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A liquid compound jet
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The principle and basic physics of a new type of liquid-in-air jet are described. This
jet is generated by a primary fluid jet that emerges from a nozzle below the surface
of a stationary (secondary) fluid. After breaking the surface, the jet consists of the
central primary jet surrounded by a sheath of secondary fluid which has been
entrained by the primary jet during its passage through the secondary fluid. Normally
the flow in this compound jet is laminar, and it breaks up into drops due to capillary
instability.

In this paper the generation of compound jets is discussed, and the flow pattern
in the jet is studied experimentally both in stable and unstable conditions. Three
different types of instabilities can be elicited on the jet. The jet mechanism is
described quantitatively, and expressions for the jet velocity and some other
parameters are derived.

1. Introduction

During the last decade, fluid jets in air have been studied intensely because of their
applications in ink-jet printing (Sweet 1964 ; Hertz & Mansson 1972; Kamphoefner
1972) and particle sorting (Herzberg, Sweet & Herzberg 1976). In these applications,
jets of small diameter (10—60 pm) and high velocity (1040 m/s) are produced by
forcing a low-viscosity fluid (1-5 ¢P) under high pressure through a nozzle into air.
Shortly after leaving the nozzle the jet disintegrates into a train of drops owing to
axisymmetric capillary instabilities first studied by Rayleigh (1879). It was shown
by Sweet (1964) that these drops could be electrically charged by a signal voltage
and subsequently deflected in a transverse electric field. This method to control the
direction of the jet by a signal voltage is used in ink-jet printing and particle sorting.

Because of the small nozzle diameters used in these applications, the choice of inks
is very limited (Ashley, Edds & Elbert 1977). Among other restrictions it might be
mentioned that the use of pigmented inks is impossible because of nozzle or filter
clogging by pigment particles.

To avoid these difficulties, a new method to generate a fluid jet in air from an orifice
much larger than the jet diameter has been developed (Hermanrud & Hertz 1979).
The fluid flow and instabilities of this new type of jet differ from those of ordinary
fluid jets in air. It is the purpose of this paper to describe the jet generation principle
as well as to give a qualitative description of the hydrodynamics of the jet.

2. Principle of the compound jet

While conventional fluid jets normally issue from a nozzle, the new type of jet
emerges from the surface of an essentially stationary fluid. Figure 1 shows the
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FicURE 1. Generation of a compound jet. A high-speed liquid jet emerges from a nozzle a short
distance below the surface of a stationary fluid. After breaking the surface, the primary jet carries
a concentric layer of the stationary (secondary) fluid, which, owing to viscous forces, has been
entrained by the primary jet during its passage through the secondary fluid.

arrangement used to generate such a jet. Here a nozzle is submerged below the surface
of the stationary fluid. Through this nozzle a suitable ‘primary’ fluid is forced under
high pressure. In this way a liquid-in-liquid jet is generated in the stationary fluid,
which in the following will be called ‘secondary’ fluid. In passing through the
stationary (secondary) fluid the primary jet causes adjoining secondary fluid layers
to be accelerated through viscous forces. Thus, when emerging into air the jet consists
of a cylindrical core of primary jet fluid surrounded by a concentric layer of secondary
fluid travelling at nearly the same speed. The jet emerging from the surface will
therefore be called a compound jet in the following. The amount of secondary fluid
entrained by the primary jet depends, among other parameters, on the distance from
the nozzle to the surface of the secondary fluid. Compound jets in air spontaneously
break up into drops owing to axisymmetric capillary instabilities in the same way
as conventional jets (Rayleigh 1879).

Stable compound jets have been demonstrated in our laboratory with diameters
from 15 uym to 1 mm, but most of the work reported here has been performed with
75 um jets with jet velocities around 10 m/s. While the secondary-fluid surface from
which the compound jet emerges can in principle be of any size, normally it is
contained in tubes having diameters of 1-2 mm as shown in figure 1. This has the
advantage that the orifice from which the compound jet issues can be placed in any
position, since surface tension prevents secondary fluid from flowing out of the orifice
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Fiaure 2. Microphotograph of compound-jet generation. A primary jet (20 % ethanol + 80 % water)
emerges from a 75 um nozzle to the left into pure water and emerges through the water surface
into air, thereby forming a compound jet (right). Coloured tracer fluid added at the top of the figure
(black trace) indicates a streamline in the water. 7,, = 11.5m/s, primary-jet flow 51 pl/s,
secondary-fluid flow 72 pl/s. Distance from nozzle to point of drop formation 20 mm.

owing to gravity. On the other hand, such an orifice is large enough to allow the
passage of small particles or pigments in the secondary fluid or to alleviate the
problem of drying. For convenience horizontal jets were normally used.

Figure 2 shows a microphotograph of a typical stable compound jet used in our
studies. A primary jet consisting of an ethanol-water mixture issues from a
75 pm glass tube at a speed of 11.5 m/s into a secondary fluid of pure water. After
travelling for approximately 0.75 mm, the jet breaks the surface of the secondary fluid
and emerges into air. The slight divergence of the jet indicates that the primary jet
is heavily decelerated by viscous drag, its momentum diffusing radially into the
secondary fluid. The resulting acceleration of second fluid layers close to the primary
jet is shown by the line of coloured tracer fluid which was added slowly to the
secondary fluid from a small nozzle placed outside the top of figure 2. Finally, the
jet emerging into air on the right side of figure 2 consists of both primary and
secondary fluid, as indicated by its large diameter of about 150 um. Thus it is a
compound jet.

In a compound jet, secondary fluid is continuously carried away by the primary
jet. Therefore, if the compound-jet parameters are to be kept constant, secondary
fluid has to be supplied continuously to the system. In the present investigation this
was achieved by a peristaltic pump. Since under stationary conditions all secondary
fluid supplied to the nozzle is carried away by the primary jet, control of secondary-fluid
flow by regulating the speed of the pump essentially determines the diameter,
composition and velocity of the compound jet.

It will be shown below that the accelerations encountered close to the boundary
between the primary jet and the secondary fluid are quite large. Also the first
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FIoURE 3 (a, b). For caption see facing page.

derivative of the velocity is discontinuous at this boundary. Therefore it is to be
expected that instabilities are easily formed which propagate and grow in the jet
direction. Three types of instabilities have been observed and will be discussed below.

3. Fluid dynamics of stable jets

In most of the experiments of the present investigation the secondary fluid was
contained in an elongated rectangular vessel 2 x 2 mm? in cross-section instead of the
tube shown in figure 1 (Hermanrud 1981). A glass tube (outside diameter 100 pm,
inside diameter 75 pm) was inserted halfway into the vessel along its long axis, the
opposite side being open to allow for the exit of the compound jet. Two opposite walls
of the vessel were formed by microscope coverslips which made it possible to observe
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F1GURE 3. Streamlines in the secondary fluid shown by a coloured tracer which issues from a fine
glass nozzle above the primary jet. Accelerated but laminar flow is indicated for secondary fluid
layers close to primary jet (a, b). Eddies develop at secondary-fluid surface (¢, d). Primary-jet
diameter 75 pm, 7,, = 8.1 m/s, 7, = 1.9 cP, viscosity of secondary fluid #, = 1.7 ¢P, Re, = 320.

the interior of the vessel with a microscope. To observe the streamlines in the
secondary fluid a coloured tracer fluid was added very slowly from a 15 pm nozzle
which could be moved parallel to the jet direction (figures 2 and 3).

3.1. Generation of the compound jet

In figure 3 the nozzle introducing the tracer fluid was moved parallel to the jet
direction to show different streamlines. The photographs indicate that the streamlines
close to the nozzle roughly follow the pattern predicted by Landau & Lifshitz (1959)
for an infinitesimal jet in an unbounded outer fluid. However, since the diameter of
the primary jet cannot be neglected in comparison with the size of the chamber
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Figure 4. Qualitative picture of streamlines in compound jet arrangement shown in figure 3.
Upper half of the picture: streamlines, lower half: axial velocity component.

containing the secondary fluid, no quantitative comparison could be made. Further,
the viscosities of the two liquids used in figure 3 were not the same.

In the immediate vicinity of the secondary-fluid surface, eddies can be observed
(figures 3¢, d). They are due to the fact that fluid layers situated relatively far away
from the jet axis cannot enter the compound jet funnel and are reflected at the fluid
surface. Observation of the tracer fluid indicates that this fluid returns towards the
primary jet in an irregular manner.

Figure 3 indicates that the primary jet does not mix with secondary fluid before
emerging into air. For jet parameters used here its flow is essentially laminar. Such
jets can be generated independently of the velocity profile of the primary jet at the
nozzle exit.

On its way through the secondary fluid, the primary jet loses speed owing to
diffusion of momentum into the secondary fluid. This results in an increase of jet
diameter as shown in figures 2 and 3.

From tracer experiments we obtain the qualitative picture of streamlines that is
given in figure 4. Since the primary jet exits from a 2 cm long glass tube its velocity
profile near the nozzle is parabolic (Langhaar 1942). Then, on its way to the
secondary-fluid surface the primary jet, as we have seen, loses momentum to the
secondary fluid. However, using the results obtained by Schlichting (1933) and
Andrade & Tsien (1937) it can be estimated that more than 99 %, of the momentum
originally supplied to the primary jet enters the compound-jet funnel in most cases.
Less than 1 %, of the momentum is reflected at the secondary-fluid surface, giving rise
to the eddies of figures 3 (c, d).
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We are not aware of any analytical solution of the flow in a liquid-into-liquid
jet in the literature apart from the idealizations of Landau & Lifshitz (1959) and
Schlichting (1933). A quantitative comparison of the flowlines observed in figure 3
with theory was therefore not possible. The stability of liquid-into-liquid jets has been
investigated both theoretically (Batchelor & Gill 1962; Lessen & Singh 1973) and
experimentally (Andrade & Tsien 1937; Reynolds 1962; McNaughton & Sinclair
1966). However, in most of these papers the density and viscosity of the two liquids
involved were the same, and so even these results could not be applied to the present
investigation.

If the viscosities 4, and 74 of the primary and secondary fluids are different, we
have to distinguish between two different velocity profiles of the liquid-in-liquid jet.
Since the shear forces and the velocity in the fluids are continuous at the boundary
between the primary jet and the secondary fluid, we find

Tp (@g’;@)}zp =17 (%)RD, (1)

where v,(r) and vy(r) are the velocities in the jet direction of the primary and
secondary fluids respectively and R, (x) is the radius of the primary jet.

Thus if 9, % 74 there is a discontinuity in the derivative of the axial velocity v(r)
at this boundary which might cause instabilities. The equation suggests that such
instabilities should develop more easily if 5, < 75 than if 9, > 7. Thisis substantiated
by experimental evidence.

3.2. Compound jet in air

After breaking the surface of the secondary fluid, the primary jet emerges into air
surrounded by a sheath of secondary fluid, thus forming a compound jet. In the
following, some experimental and theoretical results concerning the properties of a
laminar-flow compound jet will be presented.

Figure 5 shows different parts of a compound jet generated by a 75 pm coloured
primary jet in a clear secondary fluid. The physical properties of both fluids are equal.
The distance between the base of the compound jet and the point of drop formation
was 22 mm. The microphotograph shows clearly that the jet consists of a central
primary-fluid column, which is surrounded by a coaxial sheath of secondary fluid.
No visible mixing due to flow instabilities or molecular diffusion occurs between the
two fluids before the jet disintegrates into drops at the point of drop formation. Even
after drop formation the boundary between primary and secondary fluid is well
defined in each drop, although it becomes irregular.

From the micrographs in figure 5, as well as the fact that the capillary instability
causing drop formation is quite symmetric, it can be concluded that the flow in the
jet is essentially laminar. Thus the primary and secondary fluids can mix only by
molecular diffusion across the boundary between the two liquids. The diffusion length
rq can be estimated from the expression (Einstein 1907)

rq = (2Dt} @)

where ¢ is the time of flight of the primary jet from the nozzle to the point of drop
formation and D is the constant of diffusion. Since for fluids D is of the order of
107° cm?/s and ¢t about 3 ms in the present case, we find 74 = 2.5 pm. Thus we cannot
expect to observe the mixing due to molecular diffusion in the photographs of figure
5. For all practical purposes this effect can be neglected.
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Fieure 5. Compound jet in air. Actual distance from secondary-fluid surface to point of drop
formation 22 mm, primary-jet diameter 75 pm, velocity 7, = 8.1 m/s. Five segments of the jet are
shown: (@) compound jet base; (b) 10 mm from base; (¢) 3 mm from point of drop formation; (d)
point of drop formation; (¢) 3 mm after point of drop formation. Primary fluid 809, H,0+20%
glycerol and dye, flow 36 pl/s, secondary fluid 80 %, H,0 +20 % glycerol without dye, flow 115 pl/s,
v, = 2.6 m/s. Owing to refraction of light in the secondary fluid, the diameter of the primary-fiuid
column is enlarged in the picture. Exposure time 3 ps.

Hermanrud (1981) has investigated the surface flow close to the jet funnel (cf. figure
5a) and demonstrated a stagnation point about one jet diameter from the jet axis.
This corresponds to the eddy shown in figure 3 (c).

3.3. Momentum flux in the compound jet

1t has been mentioned earlier that in most cases more than 99 %, of the primary-jet
momentum is carried away by the compound jet. Since the secondary fluid is initially
almost at rest, the momentum flux in the compound jet is practically equal to the
momentum flux in the primary jet when emerging from the nozzle. Therefore some
of the compound-jet parameters can be calculated.

Let @, be the low or volume flux of the primary jet emerging with an average speed
Dpo fTom a nozzle with a diameter 2R,,. By definition o, = @,/nR2,. Since the nozzle
is a glass tube the length of which is more than 200 times its diameter, the jet has
a parabolic velocity profile when leaving the nozzle (Langhaar 1942). The maximum
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speed in the jet is then 9,y = 2#,,. For the momentum flux M, of the primary jet we
have (Batchelor & Gill 1962) 4, Q?
= — 0%p

»T 3Rk, ®)

Now, the coaxial geometry of the compound jet allows us to calculate its
momentum flux M. If p, and p, are the densities and R, and R, the radii of the
primary fluid column and the secondary-fluid sheath, we find

R Re
M, = 21!J ppp v(r)zrdr+2nj po(r)?rdr, 4)
1] Ry

where the first term is the momentum flux of the primary-fluid column and the second
that of the secondary-fluid sheath. The unknown function »(r,x) represents the
velocity component parallel to the jet axis x. The radii R, and R, are also functions
of x.

However, shortly after entering the compound-jet funnel the velocity distribution
in the jet assumes a plug-flow profile with v(r,x) = v,, B, = R, R, = R, (con-
stant). The length for this transition can be estimated by using a relation given by
Brun & Lienhard (1968), who showed that the length ! of the velocity-profile
relaxation in a conventional jet from parabolic to plug-flow profile is given by

=005 ReR, (5)

where R and Re are respectively the radius and Reynolds number of the jet. In our
application of (5) we have to choose R somewhat larger than R,,,. For the jet shown
in figure 2, R, = 37.5 pm and Re = 242, we find / = 0.8 mm or a little more, but much
shorter than the break-up length due to capillary instabilities of the compound jet
(22 mm). This fact can also be deduced from the microphotographs, since the
diameter of the compound jet does not change after having travelled in air for about
1 mm.

Thus, shortly after emerging from the secondary fluid, the compound jet assumes
a plug-flow profile, i.e. v(r,x) = v, = constant. For plug flow the integrals in (4) are
elementary. Using the relation

Qc = Qp+QS = nRg Ve> (6)
where @, @, and @ are the flows of the compound jet and the primary and secondary
fluids, we find for the momentum flux M, of the compound jet

M= 25 0y Q0,00 )

It should be observed that surface tension causes an axial pressure gradient at the
compound jet base. However, in normal jets this gradient is only of the order of a
few percent of the gradient caused by deceleration, and is therefore disregarded here.
Then, from (3) and (7) and the fact that the momentum flux M, is nearly equal to
the momentum flux M, in the primary jet, we find for the velocity v, of the compound

et
: P

vy S —ER¥R__ 8
T ppQptps@s ® @

where v, = 47, is the plug-flow speed of the primary jet in air, without a secondary
fluid. From (8) we get a quantitative expression of the fact, already noted, that the
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secondary fluid is accelerated and the primary jet decelerated during the generation
of the compound jet.

Further, since Qp = TR, B0 = R, v,
8 : 1
we find from (8) By 5 [0 00T g o)
4 pp

i.e. the radius R, of the primary fluid in the compound jet is larger than the plug-
flow radius (3Bp)t of the primary jet in air.

3.4. Acceleration in the compound jet

We shall now try to calculate the accelerations that occur in the primary and
secondary fluid during the formation of the compound jet. Since the flowline
distribution for the fluid-in-fluid jet is not known, only the order of magnitude of the
acceleration can be estimated.

The maximum speed of the primary jet ¢,y = 27, in the centre of the nozzle
decreases to v, when the primary jet has entered the compound jet and plug-flow
distribution is attained. Thus we find for the average deceleration

N2 __ 2
Upo ’Uc

2s (10)

a =
The distance from the nozzle to the point of plug flow in the compound jet must
somewhat exceed the relaxation length [ of (5). Using s = 1 mm and (8) and (10) we
find for the average deceleration along the axis of the jet shown in figure 2,
g = 1.37 x 107 em/s?, or approximately 14000g.

Since the secondary fluid starts essentially from rest, we find for the average

acceleration of the secondary fluid layers at the boundary of the primary jet
ve
a=g5 (11)
For the jet in figure 2 this gives @ = 1.1 x 10® cm/s? & 1200g.

Obviously the acceleration is not uniform along the jet axis as assumed above.
Therefore the maximum acceleration occurring during the generation of the compound
jet shown in figure 2 must be appreciably higher. Using primary jets having a diameter
of 10 um and a velocity of 40 m/s, average accelerations as high as 10-10% have
been observed in laminar and stable compound jets. It is obvious that these large
accelerations correspond to large shear forces in the fluids. Therefore instabilities are
easily generated as shown below.

3.5. Reynolds number of the compound jet

If the dynamic viscosities of the primary and secondary fluids are not too different,
it is reasonable to define a Reynolds number for the compound jet as
R
Re, = Zefte. (12)
v
where the value of v lies somewhere between the values of the dynamic viscosities
of the primary and secondary fluid.
Let us assume that the viscosities and densities of the primary and secondary fluids
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areverysimilar,i.e.y, & 75 ® nandp, * ps & p. Then wefind for the momentum flux of
the compound jet (7)

P ’
M, = = nRI vl (7
c nRg cre )
Thus we can write for the Reynolds number
2( M\

By the same reasoning we find the Reynolds number of the primary jet (cf. (3))

_ 1
ey = e 2 2 (M, "
v, Vp \Pp T
Comparing (13) and (14), we find
Re, = Re,,, (15)

under the assumption that p, & p. and 9, & 7.

4. Compound-jet instabilities

Except for the capillary instability leading to drop formation observed in con-
ventional fluid jets (Rayleigh 1879 ; Chaudhary & Redekopp 1980), two other types of
instabilities can be demonstrated in the compound jet. These latter instabilities are
due to large internal shear forces as well as to the velocity distribution in the fluids.

Since all instabilities observed are initiated by small disturbances, their respective
speed of growth determines which of the three instabilities develops fastest and
therefore visibly dominates the jet. This speed of growth depends on the jet
parameters. Large velocities or high flow rates seem to favour the non-capillary types
of instabilities, but they depend also on the viscosity of the primary and secondary
fluids. In the following, examples of these instabilities will be given.

4.1. Capillary instability

Rayleigh (1879) investigated the instability due to capillary forces which eventually
leads to the disintegration of the jet into drops. The theory was improved by Weber
(1931) by including the viscosity of the fluid into the calculations. Recently,
Chaudhary & Redekopp (1980) were able to explain the formation of so-called
satellite drops between the main drops in the jet break-up process.

As shown in figure 5, the drop formation in the compound jet due to capillary
instability is the same as in the conventional jet. This is to be expected for the jet
in figure 5, where the parameters of the primary and secondary fluid were essentially
equal, but is also true for jets formed from fluids showing differences in viscosity and
surface tension as large as 1:3 or 1:4. In the jet shown in figure 5 the ratio of primary
to secondary fluid flow was adjusted to 1:3.2 by controlling the secondary-fluid low
supplied by the peristaltic pump. This unusually large flow ratio was chosen to
facilitate the visualization of the primary fluid column in the compound jet. The
column is otherwise hard to see because of light refraction in the cylindrical surface
of the jet, which enlarges the apparent diameter 2R, of the primary fluid. From
optical considerations one finds that R, = nR,, (Hermanrud 1981), where R, is its
actual radius and » the index of refraction of the secondary fluid (» = 1.33). Thus
the actual diameters of the compound jet and the primary fluid column are 270 um
and 133 pum respectively. The optical distortion of the shape of the primary fluid is
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Fraure 6. Drop-formation points of compound jet formed by a primary jet of 80% H,0+20%
glycerol + dye with silicon fluid as secondary fluid. Surface tension of primary fluid 72 dyn/cem, that
of secondary fluid 20 dyn/em. Surface tension at interface primary—secondary fluid about
52 dyn/em. This causes drop formation of primary-fluid column (a, b) much earlier than drop
formation of compound jet (¢). Viscosity in primary and secondary fluid about the same (2 ¢P),
Ty = 8.1 m/s, @, = 36 ul/s, @ = 115 pl/s. Distance from nozzle to final point of drop formation
about 25 mm.

even more pronounced at the base of the compound jet and in the drops, since the
secondary-fluid surface has a double curvature in these cases.

In figure 5 no instabilities other than the capillary instability leading to drop
formation can be detected on the primary-fluid column. Even during drop formation
no mixing of secondary and primary fluid occurs, as indicated by the well-defined
boundary between primary and secondary fluids in the drops. Thus, in this case,
capillary instabilities causing normal drop formation dominate over the instabilities
described below. Satellites are formed as in conventional jets. However, satellite
formation is influenced by the choice of primary- and secondary-fluid viscosity.

Laminar-flow jets as shown in figure 5 can be produced readily with a large range
of fluid parameters. We have successtully used primary jet diameters in the range
0.01-1 mm, primary-jet speeds from 5 to 40 m/s, primary- and secondary-fluid
vigcosities from 1 to 10 cP and fluids with surface tensions ranging from 20 to
73 dyn/cm. However, for each jet configuration these parameters have upper limits,
above which the laminar flow in the jet is disturbed by instabilities growing faster
than the capillary instability leading to drop formation. Thus above these limits
normal drop formation is disturbed as discussed below. These upper limits are
interrelated with each other in a complicated way not yet clear from our experiments.

Finally, the primary and sccondary fluids do not have to be miscible, as demonstrated
in figure 6. Here a laminar-flow compound jet is generated by a primary jet consisting
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of 809, H,0 and 209, glycerol and dye, while the secondary fluid was silicone fluid
having the same viscosity as the primary fluid (Midland Silicones MS200 dimethy]
silicone fluid). Now, since the surface tension of the silicone fluid to air is 20 dyn/em
and that of the water—glycerol solution 72 dyn/cm, we can deduce for the surface
tension at the interfluid boundary between the primary column and the secondary
fluid approximately 72-20 = 52 dyn/cm (Landau & Lifschitz 1958). Because of this
large interfacial surface tension, the primary-fluid column breaks up into drops much
faster than the compound jet itself, since the surface tension of the silicone-fluid /air
surface is only 20 dyn/cm. Thus both primary and secondary fluids break up into
drops owing to capillary instability, but at differant rates and therefore at different
positions (Rayleigh 1879). This explains the drop formation of the primary column
within the secondary-fluid sheath of the jet. Even satellite drops of the primary fluid
are generated in the silicone fluid (cf. figure 6).

4.2. Sinuous instability

It was mentioned earlier that the appearance of different types of instabilities
depended on jet parameters. This is demonstrated in figures 7(a—d), where a
compound jet generated by the same primary jet is shown when the secondary-fluid
flow is increased. At low secondary flow the jet is stable and breaks up into droplets
as shown in figure 5. An increase of the secondary flow causes the spontaneous
appearance of sinuous instabilities in the jet (figure 7b). Further increase of secondary
flow generates an extended sinuous instability (figure 7¢). Finally, at high secondary
flows, a varicose instability grows faster than the sinuous instability, thereby
obscuring the latter. The series shown in figure 7 demonstrates a general fact found
in all jets: independently of choice of viscosity and other properties of the primary
and secondary fluid a stable jet can always be obtained if primary-jet velocity and/or
secondary-fluid flow are decreased below a certain limit.

The series shown in figure 7 has been obtained by a careful choice of the primary-jet
velocity and of the viscosities of the fluids used. Experiments not shown here indicate
that the sinuous instability of the compound jet is initiated by a helical instability
generated already inside the secondary fluid (Batchelor & Gill 1962 ; Reynolds 1962),
which is amplified after entering the compound jet funnel. Especially at medium and
large amplitudes, the effect of the ambient air tends to amplify the undulations as
demonstrated in figure 7 (c) (Weber 1931; Haenlein 1932; Phinney 1973).

It has not been possible to obtain pictures of the primary-fluid column in the
sinuous compound jet as in the stable jet shown in figure 5. Therefore we do not know
if the flow in the primary fluid column is still laminar. However, this is probably true,
since the surface of the sinuous jet in figures 7(b,¢) is smooth and has a constant
diameter. If instabilities had occurred in the primary-fluid column, they would have
caused irregularities on the compound-jet surface similar to those shown in figures
7(d) and 8(a).

4.3. Varicose instability

It has already been shown in figure 7(d) that an irregular varicose or random
instability can be induced in the compound jet. The appearance of this semiturbulent
instability is very similar to that observed in conventional fluid jets in air having
large Reynolds numbers (> 500-3000) (Haenlein 1932; Phinney 1973; McCarthy &
Molloy 1974).

Figure 8 shows two examples of this instability which seem to be caused by different
types of disturbances. In figures 8 (a, b) it is clearly seen that the primary jet is already

10 FLM 131
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Ficure 7. Compound jet with varying secondary-fluid flow. Primary jet H,O, viscosity 0.95 cP.
Secondary fluid 80 9% H,0 +20%, glycerol, viscosity, 1.9 cP. Primary-jet diameter 75 pm, velocity
11.1 m/s, and flow 49 pl/s are the same in all pictures. Re, = 876. Secondary-fluid flow: (a) 5 pl/s;
(b) 10 ul/s; (c) 15 pl/s; (d) 28 pl/s.
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Fioure 8. Varicose instability in compound jet. (a, b) Instability caused by semiturbulence in
primary jet; primary jet 80 % H,0+20% glycerol +dye, #,, = 8 m/s, Re, = 316; secondary fluid
H,0, @, = 75 ul/s. (c) Instability caused by disturbance at compound-jet base; primary jet 80 9%
H,0+20% glycerol+dye, 7y, = 7.5 m/s, Re, = 296; secondary fluid H,O, flow 40 ul/s.

unstable before entering the compound-jet base. This instability is very similar to
that reported by McNaughton & Sinclair (1966) for liquid-in-liquid jets with
Reynolds numbers of about 1000. Since the instability is carried into the compound
jet and continues to grow, it disturbs the flow in the jet and causes an irregular jet
break-up into drops. As momentum is transferred more efficiently to the secondary
fluid by the irregular surface of the primary jet, secondary fluid is picked up faster
than in the laminar jet. At constant secondary-fluid flow this results in an appreciable
shortening of the distance from the nozzle to the secondary-fluid surface.
10-2
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Since the instability of the primary jet is at least partly initiated at the nozzle
producing the jet, the form of the nozzle should be of importance (McCarthy & Molloy
1974). This is substantiated by our experiments, which showed that nozzles with
ragged edges cause varicose instabilitiesin the compound jet at much lower primary-jet
velocities than nozzles that were carefully ground and polished. On the other hand,
the flow profile of the primary jet at the nozzle seems to be of less importance, since
stable compound jets have been obtained as easily with primary jets having Poiseuille
flow and plug flow at the nozzle.

Obviously the instability demonstrated in figures 8(a, b) should disappear with
laminar primary-jet flow and has not been detected in our experiments with
primary-jet velocities below 5 m/s (Ke < 200).

However, even with stable primary jets, varicose instabilities have been observed
(figure 8¢). Our experiments indicate that this instability is initiated by disturbances
in the secondary fluid close to the base of the compound jet. The cause of these
disturbances is probably the irregular flow close to the entrance funnel to the
compound jet demonstrated in figures 3 (c, d).

4.4. Conclusions

It has been shown above that three types of instabilities can be generated in the
compound jet. These instabilities are due to different causes, which are dependent
on a combination of jet parameters. Since the compound jet has a large number of
parameters (e.g. jet diameter, velocity, flow, viscosity, surface tension and density
of the primary and secondary fluids), it has not yet been possible to understand which
combinations of jet parameters give rise to the different types of instability. However,
it can be stated generally that a stable compound jet develops sinuous or varicose
instabilities if

(@) the primary jet velocity is increased;

(b) the ratio @s/@, of secondary to primary flow increases. Usually some kind of
instability appears if Q;/@, > 4.

(¢) the difference between viscosities of the primary and secondary fluids is
increased. Instabilities are normally encountered if they differ by a factor of more
than 3 to 4.

Thus by choosing suitable parameters a stable compound jet can always be obtained
which can be used for ink-jet printing.

It has also been found that small concentrations of Polyox (0.01-0.1 % in weight)
in primary and/or secondary fluid effectively counteracts the instabilities described
above. Since most of the instabilities observed here are initiated when the primary
jet traverses the secondary fluid the reason for this should be similar to the effect
of polyox on liquid-in-liquid jets described by Filipsson, Lagerstedt & Bark (1977/78).

The authors want to express their sincere gratitude to Dr Sven Bertil Nilsson for
careful reading of the manuscript and helpful criticism. Thanks are also due to
Professor Fritz Bark for valuable discussions.
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