in order to keep it as
free as possible from vibrations. The nozzle was secured
by a nut to the nozzle holder, which was ground flat on
its front side., No further packing was necessary at this
point. To facilitate observation of the orifice, the noz-
zle plate was made to project somewhat from the bore of
the nut. After leaving the nozzle, the jet developed
freely and horizontally in space for about 6 meters and
then struck a receiving screen, which conducted the lig-
uid into a vessel.

The nozzles were made of brass, in order to facili-
tate working. They were bored by steel drills, The ratio
of diameter to length of bore was 1:10 for all the noz-
zles. The inlet and exit orifices were not rounded.

They were measured under the microscope by means of an
ocular micrometer, The diameters were measured for every
45° and the mean taken, Since, with the exceptionally
slender steel drills which had to be used to make the
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holes and a vibration of the drills was probable, it was
possible for inlet and exit orifices to be considerably
widened, Therefore the narrowest part of the bore was de-
termined by a capillary measurement. The nozzle was
clamped by means of a nut to the smoothly ground surface
of a ‘small glass tube, The end of this tube dipped into

a liquid of known surface temnsion, The surface of this
liquid was then lowered until the thread of ligquid broke
off in the nozzle, This moment was determined by means

of a microscope., The diameter of the nozzle was then de-
termined from the measured rise, The measured diameters
are given in Table II. For comparison, tests were made
with a glass tube of 1 mm diameter, which yielded the same
results as the 1,04 mm brass nozzle,

TABEL II. Nozzle Diameters

Optically Measured by
Nozzle Nozzle measured at capillary Mean value
number length inlet exit me thod
mm mm mm mm mm
1 1 0.12 0.12 0L.11 0,12
2 2 0.21 0.23 OeR2 022
3 3 0.31 0,32 0,31 0,31
4 5 0,52 050 050 0.51
5 7 Bo 7L 0,71 0470 0.71
6 10 1,09 BB 1,03 1,04

2) Method of observing the jet.- The observation of
the jet with the naked eye was insufficient at the veloc-
ities investigated (up %o about 100 m/s), Therefore in-
stantaneous photography was resorted to, The illumination
time necessary to obtain sharp pictures could be estimat-
ed from the order of magnitude of the drops and of the jet
velocity.

If the mean drop diameter is estimated at about 0.1
mm, a drop at a velocity of 100 m/s will move about 1 mm,
or ten times its diameter, in 10 °seconds, so that it will
appear as a streak on the photographic plate. The illumi-
nation time must therefore be considerably less than 10 e
seconds, To attain such a brief illumination, use was
made of electric sparks, which are often employed for the
observation of high velocities,
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For jets of not less than 0,2 mm diameter, simple
shadow pictures sufficed, From the light source shown in
Figure 3, a shadow picture of the jet was cast on a high-
ly sensitized silver~bromide paper stretched on a board
about 90 cm long and protected from the spray by a glass
plate, The distance from the light source to the jet was
about 70 cm; that from the jet to the paper, 5 to 7 cm.
Because of the great length of the picture, the spherical
drops appear as ellipses at the ends of the picture. The
sharpness of the edges of the picture wasg diminished by
the fact that the spark gap was not a punctiform source of
light, For a jet diameter of 0,1 mm, a microscopic cam-
era was used, but 2o further pictures were taken with this
camera after it was found that the same typical phenomena
occurred,

To obtain the spark, the following arrangement, shown
in Figure 4, was used, An influence machine charged the
condenser I, which consisted of a battery of two Leyden
jars. The circuit I could be closed through the series
spark gap F1 by a switch, thus charging the condenser II,
which was also connected with the circuit II, In this
circuit was the illuminating spark gap F,. The length of
the spark gap Fy was about 20 mm, and that of the spark
gap F; about 11 mm, so that the circuit I was consider-
ably more damped, The illumination period could be approx-
imately estimated from the dimensions of the conductors
and condenser.

With sufficient damping it may be assumed that only
the first half oscillation of the spark makes a percep-
tible impression on the photographic paper. This half
oscillation requires the time

| T - | / CcL,

where € is the capacity and L is the self—indggtion.
Tor the circuit II, the capacity C was 6 X 107  s®/cm,
and I was 3700 cm, Therefore the time t was about

1.5 X 1077 s, which corresponded to the illumination time
required,

The jet velocity was determined by measurement of the
liguid flowing from the nozzle, by means of a stop watch
and a measuring glass., The length of each determination
was 5 to 20 seconds,
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I1V. CHARACTERISTIC DISINTEGRATION PHENOMENA

a) Surface disturbances.- By means of the arrangement
described, about 200 pictures were taken, several of which,
typical for different liguids, are reproduced in Figures
10:te:13%

Out of all the pictures a series of characteristic
jet forms can be found. These appear more or less clear-
1y defined for each liguid and for each jet diameter un-
der certain definite conditions. The jet is not perfect-
1y cylindrical on leaving the nozzle. Its surface is sub-
ject to slight disturbances which are due to various con-
ditions, such as vibrations of the nozzle, imperfect
roundness of the orifice, vibrations of the whole appara-
tus, particles of dust or air bubbles in the jet, vortex
formation in the nozzle and the influence of the surround-
ing air, The most important are rotationally symmetric
disturbances, as in Figures 5a and 5b, and one-sided wave-
like disturbances, as in Figure 5c, which occur in differ-
ent planes. The ratio of the wave length to the jet diam-
eter (1/d) 1is characteristic of its effect on the jet,
The initial disturbances cccur simultaneously and over-
lap one another, These disturbances increase or decrease,
according to the forces acting on them and thus lead to
the disintegration of the jet.

b) Drop formation without the influence of the air.-
At low velocities the air does not appreciably affect the
shape of the jet. The only disturbing force then acting
on the jet is the surface tension, Under its influence
the liquid cylinder becomes an unstable body which, under
certain rotationally symmetric disturbances of its cylin-
drical shape, breaks up into separate drops. This phenom-
enon has already been investigated by Lord Rayleigh for
nonviscous liquids. (Reference 2.,) He found that the
drops were formed most easily when the disturbance gave a
ratio of 1/d = 4,42. TFor viscous ligquids this ratio is
somewhat greater. (See Section VII.)

If it is assumed that the initial disturbances are
of uniform magnitude, then a constant time, the disinte-
gration time T, elapses from the beginning of the dis-
turbance to the formation of a drop. Consequently, a def~
inite jet length, the disintegration length I, is devel-
oped until a drop is cut off, which length increases in
proportion to the velocity. Figure 6a represents the
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disintegration of a jet without air influence for an ini-
tial disturbance of Z/d = 4,42, Compare Figure 10a, the
picture of a jet of water at a velocity of v = 3,1 m/s,
the shape of which is not appreciadly affected by the air.
Since the initial disturbances fluctuate, the disintegra-
tion length at constant velocity is not perfectly con-
stanty but oscillates about a mean value., The differences
in the disturbances may be so great that the jet is simul-
taneously broken into drops at several points, The drop
formed at the disintegration point continues in the direc-
tion of the jet axis, and oscillates about its position

of equilibrium., In viscous liquids the damping due to in-
ternal friction is so great that these oscillations die
out very quickly. (See Figures 12a, 12b, and 134d,)

c) Drop formation with the influence of the air.~ In
Figure 7 the disintegration length I of a water jet of
O0.51 mm diameter is plotted against the velocity v. It
is obvious from the figure that, above a certain velocity
v, the disintegration length I is no longer proportion-
al to v, but reaches a maximum value and then decreases.
Thig is partially explained by the fact that the disinte-
gration time T = L/v decreases under the influence of
the air., The aerodynamic forces act in this case 1like the
wind blowing over water, as shown in Figure 8, Here also
the surface of the water is given a definite initial dis-
turbance, The air velocity then increases over the wave
crests and decreases over their troughs. At the same
time the pressure decreases over the crests and increases
over the troughs. The wave motion is thus intensified.

In like manner the air acts on the constrictions, so that
drops are formed and the disintegration of the jet is ac-
celerated, Figure 6b shows the effect of the aerodynam-
ic forces on the jet, while Figure 10c shows the actual
condition of a water jet of 1 mm diameter at v = 7.8 m/s.

d) Wave formation due to action of air,- When the ve-
locity is further increased, the initial disturbances be-
come one-sided under the augmented influence of the air.
They seem to be trying to bend the jet and develop, under
the increased influence of the air, more rapidly than ro-
tationally symmetric disturbances. Figure 6c shows the
influence of the aerodynamic forces on the jet correspond-
ing to Figure 8, The surface tension in this case has a
retarding effect on the wave formation since it teands to
return the jet to its original form with the minimum sur-
face tension, With water and gas oil, due to their small
viscosity, the air does not permit the development of a
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very pronounced wave form. Separate liguid particles are
thrown off and form a cone-shaped mantle about the core
of the jet., Figure llc shows the wave formation with gas
0il, The waves shoWw very clearly with the viscous liguids,
glycerine and castor oil., (Fig. l24,) In this case the
jet develops into a peculiarly distorted wave line, which
is illustrated by Figure 9, For the highest and lowest
parts, the air resistance is the smallest, and therefore
the jet velocity is the greatest, The variation in ve-
locity along the jet is shown by the v 1line in Figure
9a, The jet shown in Figure 9b was constructed with the
aid of this line. Figure 10c is referred to for compari-
son.

e) Complete disintegratiom of the jet«- When the ve-
locity is further increased, the jet loses all regularity
of form, The liquid flowing from the nozzle is broken up
in a chaotic and entirely irregular manner under the in-
fluence of the air, How much this is due to internal va-
porization of the liquid and the formation of vortices
in the nozzle cannot be determined from the pictures.
(Figs. 10g, 11f, and 11g.,) The transitions between the
different jet forms take place gradually, so that the for-
mation of drops and of waves, or of waves and complete
disintegration of the jet, may take place simultaneously.

V. DESCRIPTION OF THE PICTURES

a) Water,~ The jet pictures show the characteristic
forms for the liquids tested., Figures 10a to 10g refer
to water and a nozzle diameter d of 1 mm or 1,04 mm (a
to e, glass nozzles; b and g, brass nozzles)., Tigure
10a shows drop formation without influence of air for
vz .l m/s. The jet is smooth and clear, and the initial
disturbances do not become recognizable until near the end
of the jet, where they cause it to break up. The ratio
L/d varies between 4.5 and 7. To the naked eye there is
a clouding and thickening of the jet at the disintegration
point. Consequently, the disintegration length can be
measured directly. As the velocity increases, the disin-
tegration length alsc increases and attains a maximum
value, Figure 10b shows this condition, which occurs at
v o= 4,7 m/s, while l/d remains practically unchanged,

With further increase in velocity the disintegration
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length suddenly decreases, and the jet sometimes breaks

up simultaneously in several places. The value of the
disintegration length varies greatly. Figure 10c is for

Vv = 7,8 m/s. Shortly after its exit from the nozzle the
jet shows rotationally symmetric disturbances with small
l/d which, however, cannot cause the jet to break up.

The disintegration is caused by disturbances at l/d = 35
to 4,5, The decrease in the disintegration length and the
occurrence of disturbances at smaller 1/& is attridbuta-
ble to the increasing influence of the air. Figure 104
shows the drop formation with traces of wave formation at
v = 10 m/s° The determination of the jet length with the
naked eye is impossible when waves are formed, since the
jet gradually grows thicker, Its determination by phoéog-
raphy devends largely on the judgment of the observer,
since the transition from the wavy jet to the disrupted
form is gradual and not sharply defined.,

Figure 10f shows the beginning of complete disinte-
gration at v = 34 m/s, while Figure 10g shows complete
disintegration at v = 40 m/s. No clear, continuous jet
can now be seen, since the air caught up and carried in
the jet divides the liquid in an irregular and confused
NaNNET o

b) Gas oil.- Figures 1lla to 1llg refer to gas oil. At
low velocities the photographs are quite similar to those
of water. TPFigure lla shows the drop formation for 4 =
Beh” at v =BT m/s, and Figure 11b shows the maximum
jet length of 125 mm at v = 6.6 m/s. Figure llc siows
the decrease in the jet length and the begianing of the
wave formation., TFigure 1lld shows the waviness quite clear-
Yo atminyle, 1556 m/s. Howvever, several smaller and larger
drops are still formed in the jet under the influence of
the surface tension and the action of the air., TFigure lle
shows the wave formation at v = 18 m/s for 4 = 1,04 mm,
while Figures 11f and 11g show complete disintegration at
v = 40 and 73 m/s, respectively. Here complete atomiza-
tion occurs.*

*The cloudiness in the photographs was caused by gas~oil
mist deposited on the glass plate when the needle valve
was opened, It was not possible to prevent this precipi-
tation entirely. Neither was it possible to obtain clear
photographs without the protection afforded by the glass
plate, since the gas-o0oil mist ruined the silver-bromide
Fitm,

AR SRR A TR e e
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¢) Glycerine.,— Figures 12a to 12e show the disintegra-
tion of a glycerine jet. TFigure 1l2a shows the drop forma-
tion from a jet of 1,04 mm diameter at the low wvelocity of
6.6 m/s. The ratio 1/d is considerably higher than for
water or gas oil, namely, 7 to 8.5. Hence the drop diam-—
eters also increase. It 1s worth noting that,; because of
the damping effect of the viscosity of glycerine, the os-
cillation of the drops about their position of equilibri-
um, which is noticeable with water and with gas oil, no
longer occurs,

The drop formation is unchanged up to very high veloc-
ities, while disintegration length increases with the ve=- -
locity., PFigure 12b shows the drop formation from.a jet of
0.51 mm diameter at v = 24 m/s., This jet attains.its =
maximum length v = about 30 m/s, when wave formation be-
gins, Figure 1l2c shows this phenomenon at. 28 m/s, while.
Figures 12d and 12e exhibit it at velocities of 38 and 43
m/s, respectively. No formation of mist occurred with
glycerine, as in Figure llg, with gas oil,

d) Castor oil.- Figures 13a to 1l3e refer to castor
0il rand a.nozzle diameter of 4 = 0,51 mm,. .In this case .
it was no longer possible to obtain a picture of drop for-
mation with a horizontal jet, since the jet sank so rapid-
ly, due to its great disintegration length, On the con-
trary, the drop-formation length was measured by means of
a curved measuring rod, At the same time the size of. the
drops was determined by catching them in a solution of tan-
nic acid and measuring them under the microscope. From
the size of the drops the wave length during their forma-
tion was determined.

In order also to show photographically that a pure
drop formation occurs with castor oil under the influence
of its surface tension, the picture in Figure 13a of a
jet falling vertically at a velocity of about 4 m/s, was
taken., Here the drop formation is clearly shown, The
ratio 1/d Thas increased to a range of about 50 to 70,
whereby, of course, the wave length is also increased by
the accelerated velocity of the falling jet.

Figures 13b to 13e show the wave formation with cas-
tor 0il very clearly, the forms being very similar %o
those for glycerine, only at higher velocities. The de-
celeration of the part of the liguid cylinder perpemndicular
to the direction of motion is sometimes so great that loops
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are formed in the jet, PFigure 13d is practically a contin-
uation of Pigure 1l3e., The wavy jet becomes turbulent and
then breaks up into drops.

VI. EFFECT OF JET VELOCITY AND DIAMETER

ON DISINTEGRATION LENGTH

In Figures 14 and 15 the disintegration lengths L
for water, gas oil, glycerine and castor o0il, as determined
by means of the measuring stick or from the photographs,
are vlotted against the velocity v for the nozzle diam-
eter d = 0,51 mm.

The L/v curve for water during drop formation is
straight at first, Within this range there is consequent-
ly a constant disintegration time T = L/v = 0.0167 second,.
Under the influence of the air, the disintegration time de-
creases, and we obtain a maximum value Ipsx = 65 mm at a
velecity: v '='56 m/s. Then 1 decreases suddenly, thus
causing considerable scattering, and there is a gradual
transition into the disintegration length of wave forma-
tion,

In the experiments with nozzles of different diame-
ters *in drop formation without the influence of air, an
increase in disintegration length with nozzle diameter was
found, Also the maXimum disintegration length increased,
The plotting of these curves was omitted because the de-
termination of the disintegration length in drop forma-
tion with air influence and with wave formation depends
too much on subjective observation and because the exper-
imental values are too much scattered,

Similar results are obtained with the L/v values
for gas o0il, The maximum disintegration length is greater
than for water, due to its greater viscosity. For small
velocities, I 1increases linearly with v the same as for
water, but with a disintegration time of T = 0,017 second.

With glycerine (fig. 15) the disintegration length is
considerably greater than with water and gas oil at the
same velocities., Without air influence the disintegration
time T = 0,043 second, The maximum disintegration lengths
are no longer determined by drop formation, 1In this case
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the waviness is already superimposed. The waviness occurs
at v = about 30 m/s.

The L/v diagram for castor oil does not differ per-
ceptibly in character from the one for glycerine. The dis-
tances measured with the curved mcasuring rod werec intro-
duced as the disintegration lengths. In this case the typ-
ical increaso of I 1is also manifest, The disintegra-
tion time without air influence is T = 0.26 sccond.

Lpax 1s dctormined, as in the case of glycerino, not by
drop formation, but by the wave formation. It is worth
noting that theo disintegration point for castor oil recedses
more rapidly than for glycerine, which is attributable to
the lower specific gravity and the smaller surface tension
of wcastor olls

The disintegration times T of the liquids tested,
as obtained from the disintegration lengths in the region
without air influence, are assembled in Table III for dif-
ferent nozzle diameters and are plotted logarithmically in
Figure 16 against the nozzle diameter., It is therefore
obvious that the disintegration time for all the liquids
tested increases with increasing nozzle diameter, We ob-
.tained

For water, T = gie 24" 8
" eas 01}, g = giv6 gL,
" glycerine, = 4" g
¥ gastor gily B= PIVEW

In these cases X, K', K¢, and K"™' are constants which
depend on the physical properties of the ligquid and on the
adze of the Indtial disturbances.  XK'- 18 somewhat, K"
and X''' are considerably greater than K,
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TABLE III, Disintegration Pimes for
the Liquids Investigated

ggzzle Disintegration time (sec.) for
iame-
|

tegm d Water Gas oil Glycerine Castor oil
Of B ; 0,0018 : 0,0022 0,008 | 0,045
o i 0,0049 0,0052 0.015 010
0.31 L. 0.,0020 0,010 0,023 0,144
W Sl i 00167 O, QL% 0,043 0.26
78 | G088 0,037 - 0,3%
1,04 ! 0,057 0,064 6.313 0.57

VII. DROP FORMATION WITHOUT INFLUENCE CF AIR

In this section the drop formation without influence
of air is investigated on the basis of similarity consid-
erations, The determining factors are exclusively inere
tia, surface tension, and viscosity, The following sym-
bols refer to similar processes in the same or in differ-
ent liquids:

Index 1 refers to one process, index 2, to a second
similar process, Then, for both processes:

refers to corresponding lengths (cm),

" " n times (seconds),

" " " velocities (em/s),

" . densities (gzsz/cm),
" " kinematic wiscosities (cm2/s),

" # gurface tensions (g/cm).

n/eP =

QG O« e

If the forces of inertia and surfacé tension are ex-
clusively considered, the processes are similar for equal
values of the nondimensional indexes:

2 2
vi? 1, b

= i -
o, S s ) i o

or
1 a 1 3 .

t2 (a/P). t2? (a/P)2

Ll e e e
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If one compares two processes in a liquid of negligi-
bly small viscosity, these processes are similar accord-
ing to equation (l1a), when

ot =135 ToRi~dvilha

The curves in Figure 15 for water and gas oil show this
slope.

If surface forces and viscous forces are exclusively
considered, one obtains similar processes for equal valucs
of the nondimensional indexes

- = B (2)
or

s Do, de B

= consgt, (Za
t, a, t2 az )

If one compares two processes in a liguid, in which surface
tension and viscosity are of outstanding importance, he
finds the processes similar, according to eguation (2a),
when

log t = log L.+ Co.
This slope is approximately correct for castor oil.

For processes in which inertia, viscosity, and sur-
face tension must be considered simultaneously, similarity
is obtained when equations (1) and (2) are both fulfilled.
If the quantltles in one process (index 1) are given, we
obtain for the quantities in a second process (index 2)
from equations (1) and (2):

v,2 (a/0),
1s = g i (3)
V4, 2 (a/p)g

v, (a/P),
Ve ¥ e
v,2 (a/P)f

LT S L ] T e (5)
¢ o A imn

$
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For one and the same liquid no similar processes can be
obtained., When, however, a process 1in one liquid is giv-
en, the dimensions are then clearly established for a sim-
ilar process da a second liguid. ~ In Tagble 'IV @ process in
water (index 1) is converted by calculation into a similar
process in castor oil (index 2)., For water a jet diameter
of d; = 0,051 cm and a velocity of v, = 380 cm/s are
assumed, Then, for the process in castor oil

(a/P), vy2 70,8 (cmd/s?) 8,782 (cm?/s)®
(a/P) 5 v, 2 Qa5 L% 34,7 (cm®/s®) O.O'.La(cmg/s‘)f—2~

pTlg

= 80000 cm = 800 m,

. (a/P), v

(a 34,7 (cm3/s2) 0.01 (cm?/s)
» 1 (CI p)l Uy .

70.8 (cm®/s?) 8.78 (cm?/s)

Il

320 (em/s)
= 0,88 einifn = 1,8 mm/s.

If one would experimentally establish similar processes for
these liguids, he would arrive at practically unattainable
dimensions,

Drop~formation phenomena without influence of air may,
however, be calculated for a standard liquid. The disin-
tegration times and the jet diameters are so calculated,
according to equations (3) and (4), as to yield the time
and diameter for a similar process with water, These times
and diameters, reduced $o water, are extraordinarily small,
For example, a castor-oil jet of 0,12 mm diameter corre-
sponds to a water jet of only 7.65 X 1078 mm diameter,

The diameters 4 and the disintegration times T for wa-
ter, gas oil, glycerine, and castor oil are compared in
Tavle III, while Table IV gives the values for gas oil,
glycerine, and castor oil as converted to a similar process
for water.




N.A.C.A, Technical Memorandum No. 659 17

TABLE IV. Conversion of Tozzlc Diameter d and
of Disintegration Time T +to the Simi-
lar Process in Water

d (mm) T (s) i dy (mm) : Ty (s)
| i Gas oil }
e e N i ki B AR o il b ol ik
9,18 | 0,0022 | 018 % 107°% . 8§.16 % 1077
0422 0.0052 | 1.38 x 1073 ; 1.93 X 10~6
0,31 | 0,010 9k %10 - it 1078
0,51 0,017 .30 X 1078 | 8: % et
071 , 04087 4,43 %X.10® ! 18.7 X80
1,04 ; 0,064 .50 %X 107 B3.7 % ¥
E Glycerino

0412 0,008 1.64 X 10-8 1,08 X 10-8
0.22 0.015 3,00 x 1078 2.03 X ¥0-®
Oa 31 0.023 4.25 X 1078 3.11 X 10-8
0651 0,043 7.00 X 1075 5.81 X 10~8
0.71 - e -

1,04 0,111 1,43 X 1074 18,0 % TorA
e g i KO 0 R e MQastor oll ot 5 kS e e
Os12 i 04045 7.68 X 1078 1,82 x 10~%?
0e22 | 0,10 1,40 X 10-7 3,67 X 10313
0431 0.144 1,99 X 107 5,16 X 10-11
0,51 0.26 3,26 X 107 9,30 X 10-11
0471 0437 4,856 % 10~%° 1,34 X 10-10
1.04 ! 0457 Byb¥ X107 2,03 X 10-1°

If T 4is plotted logarithmically over 4 (fig, 17),
the values tie on a curve whose slope is 1:1 for small
values of d and 1:1.5 £for large values of d.

For eimilar initial disturbances we have, according to
Weber (reference 3),
d\ 6
/J (6)

k; d\

This function is introduced in Figure 17 for compari-
son, in which the constant K is so chosen that the best
possible agreement is obtained,
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In Figur

for the conditions of disintegration.

e 18 the ratin

659 18

1/d is plotted against 4

In this case the

values determined from the photographs or from the drop
diameters are plotted against the logarithm of the diawme-

ter converted

to water.

(Table V.)

TABLE V., Ratio of Wave Length 1 to Jet Diameter 4

(Index f refers to the liguid tested; index
w, to the conversion to water)
) 3 t in
Liquid dy (mm) dg (mm) 1/d e egylred
Tater 0e51 0.51 ARttt Photography
Gas oil 535t Se26 X103 LS - B "
Glycerine @51 Tl 2 XL ETS 6 "1l4 o
Castor oil 0.31 3599 W-30~T 180 " 40 Drop size
For 1/d4 according to Weber (loc. cit.), we have
Bo%- — /f 3 m
— =1 /2 B e (")
d v e g

This function is introduced into Figure 18,

The measured

points follow a similar courses

VLET

SUMIIARY

The purpose of the investigation was to obtain infor-
mation regarding the disintegration phenomena in ligquid
jets of various densities, viscosities and surface ten-

sions for different jet diameters and velocities.
gag ollky

liquids tested were water,

o i g

The
glycerine and castor

Simple apparatus is described for the production of
a jet of 0,1 to 1,0 mm in diameter with velocities rang-

ing from 2 to 70 m/s.

The observation of the jet was ac-

complished through shadow pictures, which were obtained

by means of electric sparks,
drop formation without air influ-

characteristi

¢ forms:

These pictures show four

ence, drop formation with air influence, formation of
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waves, and complete disintegration of the jet. In the
case of drop formation without air influence, there is a
disintegration time which is independent of the velocity.
Tais is different for different jet diameters and liquids.
The actual relationship between the disintegration time
and the jet diameter can be determined on the basis of
similarity relations.
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Fig, 6 Disintegration phenomena (a,drop formation without
air influencej b,drop formation with air influencey
c, wave formation through air influence.)
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Fig, 7 Disintegration leng*h L nf a water jet of 0.51
mm diameter plotted against velocity v.
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Fig. 9 Formation of distorted wave line.
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Fig. 10 Water jet.
(2) Glass nozzle,d =1 mm, v= 3,1 m/s, drop formation without air.
by * 5 4= ".ov= 4,7 " , max.drop- formation length.
(¢) Bl W W, v= 7.8 ", drop formation with air.
(@ " das=" *. v=100 , drop form.with incipient waves.
(e) " o d=" ", v=24,0 ", wave formation.
(f) Brass " ,4d=1,04", v=234.,0 ", beginning of disintegration.
() " " 4= " " v=40,0 ", complete disintegration.

*

Fig. 11 Gas- oil jet.

(a) Brass nozzle,d = 0.5l mm, v = 5,1 m/s, drop formation without ais.

(b) ¥ d= ¥ ", v= 6,6 " , max.drop- formation length.

Egg :: : ,g = : ::, ve 7.5 :: , drop formation with waviness. j
,d = , V= 15,6 , wave formation. |

() " ,d=1.04 ", v=18.0 " , wave formation. |

(L) " A= 9 ", v =40,0 " , complete disintegration.

3 N odw " v=73,0 ", complete disintegration.
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Fig. 12 Glycerine jet (a = distance of right-ihandb
edge of picture from nozzle).

(a) Brass nozzle,d = 1,04 mm, v = 6.6 m/s, a = 90 cm, drop formation.

{b) ™ i, =20,52 %, v=24,0 % , a= Bl %, drop formation:

(e) W e B ", v=28,0 ", a=105 ", drop form with in-
cipient waves.

(@) ® ey A " v= 38,0 , a= 68 ", wave formation.

(e) W w 8 ", v=43,0 " , a =100 ", wave formation,

Fig. 13 Castor oil jet ( a = distance of right- hand
edge of picture from nozzle ).

(a) Brass nozzle,d = 0.51 mm, v= 4 m/s, drop formation, falling jet.
(b} W B i N ", v=18 " , a = 128 cm, wave formation.
(e) @ 0 .4 = ", v=40 " , a= 19 ", wave formation.
(d)y ® LA ", v=45 " [ a= 70 ", wave formation.
(e) Bl mo ", v="73 " ,a= 7 " wave formation.




N.A:.C.A. Technical Memorandum No. 659 Figs. 14,15,

120 /2 :

5. 2100 / v g
-~ ) /
< g H-Gas oil g
» '
g 80 ; ;// o
P
it m \ o -%o’ |
o i e o |
) ," ° / 1
% " “Watfer -7, '
¥ a \ /
& =
5 o
-E-D{ ‘
o :
(=]

- Drop form,withqut gir. |
B oM. with jaibd |
—i—~ ' Wave formation, |
) 10 20 30 m/s
Velocity, v
Fig. 14 Disintegration length L plotted against jet velocity v
at 0.51 mgmpozzle diameter for water and gas o0il,

2400

2200 ? i — Drsp f?rm, Litiout air
- ——— 1
= 2000 '

< 1800 J
el
|
/,

with air.

—_ Wave formatfion

1600
~ 1> Cagtor oill
a 1400 = 3
- s T ‘
&2 = :
s J /\ N--Glycering |
&){) 1 OOO l/ V‘\ : \! < |

g |

4; A \\ e |
ot 800 / , 4
@ // i |
'S 600 / P vy

400 A s |

200 // Watern

i sy it — - — Gk Gl

I

0 20 48 60 80 m/s
Velocity, v

Fig. 15 Disintegration length L plotted against jet velocity v
at 0.51 mm nozzle diameter for glycerine and castor oil,
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Fig. 16 Disintegration time T
plotted against jet

diameter d in logarithmic co-
ordinates according to Table III

The following equations
refer Lo Figes, 17, 18,

*
$ o x L”Q@_.d‘j/z—pE’Q_d
9n2

9n2
*
s . /1 ¢ S
YE, =

* (according to C., Weber)

P =
a

~1 &, slope oo B2

ANy /7
s £ Watgr-- -

)y

—
(3]

1
~3

Disintegration time, T
()
O

!
o]

10

I
—
=

10

Diameter, d

Pig. 17 Drop- formation time T
(writhout air influence)
plotted against jet diameter d
(referred to water as standard liquid)
in log.coordinates according to Table IV

50| 1

4:OL et
\

L10] [
3
IR
d LB T d O
20 K .
(&) o -~
r - o g
b d 0] <
10} ——+ - e o
:'\.\;'N‘_‘__‘_:—

oL , A .
BT T VR o T
Dismeter, d
Fig. 18 Ratio of wave length to jet
diameter (1/d) (without air
influence) plotted against diameter d
according to Table V (d in log,scale)
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