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Abstract

An experimental study of primary breakup in the near-
injector region of large diameter (5.0 and 9.5 mm) liquid jets in
still air is described. Measurements involved flash photography
and holography to provide flow visualization and drop size
distributions for initially nonturbulent liquids (water, n-heptane
and various glycerol mixtures) having various jet exit velocities.
Drop sizes after primary breakup satisfied Simmons' universal
root normal distribution and can be characterized solely by their
SMD. The SMD increased with distance from the jet exit and
then remained nearly constant within a fully-developed primary
breakup region. SMD measurements in the fully-developed
regime did not agree with existing expressions based on
unstable surface wave growth. However, an expression based
on stripping-type breakup due to boundary layer growth in the
liquid along the windward side of surface waves yielded a
reasonably good correlation of present SMD measurements.
The nature of this primary breakup correlation implies that
secondary breakup is a dominant feature of liquid/gas mixing
layers.

Nomenclature
CB,C'BC; = constants in primary breakup correlation
d = jet exit diameter
dmax,dmin = maximum and minimum image dimensions of

drops

dp = drop diameter

ep = drop ellipticity

MMD = mass median diameter

Oh = jet exit Ohnesorge number, W/(pedo)1/2

Regy = jet exit Reynolds number, pdug/iis

Regx = Reynolds number based on distance from the jet
exit, pexto/ite

SMD = Sauter mean diameter y

Ta = Taylor number, (p,/pp) 2 pdag/o

g = mean jet exit velocity

Wegd = jet exit Weber number, pgdﬁozlo

Wegp = drop Weber number, pgdplio?/o

WegsMp = spray Weber number, pgSMDﬁoz/O'

X = distance from jet exit

Ap = stagnation pressure rise of liquid

1l = molecular viscosity

[0} = density

(4] = surface tension

Subscripts

f = liquid-phase property

FD = property in fully-developed primary breakup
regime

g = gas-phase property
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An experimental investigation of dispersed liquid
generation along liquid surfaces within liquid/gas mixing layers
(primary breakup) is described. The study was motivated by
the importance of primary breakup within the near-injector
region of pressure-atomized sprays as well as for gas jets in
liquids. Drop size distributions after primary breakup were
measured within multiphase mixing layers formed about the
periphery of round liquid jets in still room air. Various liquids
and relative velocities were considered for low turbulence
intensity slug flows at the jet exit. The measurements were
used to evaluate existing and proposed theories and correlations
of mean drop sizes after primary breakup. The objective was to
extend recent work concerning the structure and mixing
properties of the dense-spray region of pressure-atomized
sprays,!4 to focus on primary breakup, since this process has a
major influence on the rate of development, and the importance
of separated flow effects, for these flows.

A number of reviews of liquid atomization and dense
sprays have appeared;2-1! therefore, only the main features of
past work will be considered. The discussion also will be
limited to the wind-induced and atomization breakup regimes,
defined by Miesse!2 and Ranz,13 since they are most important
for practical applications, e.g., the other breakup regimes are
limited to a smail range of low jet velocities and yield large
drops that are not very effective for dispersing and mixing the
liquid. Within these regimes, primary breakup occurs along the
liquid surface within a multiphase mixing layer adjacent to the
surface. Both theories and measurements of primary breakup
properties in this flow will be considered in the following.

Past theories seeking to provide correlations of drop
sizes after primary breakup have mainly been limited to mean
drop sizes for nonturbulent liquids. Two major approaches
have been proposed: (1) aerodynamic breakup based on linear
wave growth theory which was initially proposed by Taylor, 14
with subsequent development by Ranz!3 and Levich,15 and
later application by Reitz and Bracco,16 among others; and (2)
sheltered wave growth theory due to Mayerl7 and Adelberg!8
which rests on the surface wave growth model of Jeffreys.19
Taylor's!4 aerodynamic breakup model involves assuming
proportionality between the most rapidly growing waves on the
liquid surface and the mean drop size (taken to be the Sauter
mean diameter, SMD, in the following) after primary breakup.
Wave growth properties are found from linear stability theory
allowing for effects of aerodynamic forces due to gas flowing
across the waves as well as the stabilizing effects of surface
tension and liquid viscosity. This yields a relatively complex
relationship between the Weber number based on SMD after
primary breakup, WegsMp = pgSMDu,2/0, and what will be
termed the Taylor number, Ta = (pg/pf)mp.fﬁo/o'. This form
implies that the mean jet exit velocity, Uo, is the proper relative
velocity near the surface, which is justified by the
measurements of Ruff et al.2:3 for multiphase mixing layers
near the jet exit. Ranz!3 and Levich!5 propose simpler limiting
behavior at small Ta, where effects of liquid viscosity can be
neglected, yielding:

Wegsmp = Cp D

where Cp is a constant on the order of unity. Levich!5 also
undertakes an approximate treatment of effects of liquid
viscosity which suggests that Wegsmp should increase with



increasing Ta, with primary breakup ceasing when Ta = 1.
Experimental confirmation of Eq. (1) and its large Ta behavior,
however, has not been reported.

Mayerl7 developed an alternative primary breakup
correlation that was also based on wave growth properties.
However, he adopted the sheltered wave growth theory of
Jeffreys19 to find wave properties, since this approach had
achieved some success in predicting the properties of wind-
induced ripples on wave surfaces. This yields

Wegsmp = Cp'Ta?3 )

where Mayer!7 recommends Cg' = 21 based on measurements
of Weiss and Worsham.20 This expression was adopted for the
JANNATF liquid rocket performance code although it became
evident that Cg' had to be varied over an order of magnitude to
achieve reasonable predictions for various injector systems.”
Adelberg!8 developed a primary breakup expression along the
same lines as Mayer!7 but suggests Cp’ = 45, which represents
one of many subsequent variations Cg' to match limited ranges
of particular data sets, as noted earlier. In particular, it is
probable that the data used to fit Eq. (2) by both Mayer!7 and
Adelberg!8 was influenced by secondary breakup, since the
measurements were made far from the injector within the dilute
portions of sprays.

In contrast to the theories,!4-18 which do not consider
effects of liquid vorticity, most measurements of the near
injector properties of dense sprays have exhibited strong effects
of liquid flow properties at the jet exit.1-48.21-24 In particular,
Phinney?! finds that transition between the wind-induced and
atomization breakup regimes is affected by the presence of
liquid turbulence at the jet exit.8 The degree of flow
development at the jet exit was also found to influence initial
mixing rates of liquid jets in gases, with fully-developed
turbulent pipe flow yielding much faster mixing rates than
nonturbulent slug flows.!# This must involve effects of liquid
turbulence on primary breakup, since this process controls the
initial dispersion of liquid. Additionally, visualization of the
flow by Hoyt and Taylor22-24 indicated very little effect of
relative velocities on the initial breakup for a fixed jet exit
velocity, completely contradicting properties anticipated from
the primary breakup theories. This implies that liquid vorticity
within boundary layers developing in the nozzle passage
dominates primary breakup very near the jet exit, which is
plausible because of the importance of liquid vorticity due to the
large density ratio of liquid/gas mixing layers. Finally,
measurements of drop size distributions after primary breakup
for water jets in room air, at a single relative velocity, showed a
much larger SMD for turbulent pipe flow than for nonturbulent
slug flow.3 Thus, experiments exhibit a variety of features that
are not anticipated by existing models of primary breakup,
however, the existing measurements are far too limited, water in
room air at a single relative velocity,3 to provide an adequate
evaluation of predictions and needed direction for new
development of theory.

The successful development of holography techniques
to provide observations of primary breakup properties within
liquid/gas mixing layers provides a means of addressing this
gap in the literature.2.3 Thus, the objective of the present
investigation was to observe primary breakup using pulsed
holography, to exploit the results to evaluate existing
theories,4-18 and to develop alternatives where necessary. The
experiments involved relatively large diameter nonevaporating
liquid jets (5.0 and 9.5 mm) injected into still room air with
nonturbulent slug flow at the jet exit. This provided a relatively
long multiphase mixing layer so that jet exit disturbances could
decay to reveal the fundamental evolution of primary breakup

properties with position within the mixing layer. Various
liquids (water, n-heptane and glycerol solutions) and jet exit
velocities were considered in order to examine the effect of a
wide range of liquid damping and aerodynamic properties.

The paper begins with a brief description of
experimental methods. Results are then described considering
flow visualization and primary breakup properties in turn.

Experimental Methods
Apparatus

The objective of the measurements was to resolve
effects of liquid properties and relative velocities on primary
breakup within multiphase mixing layers. Additionally, good
optical access was a prime consideration. Thus, the test flows
involved injection of modest amounts of liquid, to control costs,
into still air at room conditions, to avoid optical distortion due to
windows. The arrangement also accommodated large injector
pressure drops (up to 35 MPa) so that a wide range of relative
velocities across the mixing layer (up to 300 m/s) could be
examined.

Figure 1 is a sketch of the injector system. The test
liquid is placed within an accumulator having the jet nozzle
passage at the bottom. Premature liquid outflow is prevented
by placing a cork in the nozzle exit. The liquid is then forced
through the nozzle, ejecting the cork at the start of the flow, by
admitting high pressure air to the top of the accumulator through
a solenoid actuated valve. A piston within the accumulator,
sealed along its sides, prevents mixing between the air and the
test liquid. The piston is hydraulically cushioned at the end of
its travel in order to reduce shock and vibration of the
apparatus. After venting air from the top of the piston, it is
returned to the top of the accumulator so that the system can be
refilled with liquid. The cork closure in the nozzle exit allowed

the liquid to be filled from the bottom of the accumulator while
venting trapped air from just below the piston face.

The high pressure air is supplied from a pressure
intensifier that also serves as the air storage system for the
accumulator. The laboratory air supply system can be used to
charge the accumulator and no pressure intensification is needed
for injection pressures up to 17 MPa. For higher pressure
drops, air is first vented into the pressure intensifier to the
maximum supply pressure with only a small quantity of oil in
the bottom. Oil is then pumped into the bottom of the
intensifier, reducing the gas volume and increasing the gas
pressure to the desired level. The system is then sealed prior to
execution of a test. At the end of operation, the oil is vented
from the pressure intensifier and the filling process is repeated
for the next test.

The piston has a diameter of 64 mm and a stroke of 200
mm, yielding a liquid sample size of roughly 600 m2 . Testing
was limited to 5.0 mm diameter slug flow at the jet exit. The
coniraction section of the nozzle was designed according to
Smith and Wang25 to provide a uniform velocity across the exit,
aside from boundary layers along the walls of the passage.
Detailed measurements of jet exit properties have not been made
but turbulence levels are expected to be low due to the relatively
quiescent conditions at the start of contraction and the large
nozzle contraction ratio (roughly 100:1).26 Injection is
vertically downward with the liquid captured in a baffled tub
and then discarded. Instrumentation is mounted rigidly;
therefore, various positions in the flow are studied by moving
the injector with positioning accuracies of 5 um in the horizontal
direction and 0.5 mm in the vertical direction.

Total times of injection were 230-1140 ms. These
relatively short time periods were not problematical, however,



because flow development times are short for the near-injector
region of the mixing layer, roughly 4-30 ms. Additionally,
measurements are made using flash photography and pulsed
holography which require times less than 1-2 us for data
accumnulation.

Instrumentation
Pressure Measurements. Apparatus performance was

monitored by pressure measurements at the inlet of the
accumulator using a piezoelectric transducer (Kistler Corp.,
Model 211B2) whose output was recorded with a digital
oscilloscope (LeCroy, Model 9400A).

Injector performance for a given liquid and accumulator
pressure was tested using an impact plate. This involved a
rectangular plate (125 x 175 mm) whose center coincided with
the injector axis, located 25 mm from the jet exit. A
piezoelectric pressure transducer and oscilloscope, identical to
the arrangement used to measure the accumulator pressure,
were used to measure the impact pressure at the center of the
plate. The measured stagnation pressure difference then yielded
the mean jet exit velocity as follows: Uy = (2Ap/pp1/2.

I . Flash photography was used to
observe the overall appearance of the flows. The photographs
were obtained in a darkened room with an open camera shutter,
with the exposure time limited by the flash duration. The light
source was a Xenon Corp. high intensity micropulse system
(Model 457A), which can provide up to a 10 J light pulse with a
duration of roughly 1 pus. A 4 x 5 Speed Graphic camera was
used to record the image, loaded with Polaroid type 57 black-
and-white film (ASA 3000). The sprays were photographed in
100 mm long sections in order to provide reasonable spatial
resolution.

Hglgg;aghy. A single-pulse holography system, similar
to earlier work,23 was used to measure grrog s)ilzeydistributions.
An off-axis arrangement was used, based on the Spectron
Development Laboratories Model HTRC-5000 system, with an
angle of 28° between the object and reference beams. Adequate
spatial resolution and sufficient light intensity to penetrate the
spray was provided by reducing the diameter of the object beam
through the spray and then expanding it (7-8:1) back to the
same diameter (85 mm) as the reference beam when the two
signals were optically mixed to form the hologram. The
holograms were generated by a ruby laser that deposited 50 mJ
in roughly 20 ns. This effectively stopped the flow so that
objects as small as 5 um in diameter could be measured. The
holograms were obtained in a darkened rooin using AGFA
8E75HD-NAH unbacked holographic film plates having a 100
x 125 mm format.

The holograms were reconstructed using a 15 mW
HeNe laser beam that was expanded to a diameter of 50 mm to
provide a real image of the spray in front of the hologram. The
properties of the reconstructed spray were observed with an
MTI Model 65 video camera with optics to provide a field of
view of 1.4 x 1.6 mm. Computer controlled x-y traversing of
the hologram (1 um resolution) and z traversing of the video
camera (5 pm resolution) allowed observation of the entire
object field. The video image was analyzed using a Gould
FDS5000 image processing system. Reference pins of known
size and location near the edge of the object field provided direct
calibration of distances on the reconstructions.

Drops and other ellipsoidal objects were sized by
measuring their maximum and minimum diameters through the
centroid of the image. Assuming ellipsoidal shapes, the

diameter of these objects was taken to bc3 the giameter of an
ellipsoid having the same volume, i.e., d. =d_.d . The
. . min-max". |
shape of the object was also characterizfd by its ermpncny,
defined as ep = dmax Mdmin. This approach was not feasible,
however, for irregular liquid elements or in cases where the
centroid was not located within the boundaries of the image.
Then, the crossectional area and perimeter of the image were
measured and the maximum and minimum diameters of an
ellipsoid having the same crossectional area and perimeter were
computed. Given these parameters, the effective diameter and
ellipticity were found in the same manner as for drops. The
results at each condition were summed, considering 20-400
elements, to provide drop size distributions, mass median
diameter (MMD), Sauter mean diameter (SMD) and the volume-
averaged ellipticity, ep.

Experimental uncertainties were generally dominated by
finite sampling limitations, since there are relatively few large
drops after primary breakup, rather than resolution of liquid
element properties from reconstructed holograms. Within the
limitations of the definitions of liquid element sizes and
ellipticities, which are difficult to quantify, estimates of
experimental uncertainties (95 percent confidence) are less than
15 percent for MMD, SMD and volume averaged ellipticity.
Uncertainties of drop size distributions are best considered in
the context of particular size distribution functions; therefore,
these uncertainties will be taken up later.

Test Conditi

Test conditions are summarized in Table 1. A series of
holograms for the region along the liquid surface were available
from Ruff et al.;2-3 and were used to provide results for an
injector diameter of 9.5 mm. The remainder of the
measurements were obtained with the present apparatus that had
a jet exit diameter of 5.0 mm. Both injectors involved
nonturbulent slug flow at the jet exit.

Test liquids included water, n-heptane, and various
glycerin/water mixtures (21, 42 and 63 percent glycerin, by
mass). This provided the following ranges of fluid properties:
liquid/gas density ratios of 575-975, liquid viscosities of 3.97-
108.3 x 10-4 kg/ms, and surface tensions of 2.00-7.08 x 10-2
N/m. These fluid properties were verified by measuring liquid
densities using a hydrometer (Fisher model 11-582, 0.1 percent
accuracy), liquid viscosities with a Cannon/Fenske viscometer
(Thomas model 9721, 3 percent accuracy) and surface tensions
with a ring tensiometer (Fisher model 20, 1 percent accuracy).

Jet exit velocities were in the range 16.5-133.8 my/s,
which was sufficient to resolve relative velocity effects without
significant uncertainties due to temperature variations from
compressibility effects. This yielded ranges of jet dynamic
parameters as follows: Regg of 17,000-750,000, Wegd of 94-
1520 and Oh of 0.00109-0.0181. All test conditions involved
Wegg >> 8 and Wegq > 40.3, so that they were well into the
atomization breakup regime defined by Miesse!2 and Ranz.13
According to this classification, the multiphase mixing layer
should begin right at the jet exit, however,, transition to
atomization breakup was also affected by the state of flow
development at the jet exit, similar to earlier observations.!
Thus, some test conditions were in the wind-induced breakup
regime, as noted later, where breakup occurs in a multiphase
mixing layer that begins at some distance from the jet exit. This
deferred transition to atomization breakup was caused by the
relatively low levels of flow development and turbulence at the
jet exit due to the present slug flow injector design.




Results and Discussion
Flow Visyalization

Flash Photography. There were significant differences
in the appearance of the flow due to variations of jet exit

velocities and liquid viscosities. The latter effect could be
broken down into two classes: low viscosity liquids like water
and n-heptane, and high viscosity liquids like the glycerol
mixtures. Figures 2 and 3 are representative flash photographs
near the jet exit for the low (water) and high(63 percent
glycerol) viscosity liquids. The region extending up to 65 mm
from the jet exit is illustrated for progressively increasing
velocities. All these conditions are representative of the
atomization breakup regime.

The photographs for the low viscosity liquid (Fig. 2)
exhibit progressively increasing flow widths with increasing
distance from the jet exit and with jet exit velocity. Growth
with respect to distance from the jet exit is expected as the
phases continue to mix and drops in the multiphase mixing layer
have more time to disperse into the ambient gas. However, the
rate of dispersion is somewhat more rapid near the jet exit than
farther downstream. Coupled with evidence to be discussed
later, this is felt to be due to vorticity generated in the boundary
layer along the walls of the injector passage. In particular, the
passage is much more effective for retarding the flow at the
periphery of the jet than the gas. Thus, it is not unexpected that
flow properties near the jet exit differ from positions farther
downstream after the initial vortical liquid has undergone
primary breakup. Trends with respect to velocity would not be
anticipated for single phase jets at these Reynolds numbers,
where jets exhibit similarity as a function of r/x, see Ref. 10 and
references cited therein. However, this behavior is not
unexpected in multiphase jets due to effects of separated flow.
In particular, larger relative velocities should yield smaller drop
sizes after both primary and secondary breakup with the
resulting smaller drops dispersing more rapidly in the radial
direction due to reduced effects of separated flow.10.11  The
less mottled appearance of the flow at higher relative velocities
seen in Fig. 2 suggests the presence of larger numbers of
smaller drops, at least in the visible region near the flow edge.
in accord with these expectations.

Results for the high viscosity liquids (Fig. 3) are similar
to the low viscosity liquids with respect to general trends with
increasing distance from the jet exit and relative velocities.
However, in this case differences in behavior from points near
the jet exit to points farther downstream are more evident. In
particular, streamers of liquid penetrate unusually far into the
surroundings yielding almost a bulge in the visible boundary of
the jet near the jet exit. This behavior also is consistent with
effects of boundary layer growth in the injector passage. In
particular, increased liquid viscosity causes increased boundary
layer growth in the injector passage with the increased region of
vortical liquid providing a greater propensity for breakup of the
liquid once the lateral restraint of the passage ends at the jet exit.
Additionally, this behavior is consistent with past observations
of more rapid mixing of liquid jets in gases as the degree of

flow development at the jet exit increases.!:4-21

Holography. The hologram reconstructions also exhibit
effects of liquid viscosity and streamwise distance on the
properties of primary breakup. Typical examples for low
(water) and high (glycerol, 63 percent) viscosity liquids are
illustrated in Figs. 4 and 5. Results are illustrated at x/d
representative of near-injector, transition and conditions
approaching the region where effects of initial liquid vorticity
are not very significant (ca. x/d = 50). The region pictured is
near the liquid surface, which can be seen at the right hand side
of each photograph. These photographs were obtained directly
from the video monitor of the image analysis system and
involve fields of view of roughly 1.5 x 1.5 mm. A difficulty

with photographing reconstructions in this manner is that only a
few objects are completely in focus due to the limited depth of
field of the video camera. In Figs. 4 and 5, the focus has been
set to provide a reasonably clear image of the liquid surface and
prominent ligaments projecting from the surface.

The hologram reconstructions of the low viscosity liquid
(Fig. 4) clearly show the streamwise evolution of primary
breakup and surface wave structure. Near the jet exit, the
density of ligaments leaving the surface is relatively large with
distances between ligaments comparable to the wavelength of
disturbances along the surface. The flow then evolves to longer
wavelength disturbances along the surface with ligament sizes
remaining similar to those at the jet exit but with a reduced
density of ligaments leaving the surface. The near injector
region suggests behavior somewhat like the turbulent breakup
mechanism observed for fully-developed turbulent pipe flow at
the jet exit, where liquid element sizes near the surface are
comparable to the integral scale of the liquid turbulence.3 In the
present case, the comparable vortical region of the liquid would
be the boundary layer thickness at the jet exit. Farther
downstream, however, the disturbances of the liquid surface are
more on the scale of the jet exit diameter and may be the result
of helical instability of the jet along the lines of the observations
of Hoyt and Taylor.23 In this region, ligament diameters are
significantly smaller than the wavelength of the surface waves,
suggesting that they are due to the stripping action of the gas
flow over the tips of the largest surface waves.

The hologram reconstructions for the viscous liquid
(Fig. 5) are qualitatively similar to the low viscosity liquid.
Near the jet exit, surface wavelengths are relatively short and
the ligaments are dense and have comparable dimensions.
Farther downstream, surface wavelengths become longer,
comparable to the jet exit diameter, with generally smaller
ligament dimensions. In this case, however, the ligaments
become very long which causes the streamer-like behavior seen
in the flash photographs of Fig. 3. This suggests somewhat
thicker regions of liquid vorticity both near the jet exit due to
boundary layers along the injector passage walls as well as
along the surface of waves farther downstream. This behavior
is consistent with larger thicknesses of vortical regions near the
liquid surface as the liquid viscosity increases for comparable
relative velocities across the mixing layer.

Drop Size Distributions

Ruff et al.3 studied drop size distributions both along
the liquid surface after primary breakup, and across the mixing
layer presumably after secondary breakup. These
measurements were carried out for both slug flow and fully-
developed turbulent pipe flow at the jet exit — the latter
condition yielding a turbulent primary breakup mechanism
whose properties were correlated with liquid turbulence
properties rather than potential aerodynamic effects.
Nevertheless, drop size distributions for all these conditions
were represented reasonably well by a universal root normal
distribution proposed by Simmons2? based on extensive
observations in the dilute region of a variety of sprays. Since
this assessment was limited to a single jet exit diameter and
relative velocity for water injection in air, however, it was of
interest to extend the evaluation to the broader range of primary
breakup conditions of the present tests.

Drop size distributions measured after primary breakup
during the present tests are plotted in Fig. 6. Results are shown
for all liquids and relative velocities used, plotted in terms of the
universal root normal distribution of Simmons.2? The results
involve a variety of distances from the jet exit but streamwise
distance did not affect the nature of the distribution and is not
indicated in order to reduce cluttering of the plots. The root
normal distribution has two parameters, one of which can be
taken to be the SMD while the other is the MMD/SMD ratio.



Simmons27 recommends MMD/SMD = 1.2; therefore, root
normal distributions in this range are also shown on the plot.

Similar to the findings of Ruff et al.3 the root normal
distribution with MMD/SMD = 1.2 yields an excellent
correlation of the present measurements, except for a few
outlying points. Firmly establishing drop size distributions
requires sizing a large number of drops,3:6 which is difficult for
primary breakup because the drops are generally large and not
very numerous. Thus, the outlying points seen at larger
diameters in Fig. 6 are primarily due to insufficient numbers of
drops in the distributions for some test conditions. Taking all
the results as a whole, however, it was found that MMD/SMD
= 1.18 with a 95 percent confidence interval of 1.14-1.22 so
that Simmons' recommended value is within the range of the
present measurements. This is very helpful because the entire
drop size distribution can be related to the SMD in a simple
manner. Thus, the following results concerning drop sizes after
primary breakup will be discussed in terms of SMD.

SMD of Primary Breakup

In view of the effects of distance from the jet exit on
flash photography and hologram visualizations, the first
primary breakup property that was studied quantitatively was
the variation of SMD with distance from the jet exit. Results for
slug flow jet exit conditions from both Ruff et al.3 and the
present tests are illustrated in Fig. 7. Overall, these results

include all the test liquids, grouped into several jet exit
velocities.

It was found that SMD tended to increase with
increasing distance from the jet exit and then approached a
regime where the rate of increase was relatively slow. This
latter region will be termed the fully-developed primary breakup
regime in the following. Approach to fully-developed
conditions was slower for the more viscous liquids, which also
had more extended regions of high surface density ligament
formation near the jet exit, see Figs. 4 and 5. Thus, Fig. 7
involves plots of SMD normalized by the fully-developed value,
SMDeEp, as a function of the Reynolds number based on
distance from the jet exit and liquid properties, Regy.

Results illustrated in Fig. 7 show a progressive increase
of SMD with Reyy, as discussed earlier. The data is relatively
limited,however, fully-developed primary breakup conditions
are reached for Regy on the order of 106, This corresponds to
conditions where boundary layers typically undergo transition
to turbulent flow.28 However, the appropriate relative velocity
and transition conditions for boundary layers along free
surfaces and walls are not the same so that more study is needed
to determine the relationship between the fully-developed
primary breakup regime and turbulence in the liquid. For low
viscosity materials, like water and n-heptane, fully-developed
conditions are reached relatively close to the jet exit. However,
for the most viscous glycerol solutions, virtually the entire
region where observations are made (x/d < 50) was in the
development regime. This behavior suggests a close
relationship between the development of vorticity in the liquid
and processes leading to primary breakup, which is consistent
with the strong effect of the degree of initial flow development
on mixing rates.!# Certainly a uniform liquid flow region is
not expected to yield conditions required to eject liquid as
ligaments from a liquid surface. Instead, a region of vorticity
near the surface, having a thickness controlled by boundary
layer growth rates, is a better setting for ligament formation,
with the thickness of this layer tending to control ligament size.

Thus, increases of SMD with increasing Refx seem quite
plausible.

A second feature observed in Fig. 7 is that SMD still
varies somewhat in the fully-developed primary breakup
regime. Two effects could be responsible for this behavior:
reduced relative velocities near the liquid surface and increased
wavelengths of surface waves as distance from the jet exit
increases. First of all, measurements of mean velocity
distributions within the multiphase mixing layer show
progressively increasing gas velocities along the liquid surface
with increasing distance from the jet exit.2:3 Naturally, the
resulting reduced relative velocities in the vicinity of the liquid
surface would tend to increase drop sizes after primary breakup,
if not eventually ending primary breakup by aerodynamic
surface breakup mechanisms entirely. The second effect relates
to the wavelength of liquid surface disturbances which were
observed to increase with increasing distance from the jet exit
during the present study. Hoyt and Taylor?3 also observe a
slow but progressive increase of the wavelength of surface
disturbances with increasing distance from the jet exit of liquid
jets in gases for similar helical type surface waves. In this
case, longer wavelengths would be expected to yield larger drop
sizes after primary breakup by any of the mechanisms advanced
thus far.13-18

In view of these observations, the transition from near
injector to the fully-developed primary breakup regime may
largely represent the end of breakup conditions affected by the
presence of boundary layers along the passage walls at the jet
exit. Thus, further consideration of primary breakup will be
limited to the fully-developed regime to avoid uncertainties
about affects of the degree of flow development at the jet exit,
which are likely to be apparatus-dependent.

Fully-Developed Primary Breakup

A correlation of SMD after primary breakup in the
fully-developed regime was sought based on the existing
theoretical correlations of Taylor,14 Levich,15 Mayer17 and
Adelberg.18 All these approaches yield Wegsmp as a function
of Ta after primary breakup; therefore, a correlation of present
measurements was sought as a function of these variables. The
present measurements, those of Ruff et al., 2.3 and the
theoretical correlations are plotted in this manner in Fig. 8. The
Taylor!4 and Levich!5 correlations are identical at small Ta,
yielding Eq. (1), and have been fitted to the measurement of

Ruff et al.2.3 in that regime for the purposes of illustration. The
limit of primary drop breakup proposed by Levichl5 has been
illustrated at Ta = 1, although only this order of magnitude was
proposed. The correlations of Mayer!7 and Adelberg!8 follow
Eq. (2), with appropriate values of Cy. The measurements
illustrated in Fig. 8 are limited to the fully-developed region.

Clearly, none of the theoretical expressions illustrated in
Fig. 8 provide a successful correlation of the measurements. In
particular, for a given liquid in air, Ta varies primarily with
variations of U arJ the theoretical expressions do not yield the
correct velocity dependence of SMD after primary breakup. For
example, SMD ~ u-2 and u-4/3 for the aerodynamic and
sheltered wave growth theories, while the measurements:
generally yield SMD ~ u-0-8_ This difference has serious
ramifications concerning the relative importance of secondary
breakup and collisions in dense sprays and multiphase mixing
layers. For example, Reitz and Braccol® estimate very small
drop sizes after primary breakup by applying the aerodynamic
breakup theory of Taylor!4 to the test conditions used by
Hiroyasu et al.29 The result implied that collisions within the
dense spray region must be important in order to obtain drop
sizes that were actually measured in the dilute portions of the
spray. In contrast, the relatively low velocity dependence of the
present measurements would imply significant effects of
secondary breakup in the same flow. Other evidence to be




discussed later suggests that this behavior is general so that the
change in sensitivity of primary breakup to changes in velocity
implies that dense sprays and multiphase mixing layers are more
likely to be dominated by secondary breakup than collisions, the
conventional view of liquid breakup,> unless impinging liquid
streams are considered.

Another difficulty with the correlations illustrated in Fig.
8 is that they do not accommodate effects of changing liquid
properties. In particular, progressively increasing the liquid
viscosity, by adding glycerin to water, causes nearly parallel
shifts of the WegsMp plots to higher values of Ta, but still
having the same velocity dependence.

An alternative view of primary breakup yielded a more
successful correlation of present measurements. The general
nature of the approach is illustrated in Fig. 9 where ligament
formation from a surface wave is illustrated. The reference
frame taken in the figure is with respect to the wave, assuming
that the relative velocity of the liquid and wave velocity are
roughly the same. Then the relative motion causes a boundary
layer to develop on the windward side of the wave and it is
implied that drop sizes after primary breakup are comparable to
the thickness of the boundary layer as it reaches the tip of the
wave, i.e., that liquid is stripped from the tip of the wave,
controlling its growth. This is plausible because the liquid in
the bulk of the slug flow has no vorticity and cannot be
deflected so that it leaves the liquid phase as a ligament. For
present test conditions, wavelengths of disturbances along the
surface in the fully-developed primary breakup regime were
comparable to the initial jet diameter, and were probably helical
waves as noted earlier. Then assuming that the SM D after
primary breakup is proportional to the thickness of the surface
boundary layer, that the distance that the boundary layer grows
is proportional to the jet exit diameter, that the relative velocity
of the layer scales as U, and that the surface boundary layer is
laminar, there results

SMD/d = Cp"/(p@od/p!? 3
where Cg" is an empirical constant involving the various
proportionality factors. It is convenient to rearrange Eq. (3) so
that WegsMp is introduced because this simplifies comparison
with the earlier theoretical correlations and the evaluation of
secondary breakup effects. Completing this rearrangement
yields:

Wegsmp = Cp"Wegd/Regg!?2 C)]

Present measurements in the fully-developed primary
breakup regime are plotted in terms of the variables of Eq. (4) in
Fig. 10. The correlation of the data for all liquids, the full range
of velocities and jet diameters of 5.0 and 9.5 mm is seen to be
remarkably good. The slope of the correlation in terms of
Wegd/Regg!/2 is not unity as suggested by Eq. (4), however,
and can be represented better by the following empirical fit
which is shown on the plot:

WegsMp = 16(Wegq / Regg!/2)0-82 (5)

The standard deviations of the coefficient and power in Eq. (5)
are 6 and 4 percent, respectively, with the correlation coefficient
of the fit being 0.96. The reduction of the exponent of
Wegd/Regg!/2 from unity in Eq. (4) to 0.82 in Eq. (5) is
statistically significant but is not large in view of the qualitative
nature of the development of the correlation. Equation (5)
implies that SMD ~ @1o-0-77 which is roughly the velocity
dependence observed for each liquid.

The reasonably good performance of Eqs. (4) and (5)
suggests that wave growth properties determine the dimensions
of surface waves but that boundary layer growth along the
windward side of the wave controls drop dimensions after
primary breakup. This picture is consistent with present
observations that drop sizes after primary breakup were
significantly smaller than surface wavelengths in the fully-
developed regime because boundary layer thicknesses are
generally much smaller than their length of development. This
behavior is analogous to stripping-type secondary breakup of
drops, where liquid boundary layers developed on the
windward side of the drop, and ejecting into the gas phase at the
drop periphery, have provided successful correlations of drop
breakup times.30 The importance of liquid vorticity for primary
breakup is also consistent with differences observed between
primary breakup near the jet exit and the fully-developed region,
as well as differences between primary breakup for
nonturbulent slug flow and fully-developed turbulent pipe flow
at the jet exit, discussed earlier.

It is also of interest to consider the potential for
secondary breakup based on the results of Fig. 10 and the

universal root normal size distribution of Simmons.27 First of
all, it is generally agreed that drops are unstable to secondary
breakup when their Weber number, Wegp, exceeds a critical

value, as follows:3.9

where Eq. (6) has been written assuming that the relative
velocity of large drops subject to secondary breakup is equal to
the relative velocity of the mixing layer, based on the results of
Ruff et al.2.3 Now the universal root normal distribution
implies that drop sizes within three standard deviations of the
mean have the diameter range 0.098 < dp/SMD < 3.5, and
contain 99.7 percent of the spray mass. This information,
combined with Eq. (6), means that WegsMp = 1.8 and 66
define limiting conditions where virtually no drops or all drops
undergo secondary breakup.

The limits of secondary breakup are shown in Fig. 10
along with the primary breakup correlation. Noting that it is
difficult to remain in the atomization breakup regime for values
of Wegd/Refd‘/2 much lower than the present test range, it is
evident that most sprays involve significant levels of secondary
breakup. Additionally, as jet velocities increase, a
progressively larger fraction of the drops undergo secondary
breakup. Thus, at high relative velocities, approaching
conditions where the locally-homogeneous flow approximation
is appropriate,3:11 secondary breakup becomes a dominant
mechanism within multiphase mixing layers.

Another effect of secondary breakup is that it tends to
make Weggmp more nearly constant as relative velocities
change than is the case for primary breakup, correlated by Eq.
(5). This helps explain the durability of primary breakup
correlations like Eqs. (1) and (2) with their strong effect of
relative velocity on the SMD, i.e., any contamination of the
measurements by secondary breakup helps support the trends of
these relationships. Since past measurements of drop sizes
were carried out after the sprays became dilute, it is probable
that they involved significant levels of secondary breakup.
Additionally, the results of secondary breakup do not depend on
the jet diameter, which also helps explain the weak, or absent,
jet diameter effects seen in early correlations of primary
breakup.14-18  Finally, present measurements in the fully-
developed primary breakup regime were obtained at some
distance from the jet exit, providing an opportunity to convect
smaller drops from primary breakup near the jet exit, as well as
drops having undergone secondary breakup, into the region of
the measurements. This could explain the smaller power of



Wegd/RCdez seen in the empirical correlation of the data, Eq.
(5), than expected from Eq. (4).

onclusions

Primary breakup within the multiphase mixing layer of
the near-injector region of large-scale pressure-atomized sprays
was studied, considering nonturbulent slug flow at the jet exit.
The major conclusions of the study are as follows:

1. Drop size distributions after primary breakup in the
mixing layer approximate Simmons' universal root
normal distribution with MMD/SMD = 1.2, and can be
characterized by a single parameter, e.g., the SMD.

2. The SMD after primary breakup tended to increase with
increasing distance from the jet exit and then approach
nearly constant values in a fully-developed primary
breakup regime for Regy greater than roughly 100, This
transition process and SMD near the injector, however,
are probably apparatus-dependent because liquid
vorticity tends to dominate processes of primary
breakup due to the large liquid/gas density ratios of
sprays.

3. Existing correlations of SMD after primary breakup
based on unstable wave growth — due to Taylor,14
Levich,!5 Mayer!7 and Adelberg!8 — were ineffective
for correlating the present measurements. The main
deficiencies were substantial overestimation of the rate
of reduction of drop sizes with increasing relative
velocities, and an inability to correctly treat effects of
changes of liquid viscosity.

4. A reasonably good correlation of SMD in the fully-
developed primary breakup regime — for various
liquids, injector diameters and relative velocities — was
achieved using Eq. (5). This expression was based on
stripping-type breakup due to boundary layer growth
within the liquid along the windward side of surface
waves — somewhat analogous to stripping-type
secondary breakup of drops.

5. The SMD and drop size distributions after primary
breakup imply that most drops are subject to secondary
breakup — more so as the parameter Wegq/Regq!/2
increases. This means that secondary breaéup, rather
than collisions, is a major mechanism within multiphase
mixing layers unless the flow involves impinging liquid
jets.

Present results were limited to a small range of
liquid/gas density ratios and particular slug flow injector
designs: effects of density ratio and initial liquid vorticity
conditions merit additional study as important variables
affecting primary breakup properties. Furthermore, primary
breakup near the end of the multiphase mixing layer should
differ from present observations in the fully-developed primary
breakup regime, due to the evolution of gas phase velocity
distributions and instability (flapping) of the liquid core;
therefore, primary breakup in this region deserves attention as
well.
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various jet exit velocities.
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