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Surface Properties During Primary Breakup
of Turbulent Liquid Jets in Still Air

K. A. Sallam¤ and G. M. Faeth†

University of Michigan, Ann Arbor, Michigan 48109-2140

The formation of ligaments and drops at the liquid surface during primary breakup of turbulent liquid jets in
still air, that is, during turbulent primary breakup, was studied experimentally using pulsed shadowgraphy and
holography. Experimental conditions included round and plane (the latter actually being annular with a large
aspect ratio) turbulent liquid jets in still air at normal temperature and pressure for noncavitating water and
ethanol � ows, long length/hydraulic-diameter (greater than 40:1) injector passages to provide fully developed
turbulent pipe � ow at the jet exit, jet exit Reynolds numbers of 6 ££ 103–4:24 ££ 105 , jet exit Weber numbers of
200–300,000, and liquid/gas density ratios of 690 and 860 at conditions where direct effects of liquid viscosity
were small (for example, jet exit Ohnesorge numbers were smaller than 0.0053). Measured properties included
liquid surface velocities, conditions at the onset of ligament and drop formation, ligament and drop sizes along
the surface, and ligament and drop velocities along the surface and rates of drop formation along the surface.
Simpli� ed phenomenological theories were used to help interpret and correlate the measurements.

Nomenclature
A` = ligament projected area
b = annulus width
C`i = coef� cient of the d`i correlation
C`x = coef� cient of the d`.x/ correlation
Cs = coef� cient of the Sauter mean diameter at onset

of drop formation (SMDi ) correlation
Csx = coef� cient of the SMD(x) correlation
Cxr = coef� cient of the .xi ¡ x`i /=.u0tr i / correlation
d = round jet exit diameter
dh = jet exit hydraulic diameter
d` = ligament effective diameter; Eq. (1)
d`i = d` at onset of ligament formation
La = aerodynamic ligament breakup length
L c = mean ligament breakup length
L ` = ligament length at breakup
Pm 00

f = mass � ux of drops relative to surface
Oh f d = jet exit Ohnesorge number, ¹ f =.½ f dh¾/1=2

Re f d = jet exit Reynolds number, ½ f u0dh=¹ f

Re f ` = ligament Reynolds number, ½ f u`d`=¹ f

ta = aerodynamic ligament breakup time
t`i = ligament breakup time at onset of ligament formation
tr = Rayleigh breakup time of a ligament of diameter d`

tr i = Rayleigh breakup time at onset of drop formation
u` = velocity along ligament axis
Nus = mean streamwise surface velocity
u0 = average streamwise velocity at jet exit
Qu = mass averaged streamwise drop velocity
v`i = velocity of characteristic eddy at onset

of ligament formation
Qvr = mass average cross stream drop velocity relative

to surface
Nv 0
0 = average rms cross stream velocity � uctuation

at jet exit
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v¸ = characteristicvelocity of eddy of size ¸
v¸i = characteristicvelocity of eddy of size ¸i

We f d = jet exit Weber number based on dh , ½ f u2
0dh=¾

We f ` = Weber number based on ligament properties,½f u2
`
d`=¾

We f 3 = jet exit Weber number based on 3, ½ f Nu2
03=¾

x = streamwise length from jet exit
xi = streamwise length to initiate drop formation
x`i = streamwise length to initiate ligament formation
± = initial amplitude of a disturbance
" = surface ef� ciency factor; Eq. (37)
3 = cross stream integral length scale, dh=8
¸ = characteristic eddy size
¸i = characteristic eddy size at onset of ligament formation
¹ f = molecular viscosity of liquid
ºg = kinematic viscosity of gas
½ f = liquid density
½g = gas density
¾ = surface tension
Á = ligament angle

Introduction

D ROP formation along the surface of turbulent liquids in either
still or slow moving gases, called turbulent primary breakup,

is the mechanism of spray formation during a variety of indus-
trial and natural processes, for example, spray atomization, chutes,
spillways, plunge pools, hydraulic jumps, ship bow waves, ship
wakes, breaking waves, whitecaps, and waterfalls, among others.
The mechanism of turbulent primary breakup was identi� ed during
the early � ow visualization studies of De Juhasz et al.1 and Lee
and Spenser.2;3 Subsequent studies due to Schweitzer,4 Grant and
Middleman,5 Phinney,6 and McCarthy and Malloy7 con� rmed that
liquid turbulence properties at the jet exit affected jet stability, the
onset of drop formation (the onset of breakup) and spray quality
after breakup. Finally, Hoyt and Taylor8;9 showed that drop for-
mation due to turbulent primary breakup was associated with the
formation of ligaments along the liquid surface and that aerody-
namic effects were generally of secondary importance for turbulent
primary breakup at the surface of turbulent liquids in still or slowly
moving air at normal temperature and pressure (NTP).

Subsequentstudiesof turbulentprimarybreakupwere undertaken
in this laboratoryas follows:Studies at the surfaceof turbulentround
liquid jets in still gases are due to Ruff et al.,10¡12 Tseng et al.,13 Wu
et al.,14 Wu and Faeth,15 Wu et al.,16 Wu and Faeth,17 and Sallam
et al.18 Studies at the surface of turbulentannular (nearlyplane)wall
jets in still gases are due to Dai et al.19;20 Studies at the surface of
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turbulent annular (nearly plane) freejets are due to Sallam et al.21

During these studies, pulsed shadowgraphy and holography were
used to measure the properties of turbulent primary breakup due
to the capabilities of these techniques to resolve the properties of
irregularly shaped drops within the dense sprays, caused by turbu-
lent primary breakup along the surface of turbulent liquids in still
gases, as follows: Aerodynamic effects were small for liquid/gas
density ratios greater than 500 (typical of injection of liquids into
air and other light gases at NTP), except far from the jet exit where
turbulent primary breakup and secondary breakup occur at com-
parable times and tend to merge.15 Drop size distributions after
turbulent primary breakup satis� ed the universal root normal dis-
tribution of Simmons22 and are completely de� ned by the Sauter
mean diameter (SMD) (i.e., the diameter of a drop having the same
surface-area/volume ratio as the spray as a whole). Drop velocities
after turbulent primary breakup were independent of drop size and
were simply related to mean and rms � uctuatingvelocitiesof the liq-
uid at the jet exit. The SMD of dropsafter turbulentprimarybreakup
progressivelyincreasewith increasingdistancealong the liquid sur-
face and could be correlatedbased on simpli� ed phenomenological
analysis. The use of hydraulic diameter concepts yielded correla-
tions of turbulent primary breakup properties that were identical
for round and annular (nearly plane) turbulent freejets. In addition,
some preliminary information was obtained about the rate of drop
formation along the liquid surface due to turbulentprimary breakup
of round free turbulent jets in still air.

The objective of the present experimental investigation was to
extend the studies of turbulent primary breakup of Refs. 10–21 us-
ing similar methods. However, rather than emphasizing the out-
comes of the process (e.g., drop sizes and velocities after turbulent
primary breakup and the length of penetration of the contiguous
liquid jet into the gas) similar to earlier work,10¡21 the present in-
vestigation emphasized liquid surface properties, particularly the
properties of the ligaments that form at the liquid surface and the
mechanism by which drops form from these ligaments during tur-
bulent primary breakup. For completeness, however, other results
are reported as well, including new information about drop prop-
erties after turbulent primary breakup, the relationship between
ligament and drop properties, and rates of drop formation along
turbulent liquid surfaces. Similar to most earlier studies of turbu-
lent primary breakup, however, present considerations were lim-
ited to turbulent primary breakup of turbulent round and annular
(large aspect ratio, nearly plane) free turbulent jets in still air at liq-
uid/gas density ratios where direct aerodynamic effects are small,
except as noted earlier. Finally, also similar to past work,10¡21 phe-
nomenologicalanalysis was used to help interpret and correlate the
measurements.

The following description of the research begins with consider-
ation of experimental methods. Results are then discussed that ad-
dress ligament characteristics,ligament breakup mechanisms, liga-
ment breakupproperties,ligamentanddrop diametersat theonsetof
ligament and drop formation, the locations of the onset of ligament
and drop formation, ligament and drop diameters as a function of
distance along the liquid surface, drop velocities at the liquid sur-
face, and drop liquid � uxes at the liquid surface based on these
velocities.

Experimental Methods
Apparatus

Pressure injection was used to feed either water or ethyl alcohol
from cylindrical storage chambers through either round or annular
nozzles located at the bottom of the chambers to form turbulent
liquid jets directed vertically downward. See Sallam et al.18 for de-
tails about the test apparatus. The annular liquid jets had aspect
ratios larger than 20:1 and were used to approximate plane liquid
jets to avoid the problems of de� ning the end effects of � nite width
plane jets. The storagechambershad the followingdimensions:The
chamber for the round nozzles had an inside diameter and length of
165 and 305 mm, respectively, whereas the chamber for the annu-
lar nozzles had an inside diameter and length of 190 and 305 mm,
respectively.All injectorshad smooth round entries to avoid the de-

velopmentofcavitating� ows and passageshavinglength/hydraulic-
diameter ratios larger than 40:1 to insure fully developed turbulent
pipe � ow at the jet exit.12;16 The core of the annular liquid jets was
well ventilated to prevent collapse of the liquid annulus beyond the
jet exit.

The chambers were pressurized with high-pressure air stored in
an accumulator having a volume of 0.12 m3 (allowing pressures up
to 1900 kPa) and admitted through a solenoid valve. A baf� e at the
air inletpreventedmixingbetween theair and the test liquid.The test
liquid was captured in a baf� ed tub. The nozzle assembly could be
traversedverticallywith an accuracyof 0.5 mm with a linearbearing
system to accommodate rigidly mounted optical instrumentation.

Liquid injectiontimes of 100–400 ms were long comparedto both
� owdevelopmenttimes (6–70ms) anddataaccumulationtimes (less
than 100 ns). Flow velocitieswere calibratedas a functionof nozzle
pressure drop by the measurement of liquid surface velocities by
the use of double-pulse shadowgraphs.

Instrumentation
Measurements were made using single- and double-pulse shad-

owgraphy and single-pulseoff-axis holography.Pulsed shadowgra-
phy was used for � ow visualization and to measure liquid surface
velocities, properties at the onset of ligament and drop formation,
and drop and ligament properties along the liquid surface. Pulsed
holographywas used to measuredrop liquid � ux distributionsalong
the liquid surfaces.

The light sources for shadowgraphy and holography were two
frequency-doubledYAG lasers (Spectra Physics Model GCR-130;
532-nmwavelength,7-ns pulseduration,and up to 300 mJ per pulse
optical energy per pulse) that could be controlled to provide pulse
separations as small as 100 ns. Images were obtained with an open
shutter under darkroom conditions so that the laser pulse duration
controlledtheexposuretime andwas shortenoughto stop themotion
of the liquid surface and drops on the � lm. Different pulse strengths
were used to resolve the directional ambiguity of the double-pulse
images.

The shadowgraphswere recordedusingPolaroidTypes 55 and 57
black-and-white � lm. Data were obtained from the shadowgraphs
by mounting them on a computer controlled x–y traversing sys-
tem (having 1000-nm spatial resolution) and observing the images
using a Sony charge-coupled device (CCD) video camera (Model
XC-77). The overall arrangement allowed objects (drops and lig-
aments) having dimensions as small as 5 ¹m to be observed and
as small as 10 ¹m to be measured with 10% accuracy. Measure-
ments of mean drop velocities were based on the motion of the cen-
troid of the drops; � nding these averages was simpli� ed, however,
because drop velocity distributionswere essentially uniform. Mea-
surement accuraciesof the velocitiesof variouspoints on ligaments
were similar to the accuracies of drop velocities.The experimental
uncertainties (95% con� dence) were smaller than 5 and 20% for
mean streamwise and cross stream velocities. Mass-averagedcross
stream drop velocities relative to the liquid surface were needed for
drop mass � ux determinations; they were found when the relative
cross stream velocities of 40–400 drops were averaged to obtain
experimental uncertainties (95% con� dence) smaller than 20%. In
all cases, experimental uncertainties were dominated by sampling
limitations.

To avoid problems of depth-of-�eld corrections,single-pulseoff-
axis holography was used to � nd drop liquid � uxes at the liquid
surface. The arrangement was based on a Spectron Development
Laboratories Model HTRC-5000 holographic camera that allowed
drops as small as 5-¹m diam to be seen and drops as small as
10-¹m diam to be measured with 10% accuracy. The holograms
were obtainedin a darkenedroomusingAGFA 8E75HD-NAH holo-
graphic glass plates having a 100 £ 125 mm � lm format. The holo-
grams were reconstructedusing a 35-mW HeNe laser with the laser
beam collimated to a 50-mm diam and passed through the hologram
to provide a real image of the spray. Analysis of the holograms was
the same as the shadowgraphs except that x–y traversing of the
hologram was supplementedby z traversing(with 5-¹m resolution)
of the video camera to allow for the three-dimensionalnature of the
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Table 1 Summary of test conditions for round freejetsa

Parameter Water Ethanol

½ f , kg/m3 997 800
½ f =½g 860 690
¹ f £ 104 , kg/m ¢ s 8.94 16.0
¾ £ 103, N/m 70.8 24.0
d , mm 1.9, 4.8, 8.0 4.8
u0, m/s 3–25 23–30
Re f d 6 £ 103–1:36 £ 105 5:7 £ 104–1:29 £ 105

We f d 200–40,000 50,000–300,000
Oh f d 0.0015–0.0024 0.0053
Lc=d 50–300 200–300

aPressure-atomized injection vertically downward in still air at 99§ 0:5 kPa and
297 § 0:5 K (½g D 1:16 kg/m3 and ºg D 15:9 mm2 /s). Round injector with a rounded
entry and a passage length-to-diameter ratio greater than or equal to 40:1.

Table 2 Summary of test conditions for annular freejetsa

Parameter Value

b, mm 1.00, 3.55, 6.75
u0, m/s 11.1–31.2
Re f d 2:5 £ 104–4:24 £ 105

We f d 3,000–151,000
Oh f d 0.00091–0.00336

aAnnular water jets in air at 100 kPa and 297§ 0:5 K. Properties of
water and air are the same as in Table 1. Annular injector with an annular
passage length-to-hydraulic-diameter ratio greater than or equal to 40:1.
Hydraulic diameter taken as 2b.

hologram reconstructions.The rate of drop formation at the liquid
surface was obtained by measurement of the volume of the drop
liquid within an annular segment de� ned by the angle between two
alignment pins (positionedoutside the spray-containingregion) and
the axis of the liquid jet, with the distance above the mean position
of the liquid surface given by the distance the drops moved at their
mean relativevelocity with respect to the liquid surface for a prese-
lected sampling time. Experimental uncertainties of the liquid � ux
measurements due to the de� nition of irregular objects as ellipsoids
are dif� cult to quantify; otherwise, 40–60 sample volumes were
evaluated to yield mean radial liquid drop � uxes with experimental
uncertainties (95% con� dence) less than 30%, mainly dominated
by sampling limitations.

Test Conditions
The experiments involvedmeasurementsof both roundand plane

(large aspect ratio annular) liquid turbulent jets. The present tests
were limited to water and ethanol injected into still air, however,
past work14¡19 concerning round freejets and annular wall jets in
still air has shown that effects of variations of liquid and gas prop-
erties can be treated effectively by the dimensionless parameters
used to summarize the present test results. Present test conditions
for round and annular freejets are summarized in Tables 1 and 2,
respectively.The Reynolds number range implies that effects of tur-
bulent primary breakupdominated the present results. The small jet
exit Ohnesorge numbers imply that direct effects of liquid viscosity
on liquid breakup were small.

Results and Discussion
Ligament Characteristics

A typical ligament at the surface of a turbulent liquid jet in still
air at NTP (an annular jet in this case) is illustrated in Fig. 1.
The ligaments were characterized by the use of an approach sim-
ilar to a proposal of Merrill and Sarpkaya.23 The resulting de� ni-
tions of ligament projected area A`, ligament length L`, and lig-
ament angle Á, are illustrated in Fig. 1. Given ligament projected
area and length, the ligament effective diameter was calculated as
follows:

d` D A`=L ` (1)

Fig. 1 De� nitions of ligament projected area, ligament diameter, liga-
ment length, and ligament angle.

Fig. 2 Probabilitydensity distributionof ligamentangle for round and
annular turbulent freejets in still air.

Measurements of 250 ligaments at the surfaces of round and an-
nular free turbulent jets in still air yielded the probability density
distribution of ligament angle illustrated in Fig. 2. The probability
density distributionof ligament angle was roughlyGaussian, with a
mean angle of 105 deg and a standard deviation of roughly 32 deg.
In view of the relatively large standard deviation of the probability
density distribution illustrated in Fig. 1, these results indicate that
the ligaments are nearly randomly oriented, representative of the
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random nature of a turbulent process. This behavior also suggests
small aerodynamic effects on the motion of ligaments for present
test conditions because aerodynamic effects would be expected to
de� ect ligaments toward the jet exit to yield values of Á generally
larger than 90 deg. This behavior is in agreement with past obser-
vations of small aerodynamic effects on turbulent primary breakup
for present test conditions.

Ligament Breakup Mechanisms
Two mechanismsof ligamentbreakupwere observed,as follows:

1) ligament tip (Rayleigh) breakup and 2) ligament base breakup.
Typicalshadowgraphsof ligamenttip and ligamentbase breakupare
illustrated in Figs. 3 and 4, respectively.Ligament tip breakup was
the dominant drop formation mechanism during turbulent primary
breakup and was observed roughly 90% of the time. In this case,
ligament breakup occurred at the tip of the ligament, similar to
classical Rayleigh breakup, where the ligaments act like liquid jets
emerging from the liquid surface. Ligament tip breakup yielded
drop/ligament-diameter ratios at the time of drop formation from
the tip of the ligament close to 1.9, which was proposed by Tyler24

to be roughly the diameter ratio for Rayleigh breakup of liquid jets.
The secondmechanismofdropformation,ligamentbasebreakup,

was observed less than 10% of the time and involved breakupof the
ligament at its base due to turbulent cross stream liquid velocity
� uctuations that change the � ow direction at the base of the liga-
ment before Rayleigh breakup can occur at the ligament tip. This
mechanism was characterized by the formation of large, irregular,
ligamentlike drops and yielded larger drop/ligament diameter ra-
tios than those associated with conditions where Rayleigh breakup
occurs at the tip of the ligament.

Fig. 3 Typical shadowgraphs of ligament tip (Rayleigh) breakup at
the surface of round and annular turbulent freejets in still air.

Fig. 4 Typical shadowgraphs of ligament base (turbulent) breakup at
the surface of round and annular turbulent freejets in still air.

Ligament Breakup Properties
The probability density distribution of drop/ligament-diameter

ratios at the time of drop formationfor a given surfaceconditionwas
roughlyGaussian with a mean value of 2.1 and a standarddeviation
of 0.78. This result helps to quantify the conclusion that ligament
tip breakup was the dominant mechanism of drop formation during
present observations of turbulent primary breakup. In particular,
ligament breakupprocessesmainly yieldedvalues of drop/ligament
diameter near the value of 1.9 anticipated for Rayleigh breakup
of a ligament at its tip,24 rather than the larger values (greater than
three) typicalof the large ligamentlikedrops formed by the ligament
base breakup mechanism. Finally, the large standard deviation of
drop/ligament-diameter ratio re� ects the large variations of � ow
properties present for a random process such as turbulent primary
breakup, compared to the precisely established conditions used to
observe for Rayleighbreakupwhere drops form at the tip of laminar
liquid jets.
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Measurements of the ligament slenderness ratio at breakup (i.e.,
the ligamentlength/diameter ratio at the instantwhen a drop forms at
the tipof the ligament)providedanotherusefulparameterto evaluate
whether drop formation at the tips of the ligaments corresponds
to a conventionalRayleigh breakup process or not. The theoretical
predictionof this length/diameterratiobasedonanalysisby Weber25

is given, as follows:

L `

d`

D
µ

d`

.2±/

¶³
3We f `

Re f `

C We
1
2
f `

´
(2)

In Eq. (2), ± is the amplitude of the disturbance at the base of the
ligament that eventually grows to separate a drop from the tip of
the ligament. The parameter [d`=.2±/] must be determined ex-
perimentally; for example, Weber25 reported a value of 12 for this
parameter.The ligament velocityu`, needed to � nd We f ` and Re f `

was taken to be equal to the cross stream velocityof the ligament tip
because the streamwise velocities at the base and tip of ligaments
were nearly equal.The cross stream velocitiesof the ligamentswere
also nearly the same as the cross stream velocities of drops just af-
ter turbulent primary breakup, that is, 0.055 u0 (Ref. 18). Finally,
for present conditions, We f `=Re f ` ¿ We1=2

f ` , and the � rst term in
Eq. (2) can be ignored.The remaining ligamentproperties in Eq. (2)
could be measured directly from the present test data, yielding the
experimental uncertainties discussed earlier.

Present measurements of ligament slenderness ratios, L`=d`, for
round and annular (nearly plane)turbulent freejets are plotted in
Fig. 5 as a function of We f `, as suggestedby Eq. (2). The measure-
ments are reasonablywell correlated in this manner, yielding a best
� t of the data, which are illustrated in Fig. 5, as follows:

L`=d` D 3:9We0:32
f ` (3)

The standard deviation of the power and coef� cient of Eq. (3) are
22 and 7%, respectively, and represent the correlation coef� cient
of the � t of 0.86. As a result, the power of We f ` in Eq. (3) is
not statistically different from the theoretical value of one-half in
Eq. (2); therefore, the data were re� tted according to the theoretical
result of Weber25 from Eq. (2), to yield the following correlation,
which is also illustrated in Fig. 5:

L`=d` D 3:2We
1
2
f ` (4)

Equation (4) suggests a value of 3.2 for the parameter, [d`=.28/],
in contrast to the value of 12 reported earlier by Weber.25 This

Fig. 5 Ligament slenderness ratios at breakup as a function of the
Weber number for 1) turbulent primary breakup along round and an-
nular turbulent freejets in still air, and 2) aerodynamic breakup of non-
turbulent round ligaments in cross� ow.

result indicates d`=± ¼ 50 for ligament breakup, which implies a
disturbance of the ligament diameter at its base on the order of 2%
of the ligament diameter itself, for subsequent Rayleigh breakup at
the ligament tip.

Another important issue is the extent that aerodynamic effects
potentially in� uence ligament breakup, compared to conventional
Rayleighbreakup,to forma dropat the tip of the ligament, for exam-
ple, to determine whether aerodynamic breakup of the ligament tip
occurs sooner than Rayleigh breakup at the ligament tip. This was
done by exploitation of the results of Mazallon et al.26 concerning
the breakup of nonturbulent round liquid jets in gaseous cross� ows
(noting that the ligaments themselves do not exhibit signi� cant lev-
els of internal turbulencebased on their relativelysmooth surfaces).
This was done, as before, by approximation of ligament breakup
by a liquid jet escaping normally from the liquid surface with a
jet velocity equal to the relative cross stream drop velocities after
breakup, that is, 0.055u0 (Ref. 18). In addition, the ligament as a jet
is subjected to a cross� ow of air at NTP having a velocity equal to
the liquid surface velocity of the liquid jet u0 (Ref. 17). The aero-
dynamic ligament breakup time was then obtained as the breakup
time of nonturbulent round liquid jets in cross� ow from Mazallon
et al.,26 as follows:

ta
¯£

d`.½ f =½g/
1
2

¯
u0

¤
D 8:76

¡
½gd`u

2
0

¯
¾

¢¡0:62
(5)

The aerodynamic ligament breakup length La D 0:055u0ta , then
becomes

La=d` D 0:0132.½ f =½g/1:12We¡0:62
f ` (6)

For water jets injected into air at NTP, Eq. (6) becomes

La=d` D 25We¡0:62
f ` (7)

This is plotted in Fig. 5. It is evident that except for a few test
points, the present measurements largely involve conditions where
Rayleigh breakup occurs at the ligament tip, that is, at conditions
where the ligament length required for Rayleigh breakup at the
ligament tip is smaller than the ligament length required for aero-
dynamic breakup at the tip of the ligament. Notably, this behavior
is also in agreement with the appearance of the ligament breakup
process that was typi� ed by the formation of the drops at the tips
of the ligaments having a diameter roughly twice the ligament dia-
meter, as discussed in connection with Figs. 3 and 4 and supported
by measurements of d` and the SMD of drops formed by turbulent
primary breakup to be discussed subsequently.

Ligament and Drop Diameters at Onset
Analogous to earlier � ndings concerning drop sizes at the onset

of turbulent primary breakup along the surfaces of turbulent liquids
in still gases,17;21 ligament diameters at the onset of ligament for-
mation were found by equating the kinetic energy (relative to its
surroundings)of a characteristiceddy of a given characteristicsize
¸i to the surface tension energy required to start the formation of
a ligament of this characteristic size. To � nd the onset eddy size,
the critical geometry of the start of ligament formation was taken to
be a hemisphere having a diameter proportional to ¸i because this
con� gurationinvolves the maximumsurface tensionenergy per unit
surfaceareaof any con� gurationpresentduring ligament formation.
Then, equating the kinetic energy of the eddy to the surface tension
energy of the hemispherical distortion of the liquid surface results
in

½ f v
2
¸i ¸

3
i » ¾ ¸2

i (8)

Ligament sizes at the onset of ligament formation, and generally
throughout the region where ligaments form for present test con-
ditions, are larger than the microscales (Kolmogorov scales) of the
liquid turbulence; instead, they fall within the inertial range of the
turbulence.For these conditions, eddy sizes and characteristiceddy
velocities are related as follows27:

v¸ » Nv0
0.¸=3/

1
3 (9)
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where 3 is the cross stream integral length scale of the � ow at the
jet exit. Similar to past work,14 the cross stream integral length scale
was taken to be 3 D dh=8, based on Laufer’s measurements of the
properties of fully developed turbulent pipe � ow. (See Hinze28 and
references cited therein.) Combination of Eqs. (8) and (9), along
with the assumption that the ligament diameter at the onset of liga-
ment formation is proportional to the characteristiceddy size at the
onset of ligament formation,d`i » ¸i , an expressionfor the ligament
diameter at the onset of ligament formation is obtained, as follows:

d`i =3 D C`i .u0= Nv 0
0/

6
5 We

¡ 3
5

f 3 (10)

where C`i is an empirical constant that should have a value on the
order of unity.

Based on the discussionof Figs. 3 and 4, drop breakup at the tips
of ligaments dominates drop formation during turbulent primary
breakup. This involves Rayleigh breakup at the ligament tip, which
implies that drop diameters at the onset of drop formation should be
proportional to ligament diameters at the onset of ligament forma-
tion, based on the results of Tyler.24 Then, the assumption that the
SMD at the onset of drop formation (SMDi ) is also proportional to
the ligament diameter at the onset of ligament formation results in

SMDi =3 D Cs.d`i =3/ (11)

where Cs should be an empirical constant on the order of unity.
Present measurements of the ligament diameter at the onset of

ligamentformationd`i andSMDi areplottedas a functionsof We f 3 ,
as suggested by Eqs. (10) and (11), in Fig. 6. The scatter of the
measurements is generally within the scatter anticipated based on
experimental uncertainties.The power of We f 3 for the correlation
of d`i =3i is not ¡ 3

5 , as suggested by Eq. (10), however, and can
be representedbetter by the following empirical � t that is shown in
Fig. 6:

d`i =3 D 700We¡0:94
f 3 (12)

The standard deviationsof the power and coef� cient in Eq. (12) are
12 and 15%, respectively, and the correlation coef� cient of the � t
is 0.92. The reduction of the power of We f 3 from ¡ 3

5 (or ¡0.60)
in Eq. (10) to ¡0.94 in Eq. (12) is marginally statistically signi� -
cant, but is not large in view of the approximationsused to develop
the correlatingexpressionand the experimental uncertaintiesof the
measurements.Notably, correlationof SMDi =3 at the onset of drop
breakup along turbulent round liquid jets in still gases at NTP also
exhibited a decrease of the value of power of We f 3 (in that case,
from ¡ 3

5 (or ¡0.60) to ¡0.75).14 Finally, the coef� cient of Eq. (12)
is relatively large, but this can be anticipated from Eq. (10) if C`i

is on the order of unity because (u0= Nv 0
0/6=5 is large for fully devel-

oped turbulent pipe � ow, that is, u0= Nv0
0 ¼ 33 for the present � ow.28

In addition, the increased negative power of We f 3 compared to the
phenomenological theory estimate of Eq. (10) should also tend to
increase the value of the coef� cient of Eq. (12).

The correlation of SMDi =3 essentially agrees with Eq. (11)
within experimental uncertainties, to yield the following empirical
� t shown on the plot illustrated in Fig. 6:

SMDi =3 D 1:24.d`i =3/ (13)

The standarddeviationof the coef� cient of Eq. (13) is 12%, whereas
thecorrelationcoef� cientof this � t iscomparableto the � t of .d`i =3/
in Eq. (12), namely, 0.95. Thus, Cs in Eq. (11) is on the order of
magnitude of unity, as expected, and these results are consistent
with the hypothesis that drop formation mainly involves Rayleigh
breakup at the tips of ligaments to form drops.

Finally, the correlationof SMDi =3 for turbulentprimarybreakup
along the free surface of turbulent liquid wall jets in still gases,
due to Dai et al.,20 is also illustrated in Fig. 6. These drop sizes
are similar to the results for round and plane turbulent freejets but
are somewhat larger. This behavior is not unanticipated, however,
because turbulence far from the turbulence-generating surface of
wall jets is expected to have larger scales than turbulence along the

Fig. 6 Ligament and drop diameters at the onset of their formation
along the surfaces of round and annular turbulent freejets in still air
and drop sizes at the onset of drop formation along the surface of plane
turbulent wall jets in still air, as functions of the Weber number.

surface of freejets, which initially is produced by � ow properties
near the surface of the injector passages.

Locations of Onset of Ligament and Drop Formation
The location of the onset of ligament formation follows from the

estimationof the size of ligamentsat the onset of ligament formation
that was just discussed. Recall that a ligament is assumed to be
created by an eddy of correspondingsize. Thus, it is reasonable to
assume that the time required for the onset of ligament formation is
proportional to the characteristic eddy time28:

t`i » d`i =v`i (14)

Then, the distance moved in the streamwise direction from the jet
exit as the � ow develops for the characteristiceddy time is given by

x`i » u0t`i (15)

Similar to earlier considerations of ligament diameter at the onset
of ligament formation, from Eq. (9), eddy velocitiesand sizes at the
onset of ligament formation are related as follows:

v`i » Nv 0
0.d`i =3/

1
3 (16)

Then, when Eqs. (15) and (16) are substituted into Eq. (14) and
distance normalized by the radial integral length scale, similar to
earlier analysis of onset conditions for drop formation,14 the length
required to initiate the onset of ligament formation becomes

x`i =3 » .u0= Nv 0
0/.d`i =3/

2
3 (17)

Finally, by substitution for the diameter of the ligaments at the on-
set of ligament formation d`i =3, from Eq. (10) into Eq. (17), an
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Fig. 7 Length to initiate ligament formation, length to initiate drop
formation, and time of ligament breakup as functions of the Weber
number for round and annular freejets in still air.

expression for x`i =3 is obtained in terms of jet exit conditions, as
follows:

x`i =3 D Cxi .u0= Nv 0
0/

9
5 We¡0:4

f 3 (18)

where Cxi is an empirical parameter that should have a value on the
order of unity that involves the various constants of proportionality
in Eqs. (14–17).

Present measurements of the locations of the onset of ligament
formation along the surfaces of round and plane (annular) turbulent
liquid jets in still gases at NTP are plotted in Fig. 7, as suggested
by Eq. (18). The best � t correlation of the measurements of x`i =3,
according to the variables of Eq. (18), are also shown in Fig. 7; this
correlation is given by

x`i =3 D 49,600We¡1:01
f 3 (19)

The standard deviation of the power and coef� cient of Eq. (19) are
8 and 6%, respectively, and the correlation coef� cient of the � t is
0.95, which is quite good. Similar to the earlier correlationof d`i =3
in Eq. (12), the power of We f 3 in Eq. (19) is signi� cantly more
negative than the theoretical expression of Eq. (18), but this is not
unreasonabledue to the approximations used to develop the corre-
lating expression. Finally, the coef� cient of Eq. (19) is unusually
large, but this can be anticipated from Eq. (18) if Cxi is on the order
of unity because .u0= Nv0

0/
9=5 is large for fully developed turbulent

pipe � ow, as noted earlier.28

The development of a correlating expression for the location of
the onset of drop formationalong the surfacediffers somewhat from
the analysis to � nd the location of the onset of ligament formation.
This comes about because the characteristiceddy time of Eq. (14) is
signi� cantly smaller than theRayleighbreakuptime of ligamentsfor
presentconditions,and the Rayleighbreakuptime controls the time,
thus the streamwise distance, required to reach the onset of drop
formation.In addition,the Rayleighbreakuptime is not signi� cantly
in� uencedby liquidviscosityforpresentconditionssimilar to earlier
analysis to � nd the location of the onset of drop formation.14 As a

result, phenomenologicalanalysis to � nd xi =3 is unchanged from
Wu et al.14 and yields the following correlating expression, plotted
in Fig. 7, based on present measurements for round turbulent liquid
jets in still gasesand earliermeasurementsfor annular(nearlyplane)
turbulent liquid jets in still gases due to Sallam et al.21:

xi =3 D 2,000,000We¡1:36
f 3 (20)

The standard deviationsof the power and coef� cient of Eq. (20) are
5 and 4%, respectively, and the correlation coef� cient of the � t is
0.98, which is quite good. If the measurements of Wu and Faeth15

for round turbulent jets in still gases are added to the data set, which
increases the range of We f 3 by roughly an order of magnitude, a
new correlating expression, also plotted in Fig. 7, is obtained, as
follows:

xi =3 D 18,000We¡0:82
f 3 (21)

The standard deviationsof the power and coef� cient of Eq. (21) are
8 and 6%, respectively, and the correlation coef� cient of the � t is
0.92. The reason for the change of slope of Eqs. (20) and (21) is
not known; it is recommended that whichever correlation gives the
largest value of xi =3 be used, pending resolutionof the variationof
behavior near the ends of the test range in Fig. 7.

Similar to the earlier correlations of SMDi =3 in Eq. (13) [after
substitution of d`i =3, in this expression, from Eq. (10)], it is evi-
dent that the powers of We f 3 in Eqs. (20) and (21) are signi� cantly
more negative than the theoretical expression of Eq. (13). As be-
fore, however, this is not unreasonable due to the approximations
used to develop the correlating expression. Finally, the coef� cients
of Eqs. (20) and (21) are unusually large, which can be anticipated
from the originalanalysis,14 which shows that this coef� cient is pro-
portional to .u0= Nv0

0/
9=5 which is large for fully developed turbulent

pipe � ow, as already discussed in connection with Eq. (19).
Finally, the distancebetween the onset of ligament formation and

the onset of drop formation should be proportional to the distance
convected by the ligament responsible for these two conditions for
its Rayleigh breakup time, or

xi ¡ x`i » u0tr i (22)

From the results of Weber,25 given that effects of liquid viscosity
on the Rayleigh breakup time are small, as before, the Rayleigh
breakup time of the critical ligament that � rst appears at the liquid
surface, and subsequently is the � rst ligament to form a drop, is
given as follows:

tr i »
¡
½ f d3

`i

¯
¾

¢ 1
2 (23)

Combination of Eqs. (22) and (23) then yields the following ex-
pression for the normalized Rayleigh breakup length of the critical
ligament that is responsible for both the onset of ligament and drop
formation along the surface:

.xi ¡ x`i /h
u0

¡
½ f d3

`i

¯
¾

¢ 1
2

i D Cxr (24)

The ratio of critical ligament breakup time to its Rayleigh breakup
time, as given by Eq. (24), is also plotted in Fig. 7. Present measure-
ments of round and plane (annular) turbulent freejets in still gases
are considered in Fig. 7. The measurements suggest a systematic
reductionof the ligament/Rayleigh breakup time ratio with increas-
ing We f 3, but this effect is not large and yields Cxr D 1:08 with a
standard deviation of 39%. In view of the complexities of turbulent
primary breakup along turbulent liquid surfaces in still gases, this
result also providesconsiderablesupport for the hypothesis that lig-
aments are undergoing Rayleigh breakup at their tips as the main
mechanism controlling both maximum ligament lengths and drop
sizes after breakup, due to the turbulent primary breakup process.
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Ligament and Drop Sizes Along the Surface
An expressionfor the variationof ligamentdiameter as a function

of distance from the jet exit due to effects of turbulent primary
breakup for annular and round freejets was developed. This was
accomplished by the use of methods used earlier for the variation
of the SMD of drops formed by turbulent primary breakup for both
round freejets14 and annular wall jets.18 This approach was adopted
after the close relationship between the diameters of ligaments that
are just forming drops at a point (the most prominent ligaments
at a point due to their length) and the corresponding diameters of
drops formed by Rayleigh breakup of these ligaments was noted.
This was discussed in connection with Eqs. (10) and (11). This was
done with considerationgiven to the convectionof a ligament along
the surface of a turbulent liquid jet for the Rayleigh breakup time
required to form a full-length ligament that is ready to produce a
drop. Weber25 showed that the Rayleigh breakup time of a liquid jet
having a diameter of d`, and, thus, a ligament of similar size under
present assumptions, is as follows:

tr »
¡
½ f d3

`

¯
¾

¢ 1
2 C 3¹ f d`=¾ (25)

where the secondterm on the right-handside of Eq. (25)accountsfor
the effects of liquid viscosity to increase the Rayleigh breakup time.
For present conditions, the viscous term in Eq. (25) is small and can
be ignored, as noted earlier. This term, however, could be a factor
for very viscous liquids at conditionswhere the Ohnesorgenumbers
of the ligaments, and the drops formed by ligament breakup, are
large.14 Under present approximations,however, Eq. (25) becomes

tr »
¡
½ f d

3
`

¯
¾

¢ 1
2 (26)

which is independent of the ligament velocity. Then, under the as-
sumption that the ligament is simply convected along the liquid sur-
face for the ligament breakup time, the location where a ligament
having a particular diameter reaches its full length is given by

x » u0tr (27)

Finally, substitution of Eq. (26) into Eq. (27) and normalization of
the streamwise distanceby the radial integralscale 3, similar to that
of Wu et al.,14 yields the following expression for the variation of
d`=3 with distance from the jet exit:

d`=3 D C`x

h
x
.±

3We
1
2
f 3

²i 2
3

(28)

where C`x is a constant of proportionality that should be on the
order of unity. Ligaments of interest here are those that are forming
dropsat a particulardistancefrom the jet exit; therefore,the ligament
diameters increasewith increasingdistancefrom the jet exitbecause
larger ligaments require a longer time to develop and break up, as
indicatedby Eq. (26) and, thus, a larger distance from the jet exit as
indicated by Eq. (27).

Present measurements of ligament diameters along the surface of
turbulent round and annular (nearly plane) freejets in still gases are
plotted in Fig. 8, as suggestedby Eq. (28). Limits that give the onset
of turbulentprimary breakup along the surface, as well as the liquid
column breakup length, are also shown in Fig. 8 to help de� ne the
portion of the liquid surface where turbulent primary breakup can
recur. These limits do not correlate in the same manner as d`=3 and
appear as bands rather than lines as a result. The best � t correlation
of d`=3 according to the variables of Eq. (28), shown in Fig. 8, is
given by

d`=3 D 0:38
h

x
.±

3We
1
2
f 3

²i0:61

(29)

The standard deviations of the power and coef� cient of Eq. (29)
are 9 and 8%, respectively, and the correlation coef� cient of the
� t is 0.95, which is quite good. The difference between the best
� t power in Eq. (29) and the theoretical power in Eq. (28) is not

Fig. 8 Ligament and drop diameters for round and annular freejets
and drop diameters for plane wall jets in still air, as a function of nor-
malized streamwise distances.

statistically signi� cant; therefore, this � t was recorrelated by the
use of the theoretical power to obtain the following expression:

d`=3 D 0:40
h

x
.±

3We
1
2
f 3

²i 2
3

(30)

The standard deviation of the coef� cient of Eq. (30) is 10%. Given
thegeneralformof the theoreticalexpressionofEq. (28), it is evident
that the order of magnitude of the coef� cient in Eq. (30) is unity, as
anticipated.Taken together, the results of Eqs. (29) and (30) help to
support the physical ideas used to develop these expressions.

Next, based on the ideas used to relate SMDi to d`i , discussed in
connection with Eq. (13), drop diameters resulting from Rayleigh
breakup of ligaments should be roughly twice the diameters of the
most prominent ligaments at the same location.Thus, fromEq. (13),
this behavior implies the following expression for the variation of
the SMD after turbulent primary breakup as a function of distance
from the jet exit:

SMD=3 D Csx

h
x
.±

3We
1
2
f 3

²i 2
3

(31)

where Csx is a constantof proportionalitythat shouldbe on the order
of unity.

Present measurements of SMD after turbulent primary breakup
along the surface of turbulent round and plane (annular) freejets in
still gases are plotted,as suggestedby Eq. (31), in Fig. 8. The best � t
correlationof SMD/3 accordingto the variablesof Eq. (31), shown
in Fig. 8, is given by

SMD=3 D 0:5
h

x
.±

3We
1
2
f 3

²i0:53

(32)

The standard deviationsof the power and coef� cient of Eq. (32) are
2 and 3%, respectively, whereas the correlation coef� cient of the
� t is 0.97, which is quite good. In this case, the difference between
the powers of the variable on the right-hand sides of Eqs. (31) and
(32) is statistically signi� cant. This suggests a physical reason for
the drop diameters, after primary breakup, not increasingas rapidly
as ligament diameterswith increasingstreamwise distance from the
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jet exit, as anticipatedby Rayleigh breakupof ligaments.A possible
explanation of this behavior could be merging of turbulent primary
breakupand aerodynamicsecondarybreakupof drops as they break
up at the tips of ligaments, as discussed by Wu and Faeth.15 Sup-
porting evidence for this behavior is provided by the results plotted
in Fig. 5, which suggests possible merging of turbulent primary
breakup and aerodynamic secondary breakup for the longer liga-
ments observed during the present investigation, which are found
as the largest values of x=.3We1=2

f 3/ are approached in Fig. 8.
Even though it requires a greater degree of forcing of the power

of independent variable in Fig. 8, it also is of interest to examine
estimates of SMD/3 as a function of streamwise distance, based
on the theoretical correlation of Eq. (31). Completing the best � t
correlation of the theory, which is also plotted in Fig. 8, yields

SMD=3 D 0:72
h
x
.±

3We
1
2
f `

²i 2
3

(33)

The standarddeviationof the coef� cient of Eq. (33) is 5%. Given the
general form of Eq. (31), it is evident that the order of magnitude
of the coef� cient of Eq. (33) is unity and that the value of this
coef� cient is roughly twice the value of the coef� cient of Eq. (30),
both as expected for a Rayleigh breakup of process of ligaments
to form drops. Thus, the results of Eqs. (30) and (33) also help to
support the physical ideas used to develop these expressions.

Drop Velocities After Turbulent Primary Breakup
Earlier work showed that drop velocities after turbulent primary

breakup were independentof drop size21; therefore, drop velocities
are fully described by a single moment that will be taken to be
mass-weighted(or Favre-averaged)velocitiesin the following.Two
components of drop velocity after turbulent primary breakup were
of major interest for present considerations, Qu and Qv. (See Sallam
et al.18;21 for information about the other velocity properties of the
drops formed by turbulent primary breakup along turbulent liquid
surfaces in still gases.)

Mean streamwise and relative cross stream drop velocities are
functions of the normalized distance from the jet exit. First, results
for round and annular turbulent free liquid jets from Sallam et al.18

and for annularwall jets from Dai et al.19 show that normalizeddrop
velocities are essentially the same for these � ows. Next, the most
effectivenormalizingvelocityis the mean streamwise liquid surface
velocity Nus . In addition, the mean liquid surface velocity for round
andplane free liquid jets is essentiallyindependentof distancealong
the jet, except for a region involving x=dh < 4, where the surface
velocities are slightly retarded due to drag effect of the injector
passage walls.14 Beyond this region,

Nus=u0 D 0:89 (34)

with a standard deviation of 5% based on present measurements, in
generalagreementwith earliermeasurementsof mean liquid surface
velocities of free turbulent liquid jets in still gases.18;19;21 Next, all
of these measurements indicate

Qu= Nus D 0:89 (35)

with a standard deviation of 4% over the length of the free liquid
jets, except for the region near the jet exit mentionedearlier. Finally,
cross stream drop velocities relative to the liquid surface,which are
essential for prescribing the mass � ux of drop liquid relative to the
liquid surface, exhibit the same streamwise variation for round and
annular freejets, and for plane wall jets, as follows:

Nvr = Nus D 0:055; x
.±

3We
1
2
f 3

²
< 1 (36)

Qvr = Nus D 0:055
h

x
.±

3We
1
2
f 3

²i¡0:78

; x
.±

3We
1
2
f 3

²
> 1

(37)

The valueof Qvr = Nus givenbyEq. (36)hasa standarddeviationof 21%.
The standard deviationsof the power and coef� cient in Eq. (37) are
24 and 9%, respectively,whereas the correlationcoef� cientof the � t
of this equation is 0.90. The value of Qvr = Nus D 0:055 near the jet exit,
or, correspondingly, the value of Qvr =u0 D 0:050, is comparable to,
but somewhat larger than, the rms cross stream velocity � uctuations
of fully developed turbulent pipe � ow not too near the wall.28 This
might be expected for conditions where surface tension forces at
the liquid surface are relatively small compared to the momentum
of the eddies responsiblefor creating ligaments and drops as part of
the turbulent primary breakup process.

Liquid Breakup Rates Due to Turbulent Primary Breakup
The last liquidsurfacepropertythatwas studiedduringthe present

investigationwas the � uxof liquiddrops relativeto the liquidsurface
due to turbulent primary breakup along the liquid surface, or Pm 00

f .
The objective was to extend earlier considerations of this property
for turbulent primary breakup of round liquid jets due to Sallam
et al.21 to turbulent primary breakup of plane (or annular) liquid
jets. Present measurements were summarized in the same manner
as thosemadeby Sallam et al.,21 by de� ning a liquid surfacebreakup
ef� ciency factor ", as follows:

" D Pm 00
f =.½ f Qvr / (38)

where the limit " D 1 representsconditionswhere liquid drops form
in a continuous manner over all of the projected liquid jet surface
area. The actual appearance of liquid surfaces during turbulent pri-
mary breakup, particularly as the result of Rayleigh breakup at the
tips of growing ligaments along the surface, however, suggests that,
usually, " < 1, if not ¿1. Naturally, it is expected that " ¼ 0 near
the onset of drop formation due to turbulent primary breakup.

Presentmeasurementsof " for turbulentprimarybreakupof annu-
lar (nearly plane) freejets in still air at NTP are illustrated in Fig. 9,
along with the earlier measurementsof Sallam et al.,21 for turbulent
primary breakup of round liquid jets in still air at NTP. The inde-
pendent variable used on this plot is x=.3We1=2

f 3/, which was the
characteristic streamwise variable used to correlate both the SMD
and the value of Qvr of drops after turbulent primary breakup as a
function of distance along the liquid surface, as discussed in con-
nectionwith Fig. 8 and Eqs. (36) and (37). In all cases, the hydraulic
diameter was used to � nd 3. As discussed earlier, values of Qvr for
round liquid jets correlated in the same manner as for plane liquid
jets in terms of this streamwise variable. Finally, limits giving the
onset of turbulent primary breakup along the surface, as well as the
liquidcolumn breakup length,are also shown in Fig. 9 to help de� ne
the regionof the liquid surfacewhere turbulentprimarybreakupcan
occur. These limits do not correlate in the same manner as " and
appear as bands rather than lines as a result.

There is a consistent tendency for values of " to be somewhat
smaller for round free turbulent jets than for nearly plane free turbu-
lent jets in Fig. 9; however, the differences between the two sets of
results are comparable to experimental uncertainties of the " mea-
surements. This suggests that the hydraulic diameter adequately
represents the differences between the characteristic length scales
3 of round and plane turbulent freejets. The best-� t correlation
of the combined measurements of " for round and plane turbulent
freejets, which is shown in Fig. 9, is as follows:

" D 0:016
h
x
.±

3We
1
2
f 3

²i
(39)

The actual best-� t power of the independent variable of Eq. (21) is
0.97, with an experimental uncertainty (95% con� dence) of 0.03,
which is not statisticallydifferentfrom unity.Therefore, the simpler
form used in Eq. (39) has been retained for the present data correla-
tion. The standarddeviationsof the coef� cient and power appearing
on the right-hand side of Eq. (39) are 3 and 9%, respectively, and
the correlation coef� cient of the � t is 0.92, which is good. More-
over, the trends of the measurements illustrated in Fig. 9 appear to
be quite reasonable. In particular, values of " are relatively small,
<0.01 near the onset of turbulent primary breakup, but approach
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Fig. 9 Mean surface ef� ciency factors as functions of normalized
streamwise distances for round and annular freejets in still air.

unity near the end of the liquid jet where the entire liquid column
breaks up.

Conclusions
The formation of ligaments and drops during turbulent primary

breakup along the surfaces of turbulent liquid jets in still air at
NTP was studiedexperimentally.Test conditionsinvolvedroundand
annular (nearly plane) water and ethanol jets with fully developed
turbulent pipe � ow at the jet exit. Ranges of test variables were as
follows: jet exit Reynolds numbers of 6 £ 103–4:24 £ 105 , Weber
numbers of 200–300,000, and liquid/gas density ratios of 690 and
860 at conditionswhere direct effectsof liquidviscositywere small.
The major conclusions of the study are as follows:

1) Ligament diameters at the onset of ligament formation could
be explained by equating the surface tension energy required to
form a ligament to the kinetic energy of the corresponding liquid
eddy, relative to its surroundings within the inertial region of the
turbulence spectrum.

2) Corresponding drop diameters at the onset of drop formation
could be explained by the assumption that drops formed from the
tips of the ligaments that � rst appeared at the onset of ligament
formationdue to Rayleigh breakupof these ligaments.This was the
dominant mechanism of drop formation, generally observed more
than 90% of the time. The alternative drop formation mechanism,
observed less than 10% of the time, involved breakup of the entire
ligament at its base due to velocity � uctuations in the liquid near its
surface (at the base of the ligaments).

3) The location of the onset of ligament formation along the sur-
face was associated with convection of eddies of appropriate size
along the liquid surface for a time proportional to the characteristic

times of these eddies. The location of the onset of drop forma-
tion, however,was associatedwith the Rayleigh breakup time of the
drops formed at the onset of drop breakup because these times are
signi� cantly longer than the characteristic eddy times.

4) Ligamentdiametersprogressivelyincreasewith increasingdis-
tance from the jet exit. This behavior could be associated with con-
vection along the liquid surface for the progressively increasing
Rayleigh breakup times that are required as ligament diameters in-
crease. The corresponding increase of the SMD of drops after tur-
bulent primary breakup with increasing distance from the jet exit
then followed as a result of Rayleigh breakup of the progressively
larger ligaments at each streamwise location as distance from the
jet exit increased.

5) Mean streamwise drop velocities after turbulent primary
breakupwere essentiallyequal to mean streamwisevelocitieswithin
the liquid jet, whereas mean relative cross stream drop velocitiesaf-
ter turbulentprimary breakupwere proportionalto rms cross stream
� uctuatingvelocitiesin the liquid.An interestingfeatureabout cross
stream drop velocitiesnear the jet exit is that they are actually larger
than rms cross stream velocity � uctuationsin fully developedturbu-
lent pipe � ow that is representativeof liquid turbulence properties.
(See Laufer’s measurements of turbulence properties in fully de-
veloped turbulent pipe � ow reported by Hinze.28) Thus, rather than
being retarded by effects of surface tension that become small once
turbulent primary breakup exceeds onset conditions, they are en-
hanced due to the reduced inertial resistanceof a gas, as opposed to
a liquid, beyond the liquid surface.

6) The mean drop mass � ux Pm 00
f , due to turbulentprimarybreakup

at the liquid surface, could be correlated with a surface ef� ciency
factorde� ned as " D Pm 00

f =.½ f Qvr /, in terms of the streamwisevariable
x=.3We1=2

f 3/, which also controlledvariationsof ligamentdiameter,
drop SMD after turbulentprimarybreakup,and cross streamrelative
drop velocitiesafter turbulentprimary breakup along the liquid sur-
face. Quite plausibly, " was small near the onset of drop formation
due to turbulent primary breakup, but reached values on the order
of unity as the end of the liquid core of the jet is approached.

7) Effects of geometry changes from round to annular (nearly
plane) turbulent liquid jets in� uence the radial integral scale 3 that
is used to normalize distance scales for turbulent primary breakup
properties. The present results, however, showed that these effects
could be handled adequately with the hydraulic diameter of the
turbulent jet, given that 3 D dh=8 based on Laufer’s measurements
of fully developed turbulent pipe � ows (see Ref. 28).
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