432 ATAA JOURNAL

VOL. 23,NO. 3

Breakup and Droplet Formation of Slurry Jets

John C. Ogg* and Joseph A. Schetz}
Virginia Polytechnic Institute and State University, Blacksburg, Virginia

Presented herein is an experimental and numerical investigation of the breakup and droplet formation of
laminar liquid and slurry jets issuing into quiescent air. The slurry was a water liquid phase with glass beads of 0-
37 pm diameter. A 0.7-mm-diam nozzle was vibrated in the axial direction with a shaker to regulate the breakup
of the jet. The velocity of the jet was varied between 0.5 and 3 m/s, and the disturbance wavelength was varied
between 3 and 6 jet diameters. Mass loadings from 10 to 50% were investigated. The growth of the surface
disturbances was measured from photographs. A numerical code for solving the axisymmetric Navier-Stokes
equations was modified by the addition of equations simulating particles in the flowfield. It was found that the
presence of particles in the jet caused changes in the behavior of the jet. Breakup of the jet became less regular,
and other, nonaxisymmetric, modes of surface disturbances often were prominent. The numerical code
produced excellent predictions of all details of the behavior of the liquid jets. The formulation only considered
axisymmetric flow, thus it was less successful for the slurry jets. For experimental cases where the nonaxisym-
metric modes on the slurry jets were small, the predictions of the growth of the axisymmetric modes were good.

Nomenclature
a = particle radius
B, =amplitude of sinusoidal disturbance
B = |D - Do | /Do
B, =initial amplitude of sinusoidal disturbance
Cp = coefficient of drag
D, =1initial diameter of jet
F = time constant of momentum transfer
K, =momentum transfer effectiveness
/ = particle loading; distance along jet
= pressure
R =radius of curvature
T,t =time
T =nondimensional time
u,v =radial and axial fluid velocity component,
respectively
Up,vp = rad@gl and axial particle velocity, respectively
We = Weber number,
X,y =radial and axial coordinate, respectively
N =spatial length of disturbance
U = fluid viscosity
v = fluid kinematic viscosity
o = fluid density
Pp = particle phase density
0 = fluid material density
op = particle material density
o = fluid coefficient of surface tension
Introduction

HE desirability of slurry fuels for aerospace applications
has long been recognized, but the problems of slurry
injection and combustion have yet to be adequately resolved.
The heating value per unit volume of boron is 137,010 kJ/1
(Ref. 1), which is four times that of JP-4 liquid fuel. This
increase in heat-per-unit-volume could effect a significant.
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increase in range or decrease in size of a missile propulsion
system. A possible method of using boron or other solid fuels
for air-breathing engines is to mix finely pulverized solid fuel
with liquid fuel to produce a slurry. The function of the liquid
is to provide a vehicle to carry the solid and to sustain through
its combustion sufficient temperature to ignite the solid
constituent of the fuel. Another application for slurry fuels is
pulverized coal as the solid constituent in oil to fuel gas
turbine and internal combustion engines.

The fundamental nature of liquid fuel injection has
received much attention and is now understood well enough to
produce efficient liquid fuel air-breathing engines. In the
present work, a numerical and experimental approach is taken
to study the fundamental similarities and differences between
the breakup of a liquid and a slurry jet. This work con-
centrates on the detailed behavior of the idealized case of
laminar, lightly loaded slurry jets injected into quiescent air as
a first step toward the much more complicated, highly loaded
turbulent jet in a cross-flow case.

The laminar liquid jet has been extensively investigated
analytically using approximate solutions, and recently,
numerical solutions for simplified flow conditions have been
found. A great many experimental investigations have also
been performed. The earliest analysis of a liquid jet was
published by Rayleigh? for a cylindrical column of inviscid
liquid at rest or with uniform velocity with the surface initially
deformed by a small spatial perturbation, as shown in Fig. 1.
Rayleigh showed that small perturbations which deformed the
cross section of the jet from a circle would not grow, but that
certain axisymmetric perturbations would. The nondimen-
sional length of the disturbance determined the rate of
growth. For A\/D, =4.51, the growth rate was maximum, and

-disturbance lengths less than the circumference of the jet

would not grow. A concise presentation of the linear analysis
is given in Ref. 3, including a treatment of the effect of
viscosity. Several nonlinear perturbation analyses of infinite
jets have been done. A clear precis is presented by Bogy.*
~ A numerical method with the vorticity stream function
formulation of the Navier-Stokes equations was used by
Shokoohi® to investigate the formation of satellite drops from
liquid jets. This method succeeded in simulating the doubly
infinite jet but had limited success in simulating a jet of finite
length issuing from a nozzle.

The present work is an investigation into the breakup and
subsequent droplet formation of laminar siurry jets issuing
into quiescent air. The growth due to capillary forces of the
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surface disturbances was measured from photographs. A
numerical code for solving the Navier-Stokes equations de-
veloped by Los Alamos Scientific Laboratories was modified
by the addition of equations simulating particles in the liquid
flowfield. This was employed to calculate the time history of
the shape of both liquid and slurry jets under the action of
surface tension for comparison with the experimental ob-
servations.

Experimental Apparatus and Procedures

The apparatus for the experiments consisted of three sys-
tems: a slurry-producing and -metering system, photographic
equipment, and a vibrator for perturbing the jet.

Two types of devices for producing the slurry were studied:
a mixing tank with an agitator and an eductor. The mixing
tank provided easy control and measurement of slurry mass
loading, but the flow rate was difficult to measure because the
slurry clogged the flowmeter. The eductor system (see Fig. 2)
provided simple flow rate measurement. As the system was
completely filled with liquid and slurry at all times, the
volume flow rate of the liquid into the system was equal to the
volume flow rate of slurry through the nozzle. The flow rate
of the liquid was measured using a rotameter. High-velocity
liquid is injected across the bottom of the tank which entrains
the high-density slurry from the tank forming the lower
density injectant slurry. The number of particles induced into
the slurry could be controlled by changing the gap between the
nozzle and the exit tube and/or balancing the liquid flow
between the two control valves.

The slurry was fed through small tubing to the injector
nozzle because the low-volume flow rates of slurry (about 1
ml/s) might allow separation of phases in large diameter
tubing. For the same reason, only a small chamber was made
above ‘the nozzle. The nozzle was connected to an electric
shaker which was driven by a sine wave generator. The fre-
quency was monitored by a counter. A stroboscope was used
to monitor the perturbation frequency and observe jet behav-
ior.

The liquid carrier was supplied to the eductor from a tank
which was pressurized at 27 atm. The solid phase was sphe-
rical glass beads of 0-37 um diameter with a material density
of 2.8-3.0kg/m3,

The photographs were taken with Polargid Type 55 film.
The lens had a 210-mm focal length set at a stop of 4.5 at a
shutter speed of 1/50 s. All photographs were back-lighted
using a ground glass screen and an electronic flash. At the
minimum intensity setting of the flash, the duration was short
enough to freeze the jet motion.

Numerical Investigation
The full, viscous equations of motion were required for the
slurry jet to model the nonlinear effects of the free surface for
large amplitudes as well as to model interactive forces between
the liquid and solid phases. Also, in order to model both of
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Fig. 1 Schematic of the jet showing the notation and the com-
putational region.
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these effects simultaneously, a numerical method was re-
quired. The numerical technique employed is an adaptation of
the volume of fluid (VOF) method for calculating in-
compressible flowfields. This method was proposed by
Harlow and Welch® and others. It is used here to solve the
axisymmetric, unsteady, multiphase, laminar flowfield with
free surfaces. The code used is an extended version of SOLA-
VOF from Los Alamos Scientific Laboratory. The changes
incorporated include mainly the addition of equations which
model the solid phase added to the liquid flow.

Additional terms which represent the forces exerted on the
liquid phase by the particle phase were incorporated into the
momentum equation as

a_u+6u2+6uv+u2 19P
ar  dx ay b'e p Ox
=K (0p/p)F(u—u,) o))

6_u+6uv+61)2+uv_ 1P 5
at  ox ay x p$+v[v ]

=K (p,/p)F(v~1,) )
6u+6v u_o
ax dy x ®

The last term in each of the momentum equations represents
the force exerted on the fluid by the particle phase.

The particles in the slurry are treated as a continuous,
compressible, fluid-like phase cohabiting the volume with the
liquid constituent of the slurry. The volume displaced by the
particle phase is considered small when compared to the
overall volume. Because of this, the density of the liquid
phase is considered to be uniform throughout the flowfield
and equal to the liquid phase material density. On the other
hand, the local density of the particle phase changes as
particles move through the flow. The density of the particle
phase is much greater than the density of the liquid, therefore,
the equations model a slurry of dense, small particles in a
continuous fluid of relatively low density. The result is that
the density of the liquid does not change, and the particle
phase behaves similarly to a compressible fluid without a
pressure term.?
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If the particles are all the same size'and sparsely distributed,
then there is negligible interaction between particles. This
means that the particle momentum equation is free of any vis-
cous terms. For a slurry where the phases are as described
above, the particle phase equations are

Ippty) | (optty?)  3(pppvp) | Uy’
+ = -

o1 + o + P ppF(u—u,)
4

0(ppv,)  Ippuyv,)  3(ppv,7) PpUplp
Y + F + ay + =p,F(v—u,)
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Here, F is the particle time constant of momentum transfer
due to the drag of the particle through the fluid phase ex-
pressed as ®:

3 o1
F:gCDgzlu—up! (7)
Using Sfokes drag law
24 24y
Cp=-- @

Re 2alu—u,lp

F becomes a constant based on the properties of the fluid
phase and the particles

F= ©9)

Nt o
Q.\,|~

=

The fact that F is a constant allows the component equations
to become uncoupled, so that they may be solved in-
dependently. The effectiveness of momentum transfer K,
from the particles to the fluid is dependent on the proximity
of particles to each other and their velocity relative to the fluid
phase. This effectiveness is assumed to be unity for Stokes’
flow.®

The fluid velocity components are defined on the bound-
aries of the computational cells to which they are normal. For
example, u;; is the velocity in the x direction defined on the
right-hand side of cell /,j and v;; the velocity in the y direction
defined on the upper boundary of cell ij. The velocity
components defined on the left-hand side and the lower side
are u;_,; and v;;_,, respectively. The fluid properties such as
pressure and density are defined at the center of each cell.

The differencing technique is an explicit, temporal march-
ing scheme with an implicit evaluation of pressure and ad-
justment of velocity at each time step. The implicit step in-
sures continuity of the flowfield.

The free surface location is computed from the volume
fraction of fluid contained in each cell. In each partially full
cell, there is a free surface. The orientation and position of the
free surface is found by considering the volume fraction of
fluid in the surrounding cells.

The boundary conditions imposed by the free surface are
that of a free-slip surface with surface pressure. The surface
pressure is calculated from the principal radii of curvature
and the coefficient of surface tension g, taken here as that of
the liquid carrier.

The calculation procedure is as follows: Initial estimates of
the velocity components for the flowfield are calculated
explicitly from the momentum equations of the liquid phase.
All of the flow variables used to calculate the new velocity
components are those determined during the previous time
step. After these initial approximations for the velocity have
been made, the pressure is adjusted in each cell and the
velocities are iteratively adjusted to satisfy local continuity.
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Fig. 3 Liquid jet; Vy=330 cm/s, We=112, f=1200 Hz,
A/ Djy=3.94.
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Fig. 4 Predicted nondimensional disturbance amplitude as a func-
tion of time compared to experimental resulis for liquid jets.
Numerical prediction is for A/Dy=3.9. The experimental conditions
are the same as for Fig. 5, A\/D, =3.94.

Next, the velocity components of the particle phase are ex-
plicitly calculated from particle momentum equations. These
calculations are made using the updated values of the velocity
comporients of the liquid phase. From the particle phase
continuity equation, the new value of the particle phase
density is calculated at each cell. Finally, the volume fraction
of fluid in each cell is computed from the flux of fluid through
the cell walls. This procedure constitutes one step forward in
time,

The computational grid used was 16x 16 cells, although
fluid occupied less than 100 of these cells at any given time.
The number of cells required to contain the fluid decreased as
the fluid moved away from the centerline of the jet. The
computational region is shown as the shaded area in Fig. 1.

The addition of the particle phase equations increased the
computational time about 20%. Using a Fortan H extended
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compiler, about 1h of CPU time on an IBM 3032 was required
to calculate the formation of droplets from a slurry.

For the numerical cases the liquid kinematic viscosity was
1.006 X 10~ %m?/s, the surface tension coefficient was
7.25 x 10~2 N/m, the density of the fluid phase was 1000 kg/
m?, the density of the solid phase was 3000 kg/m?, the
particle diameter used was 20 um, and the jet diameter was
0.74 mm. :

Results
Experiments

The first cases discussed are liquid jets, and two classes
were investigated. The two classes are characterized in
dimensionless terms by higher and lower Weber numbers
(We). The range for the faster jets is from 98 to 163, and for
the lower velocity jets from 15 to 37. .

In Fig. 3, a high We jet is shown. The formation of drops
from the perturbed liquid jet can be seen. The last incipient
drop has been caught just before breakoff, and the drop at the
bottom has broken off. The shape of the jet is nearly
sinusoidal up to about 8 cm. As the necks become small, the
disturbances take on a nonsinusoidal shape. Because of
continuity, the mean diameter of the jet is also reduced as the
wave amplitude increases. A jet such as this, when viewed
with a synchronized strobe light, appears stationary. Each
drop forms with perfect regularity at the same location as the
preceding drop, and the form of each wave and drop is
identical as it passes through a given location.

The jet surface is smooth and laminar, and the imposed
disturbance is not sufficiently developed to be detected
visually near the nozzle. On high We jets, the disturbance is
too small to be seen for several centimeters downstream of the
nozzle. The fact that the disturbance is not visible near the
nozzle indicates that the initial disturbance is not a simple
surface perturbation. The diameter of the jet is controlled
mainly by the nozzle diameter and not by the vibration. The
main effect of nozzle motion is to change the local jet
velocity. These velocity disturbances then affect the local
diameter of the jet by moving fluid into some regions and out
of others. At some point, the pressure distribution induced by
the surface shape and surface tension dominates the velocity
of the fluid. When this happens, the growth of the disturbance
shape becomes almost completely an effect of the surface
tension and jet shape. The initial velocity disturbance soon is
dominated by the velocity variations generated by surface
tension effects. If the initial velocity disturbance is small, the
initial velocity condition does not substantially alter the
behavior of the jet from the behavior of a similar jet whose
initial perturbation is a surface shape disturbance. The ex-
periments were designed to minimize the velocity effects of
the initial disturbances by keeping the oscillation amplitude at
low levels. The slurry jets required larger amplitudes than the
liquid jets to achieve regular breakup. In order to have the
same initial conditions for both the liquid and the slurry jets,
the disturbance amplitude used was the same for both cases.

Because the slurry jets, in particular, were susceptible to
unrepeatable breakup due to small random background
disturbances, the experiments were conducted near the
wavelength of maximum initial disturbance growth rate as
predicted by Rayleigh’s linear analysis. In this wavelength
region, the imposed disturbances could easily dominate other
disturbances,

Figure 4 shows the measured growth of the jet “‘necks’” and
“swells’’ vs time for the case in Fig. 3. The curves labeled
“numerical” predictions will be discussed later. The actual
time was determined from the jet velocity and the distance to
the location of interest, and the velocity of the jet was
determined from the frequency of nozzle oscillation and the
length of the disturbance on the jet. The time scale in this
figure and all others is a relative time measured with respect to
a shifted origin. This practice will be clarified later. The
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Fig. 5 Predicted nondimensional disturbance amplitude as a func-
tion of time compared to experimental resuits for a liquid jet. The
namerical prediction is for A/D, =4.51. The experimental conditions
are W,=112and \/D; =4.6.

Fig. 6 Liquid jet; V, =124 em/s, We=12.7, f=451 Hz, \/D, =3.8.

measurements were made at the maximum and minimum
diameters of the necks and swells, respectively, and these
normally are at the center of the swell or neck. This is not so
near the location of breakoff, where the minimum neck
diameter moves downstream along the neck, and separation
occurs nearer the drop. This can be seen on the last neck at the
bottom of Fig. 3. Similarly, for the swell, the maximum
diameter moves slightly downstream giving a nonsinusoidal
asymmetry to the drop.

The exponential character of the growth is evident from the
generally straight line form of the data on semilogarithmic
paper. The growth rate of the swells at the earliest times is
about the same as that of the necks. When the amplitude is
greater than about 0.04, the growth of the swell lags the neck
until breakoff. Below about 0.02-0.03, the data appear
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scattered, but this is within the limits of accuracy of the
measurements.

In Fig. 5, we show the disturbance growth results for a high
We jet with an imposed disturbance wavelength equal to that
predicted to have the largest initial growth rate by the linear
Rayleigh analysis, A=4.51/D,. As can be seen, the growth
rate is almost perfectly exponential, i.e., with a nearly con-
stant slope on semilog paper. The difference between the neck
and swell growth rate is negligible except at a low disturbance
amplitude.

Next, we consider a low We case as shown in Fig. 6. This jet
has a similar wavelength-to-diameter ratio to that in Fig. 3.
Because of the low velocity of this jet, a lower nozzle fre-
quency is required to obtain the same dimensionless wave-
length. The time between successive drops is 2.7 times greater
on the low We jet than on the high We jet. This has an effect
on the shape of the disturbance waveform. The waveform
tends to deviate more away from the symmetry of the
sinusoidal shape of an ideal infinite jet. Notice that in Fig. 6
the downstream region of the swell becomes larger than the
upstream region. This can be understood by considering a
single incipient drop bounded upstream and downstream by
necks. The downstream neck is ‘‘older’’ than the upstream
neck by the amount of time in one period of nozzle
oscillation. The boundary conditions then on the two ends of
the incipient drop are not the same at a given instant because
the downstream neck is more developed due to its advanced
age. The effect is stronger for jets with lower disturbance
frequency than for jets with higher disturbance frequency
because of the increased age differences between the necks for
the jet with the lower frequency disturbance. This effect
becomes more exaggerated the closer the incipient drop comes
to breakoff, because, near breakoff, the growth rate is
maximum, and the difference between the upstream and
downstream necks is greatest.

Small satellite droplets may be seen between the main drops
in Fig. 6. These occurred more frequently on low We jets than
on high We jets.
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Fig. 7 Graph of the nondimensional disturbance amplitude as a
function of time for a liquid jet, V, =124 cm/s, We=12.7, f=451
Hz, A\/Dy=3.8.
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In Fig. 7, the data taken from the jet in Fig. 6 are shown.
The increased spacing between the data points is a result of
the lower frequency of the nozzle vibration. The growth rate
is slightly less than for the jet in Fig. 4 because A\/D, is farther
from the value for maximum initial growth. In this case, the
growth of the neck is nearly linear. On the other hand, the
swell growth rate is increasing with time. Near breakoff, the
growth rate of the swells has increased beyond that of the
necks and is approaching the rate shown in Fig. 4.

For the slurry jets, two types are to be discussed again: fast
jets with We from 130 to 160 and slower jets with We from 15
to 35. In the case of the slurry jets, Weis also a function of the
loading through the density due to the solid phase as well as
the velocity. Fig. 8 shows a high We slurry jet where the
density is 1.17 g/cm?® and the volume of particles is 8.5% of
the total. Small-amplitude nonsymmetric waves may be seen
on the surface at the top of the photograph. These bear no
simple relationship to the imposed disturbance wavelength
and are nonaxisymmetric. Farther downstream, more
symmetric, longer wavelength waves begin to form, but the
distance between the necks is not uniform, and the growth of
the waves is not monotonic. The growth of the waves on the
high We slurry jet is far more complex than for liquids. The
jet shape is due to the regular mode of breakup caused by the
nozzle oscillation with secondary random disturbances
superimposed on it. Because of the irregularities of the high

Fig. 8 Slurry jet. V=330 em/s, (=1.17 g/em3, We=130, f=1000
Hz, A\/D,=4.3.

Fig. 9 Slurry jet. V=142 cm/s, {=1.10 g/cm3, We=16, f=431
Hz, A\/Djy=4.5.



MARCH 1985

We slurry jet, no meaningful growth rate measurements could
be determined.

The method used to improve the uniformity of slurry jet
breakup was reduction of the initial velocity, but, if the
velocity is reduced too far, adhesion of the liquid to the nozzle
causes the fluid to simply *“drip’’ from the nozzle forming no
continuous fluid column. A low Weber number regime of
reasonably regular jet behavior was found for 15 < We<40.
Figure 9 shows a typical low We slurry jet. The jet is flattened
slightly on the right-hand side, and slurry particles or clumps
of particles are visible on the jet. The axial symmetry of the jet
improves at the higher amplitude disturbances, and the shape
of the wave also is more sinusoidal in this group.

The slurry jets all have small irregular disturbances which
will grow if the imposed disturbance is not of sufficient
amplitude to suppress these background disturbances. There
are nonaxisymmetric modes of disturbance growth, some of
which appear helical in form. These have also been found in
other studies with liquid jets (see Refs. 9 and 10.) There also
may be ‘‘buckling” similar to Euler buckling of solid
columns. This has been discussed for liquid jets in Ref. 11.
Herein we have concentrated mainly on the behavior of
axisymmetric modes.

Based on our best judgment, the growth of the nearly
axisymmtric disturbances on the jet in Fig. 9 is plotted in Fig.
10. The growth rate is nearly exponential for both the neck
and the swell, and the growth rate of the neck increases with
time. Comparing these results to those for a liquid jet at a
similar N\/D, and We, one finds that the growth rates for the
swells are nearly the same. The swell and neck show similar
growth on the slurry jet, while on the liquid jet the growth
rates are different and the growth rate for the neck is rapidly
changing.

- The jet in Fig. 11 has a disturbance wavelength of 3.9 diam
and We=17. The waves are quite regular, and the large
amplitude waves are nearly sinusoidal. A single satellite drop
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Fig. 10 Predicted nondimensional disturbance amplitude as a
function of time compared to experimental results for a slurry jet. The
numerical prediction is for A\/D,=4.51, {=1.1 g/cm®. The ex-
perimental conditions are for the jet in Fig. 11, A/D, =4.5.
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may be seen, and it is similar in size to the satellites on the
liquid jet in Fig. 6 where the disturbance wavelength is 3.8
diam. Comparing the corresponding measurements in Figs. 12
and 7, the average growth rate is seen to be quite similar for
both jets. In both cases, the swells lag the necks. The growth
rate exponent is increasing with time for the swells, and in-
creases more rapidly for the slurry than for the liquid. For
both the liquid and the slurry, the growth rate of the necks
remains nearly constant.

Numerical Predictions

The initial surface perturbation is assumed as a half
sinusoid of amplitude 0.0005 diameter with the crest at the
center of the incipient drop and the trough at the center of the
neck. Initially, the jet is of uniform pressure with a small
surface perturbation. This creates pressure discontinuities

Fig. 11 Slurry jet. V=122 cm/s, £=1.10 g/cm3, We=17, f=431
Hz, \/D;=3.9.
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Fig. 12 Predicted nondimensional disturbance amplitude as a
function of time compared to experimental results for sturry jets.
Numerical prediction is for A/D,=3.9, f=1.1 g/cm3. Experimental
results are from the jet in Fig. 13, A\/D, =3.9.
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near the surface which take some time to diffuse throughout
the flowfield. The initial perturbation is a surface distur-
bance, not a velocity or pressure disturbance such as in the
experiments. There is no characteristic Weber number here
because the initial mean velocity of the fluid is taken to be
zero. The end conditions are that of a free-slip wall and the
surface of the fluid is assumed normal to the wall.

The results for the liquid cases are the velocity, pressure,
and volume fraction of fluid.in each cell vs time. Results for
the slurry included the velocity of the particle phase and local
particle phase density in each cell. The position and orien-
tation of the fluid surface then can be computed for plotting.
From that the dimensions of the necks and swells can be
determined. The method of determining the wave growth rate
is then quite similar to that for the experiments, i.e., the
minimum and maximum diameter are used for the necks and
swells. The amplitude was plotted against time on a semilog
graph for comparison with the experimental observations.
The boundary conditions limit the instabilities of the jet to
axisymmetric modes.

The first results and comparisons with data are for two
liquid cases. The prediction for the growth of the surface
disturbances have been given previously in Figs. 4 and 5 along
with the measurements. Earlier, it was stated that the time
scale shown was reckoned relative to a *‘shifted”’ origin. This
is because the initial imposed disturbance of the jet is not
exactly the same in the experiments and calculations. Indeed,
the precise details of the very small initial disturbances in the
experiments are unknown except for the frequency. Thus, in
order to compare the predictions and experiments on a
rational basis, it is necessary to make an assumption. We have
chosen to assume that by the time the disturbances grow to
about 10% of the initial diameter, the effects of the mismatch
in the initial disturbances will be minimal. In particular, we
shifted the origin for time so that the measurements and
predictions were in agreement when the amplitude of the neck
disturbance was 0.10. For the calculation, a sharp initial
curvature of the growth curve is seen. This is due to the
diffusion of the initial pressure discontinuity from the initial
surface perturbation.

The surface disturbance growth predicted by the numerical
calculation is excellent in all details compared to the ex-
periment. The magnitude and direction of the differences
between the behavior of the necks and swells is modeled very
well. . ’

The graphs in Fig. 13 show predictions of the jet surface at
a series of times up to breakoff. The swell of the wave is on
the extreme left of the graph, and on the right is the neck of
the initial wave, even though at advanced times as the satellite
drop grows, this becomes the swell of the satellite droplet.
Thus, the graph shows one-half of a total wavelength. The
waveform is almost straight at the initial time, but after 11.7
ms, the amplitude of the disturbance can clearly be seen. At
17.8 ms, the waveform is visibly deviating away from the
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Fig. 13 Graph of the predicted surface shape for a liquid jet.
A/D=3.9.
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sinusoid. At more advanced times, the formation of the in-
cipient satellite drop can be seen, and by 18.7 ms, separation
has occurred and the drop and satellite are separate. Com-
paring the graphs in Fig. 13 with the photo in Fig. 3, the close
similarity between the numerical and experimental results can
be seen. The shape and length of the necks are similar. The
observed incipient drops are slightly larger toward their
downstream end, but the numerical boundary conditions do
not allow for these phenomena. Also, the experiment shows
that the disturbance is not quite symmetric about the jet axis,
and the numerical boundary conditions do not allow for these
effects.

In general, the numerical analysis predicts the behavior of
the growth of the surface waves very well. The half-wave
computational grid and the symmetric boundary conditions
provide good approximations of the experimental case. The
nonlinear features of the surface tension driven wave growth
at large disturbance amplitudes are clearly well modeled. The
breakoff of the drop and satellite formation of the ex-
periments is predicted.

The curves on Fig. 5 show the predicted nondimensional
disturbance amplitude growth compared to experiment for
N Dy =4.5. At larger disturbance amplitudes, the numerical
method predicts that the necks grow somewhat faster than the
swells, but the experimental results indicate that the necks and
swells grow at nearly the same rate.

Next, we turn to predictions for slurry jets. The predictions
shown in Fig. 14 are for the slurry jet in Fig. 9. The predicted
waveform is smooth and nearly sinusoidal up to 17.2 ms. At
18.0 ms, a long ligament can be seen forming which by 19.0
ms has broken and formed a satellite droplet. This ligament
formation is also seen in Fig. 9.

The curves on Fig. 10 show the predicted growth rate for
the same case. The predicted growth of the necks is slightly
faster than that of the swells at larger disturbance amplitudes.
Comparing the predictions to the data, it can be seen that the
general agreement is good for both neck and swell behavior
and the general growth rate, except at the highest amplitude
disturbances. In this region, the numerical method slightly
underpredicts the growth rate and overpredicts the difference
between the neck and the swell.

The predictions for the slurry case with A/ Dy =3.9 shown in
Fig. 11 are shown as curves on Fig. 12. Both the predictions
and the data show a larger difference between the behavior of
the necks and swells than for the previous case at /D, =4.6.
However, the difference in the experiments is larger than
predicted. The data for the swells behave somewhat erra-
tically. Also, the predicted growth rate appears to be higher
than observed, as shown most clearly by comparing
prediction and data for the necks. Comparing the predicted
instantaneous shapes of this jet (not given here due to space
limitations) with the photo one finds that the ligament length
and satellite size are overpredicted. This case is for A/Dy =3.9
which is not very near the 4.51 value for a predicted maximum
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Fig. 14 Graph of the predicted surface shape for a slurry jet.
N Dy=4.51,0=1.1g/cm?.



MARCH 1985

initial growth rate of axisymmetric disturbances, therefore,
the other modes of disturbance growth discussed earlier may
play a more prominent role.

Conclusions

The following general conclusions can be made from this
investigation.

1) The initial conditions and disturbance amplitude have a
strong influence on the growth of the disturbances. The initial
perturbations in experiments of jets issuing from vibrating
nozzles are primarily velocity disturbances. This affects wave
growth at very early times when surface tension effects are
small and near the time of breakoff.

2) The numerical prediction models the nonlinear behavior
of the capillary jet accurately. The initial conditions chosen
for the numerical calculatons are not exactly the same as those
of the experiments, and this may affect satellite formation.
The boundary conditions of the numerical prediction restrict
the development of any nonaxisymmetric disturbances which
are permitted to grow during the experiments.

3) The basic effect of the addition of a solid phase to the
breakup of slurry jets is to decrease the growth rate of the
disturbance; the effect is correctly modeled by the numerical
predictions for slurries of low density. Perhaps most im-
portantly, the addition of a solid phase greatly enhances the
development of nonaxisymmetric surface disturbances.

4) The numerical prediction has least success modeling the
slurry during the very early and late stages of wave growth,
indicating that these growth regions are most strongly af-
fected by the initial conditions which are not completely
modeled by the numerical boundary and initial conditions.
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