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ABSTRACT

The formation of drops at the surface of turbulent liquids,
e.g., turbulent primary breakup, was studied experimen-
tally. Pulsed shadowgraphy and holography were used to
observe the properties of the liquid surface and the drops
formed by turbulent primary breakup. Measured proper-
ties included liquid surface velocities, conditions at the
onset of ligament and drop formation, ligament and drop
sizes, ligament and drop velocities and rates of drop for-
mation. Phenomenological theories were used to help
interpret and correlate the measurements. Present results
show that the onset of ligament formation occurs once the
kinetic energy of the turbulent eddies that form the liga-
ments exceeds the required surface tension energy of a
ligament of comparable size. Subsequently, the onset of
drop formation occurs once drops form at the tips of
ligaments due to Rayleigh breakup. This same mecha-
nism controls the subsequent variation of drop sizes due
to turbulent primary breakup as a function of distance
from the jet exit. In addition, ligament and drop velocities
were associated with mean and fluctuating velocities of
the liquid, and rates of drop formation could be expressed
by surface efficiency factors defined as the fraction of the
maximum cross stream liquid mass flux.

NOMENCLATURE

Alig = ligament cross section area
b = annulus width
Csx = turbulent primary breakup coefficient
d = jet exit diameter
dh = jet exit hydraulic diameter
d,ig = ligament effective diameter
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Ohfd
Refd
SMD

drop diameter
mean liquid jet breakup length
ligament length
mass flux of liquid drops relative to the liquid
surface
Ohnesorge number, |V (pf dh a)1/2

jet exit Reynolds number, pfu0 dh/ jif
Sauter mean diameter
mass-weighted (Favre) average streamwise
drop velocity
average jet exit velocity
mean streamwise liquid surface velocity
ligament tip streamwise velocity
mass-weighted average cross stream relative
velocity with respect to the liquid surface
ligament tip cross stream velocity
Weber number based on jet exit hydraulic di-
ameter, pf dh u0

2 / a
Weber number based on jet exit radial (cross
stream) integral length scale, pf A u0

2 / a
streamwise distance from the jet exit
length to initiate turbulent primary breakup
length to initiate ligament formation
initial amplitude of a disturbance
surface efficiency factor
radial (cross stream) integral length scale
liquid molecular viscosity
liquid kinematic viscosity
liquid density
gas density
surface tension
ligament breakup time
ligament angle

INTRODUCTION

Turbulent primary breakup is important for spray forma-
tion during a variety of industrial and natural phenomena,
e.g., spray atomization and liquid jets, chutes and spill-
ways, plunge pools, hydraulic jumps and bow sheets,
breaking waves, and water falls, among others. Processes
of turbulent primary breakup were identified during early
flow visualization studies due to De Juhasz et al.1 and Lee
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and Spencer.2 Subsequent studies due to Schweitzer,3
Grant and Middleman,4 Phinney5 and McCarthy and
Malloy6 confirmed that liquid turbulence properties af-
fected jet stability, the onset of breakup and spray quality
after breakup. Finally, Hoyt and Taylor7'8 demonstrated
that aerodynamic effects were generally of secondary
importance for turbulent primary breakup of turbulent
liquid jets in still air at standard temperature and pressure
(STP).

Earlier studies of turbulent primary breakup carried out in
this laboratory include studies of liquid breakup proper-
ties at the surface of turbulent round liquid jets in still
gases due to Ruff et al.,9'11 Tseng et al.12 and Wu et al.13'16

and a study of liquid breakup properties at the surface of
turbulent annular wall jets in still gases due to Dai et
aj n,i8 These studies resolved several aspects of turbulent
primary breakup at the surface of turbulent round liquid
jets in still air, as follows: aerodynamic effects were small
for liquids injected into light gases (air, etc.) at STP, ex-
cept far from the injector where primary and secondary
breakup occur at comparable times and tend to merge;14

drop size distributions after turbulent primary breakup
satisfied Simmons'19 universal root normal distribution
and are defined completely by the Sauter mean diameter
(SMD) alone (where the SMD is the diameter of a drop
having the same surface- area/volume ratio as the spray as
a whole); drop velocities after turbulent primary breakup
at a point are independent of drop size; the SMD of drops
after turbulent primary breakup progressively increase
with increasing distance from the jet exit and were effec-
tively correlated by a phenomenological analysis of tur-
bulent primary breakup; mean streamwise and cross
stream absolute drop velocities after turbulent primary
breakup were associated with mean streamwise and rms
fluctuating cross stream liquid velocities at the jet exit;
and conditions at the onset and end of turbulent primary
breakup along the liquid surface were successfully corre-
lated using phenomenological analysis. In addition, dif-
ferences between the turbulent primary breakup proper-
ties of round free jets and annular wall jets were ob-
served, which raises questions about the role of the ge-
ometry change in causing these differences that have not
yet been resolved.

Unfortunately, some important features of turbulent pri-
mary breakup of round turbulent liquid jets in still gases
were not resolved during this work. First of all, the rates
of drop formation due to turbulent primary breakup along
the liquid surface were not found. In addition, a closely
related property of drop formation rates, the cross stream
drop velocity relative to the liquid surface, was not found.
Finally, drop velocity information was mainly gathered
for the region near the jet exit leaving substantial uncer-

tainties about drop velocities in the critical region near the
end of the turbulent liquid column.

In view of current status of the understanding of turbulent
primary breakup for round and annular free jets, the ob-
jectives of the present study were to complete new meas-
urements of the spatial and dynamic properties of liga-
ments along the surface of the annular and round turbu-
lent free jets and investigate earlier theories13 concerning
the role of the classical Rayleigh breakup mechanism in
the formation of drops from the ligaments and to com-
plete new measurements of the rates of turbulent primary
breakup along the surface of turbulent annular and round
liquid jets in still gases, seeking also to resolve the asso-
ciated streamwise and cross stream drop velocities rela-
tive to the liquid surface and including conditions near
the end of the liquid column.

EXPERIMENTAL METHODS

Apparatus

Two test apparatus were employed during the present
study: (1) an annular jet apparatus and (2) a round jet
apparatus. Figure 1 is a sketch of the annular jet appara-.
tus. Annular liquid jets having aspect ratios larger than
20:1 were used in order to avoid the problems of defining
end effects of finite-width plane jets used to approximate
plane liquid jets. Pressure injection was used to feed the
test liquids from a cylindrical storage chamber through an
annular nozzle directed vertically downward into still air
at atmospheric pressure. The storage chamber had an in-
side diameter and length of 190 and 305 mm, respec-
tively. The annular nozzle had a 50 mm inner diameter
with annulus widths of 3.55 and 6.75 mm to yield annular
liquid jets, having aspect ratios greater than 23 to ap-
proximate plane free jets. The nozzle passages had
rounded entries (radii of curvature of 1.5 times the annu-
lus width) followed by annular passages having length-to-
diameter ratios greater than 40:1 to both avoid developing
cavitating flows and to insure fully-developed turbulent
pipe flow at the jet exit for sufficiently large Reynolds
numbers, as discussed by Wu et al.15 and references cited
therein. The core of the annulus was well ventilated to
prevent collapse of the annulus sheet after leaving the
injector. The round jet apparatus was similar to the annu-
lar jet apparatus. The nozzle had a smooth rounded en-
trance (radius of curvature equal to the nozzle passage
radius) followed by round constant area passages having
length-to-diameter ratios greater than 40:1 to help insure
fully-developed turbulent pipe flow at the jet exit.15

The high-pressure air was stored in an accumulator hav-
ing a volume of 0.12 m3 on the upstream side of the sole-
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noid valve, with provision for accumulator air pressures
up to 1900 kPa. A baffle at the air inlet prevented unde-
sirable mixing between the air and the test liquid. In order
to accommodate rigidly-mounted optical instrumentation,
the nozzle assembly could be traversed up to 1.5 m in the
vertical direction in order to measure the flow structure.
Liquid injection times of 100-400 ms were long com-
pared to flow development times of 6-70 ms. Present op-
tical measurements required less than 0.1 ms for trigger-
ing and data acquisition which did not impose any limita-
tion on flow times. Liquid jet velocities were calibrated as
a function of nozzle pressure drop by measuring liquid
surface velocities using double pulse shadowgraphs.

Instrumentation

Instrumentation consisted of single- and double-pulse
shadowgraphy and off-axis holography. Shadowgraphy
provided flow visualization, liquid surface velocities, the
locations of the onset of ligament and drop formation,
drop sizes and drop velocities along the liquid surface.
The light sources for these systems were two frequency-
doubled YAG lasers (Spectra Physics model GCR-130,
532 nm wavelength, 7 ns pulse duration, and up to 300
ml per pulse) that could be controlled to provide pulse
separations as small as 100 ns. These measurements were
obtained with an open camera shutter under darkroom
conditions so that the laser pulse duration controlled the
exposure time and was short enough to stop liquid surface
and drop motion. The use of different pulse strengths for
double-pulse shadowgraphs allowed directional ambigu-
ity to be resolved. Polaroid types 55 and 57 black and
white films were used to record the images. Data was
obtained from the shadowgraphs by mounting them on a
computer controlled x-y traversing system (having a 1
jam resolution) and observing the images using a SONY
CCD video camera (model XC-77).The overall arrange-
ment allowed drops as small as 5 jim diameter to be ob-
served and as small as 10 jam diameter to be measured
with 10% accuracy.

Measurements of mean drop velocities were based on the
motion of the centroid of the drops; finding these aver-
ages was simplified because drop velocity distributions
were essentially uniform. The experimental uncertainties
(95% confidence) were smaller than 5 and 20%, for the
mean streamwise and cross stream drop velocities, re-
spectively. Mass-averaged cross stream drop velocities
relative to the liquid surface were found by summing the
relative cross stream velocities of 40-400 drops with ex-
perimental uncertainties (95% confidence) smaller than
20%. In all cases, experimental uncertainties were domi-
nated by sampling limitations.

Off-axis single-pulse holography was used to find drop
liquid fluxes at the liquid surface (the rate of drop forma-
tion) due to turbulent primary breakup, eliminating the
depth of field correction problem of conventional photo-
graphic particle sizing techniques. The arrangement is
based on the Spectron Development Laboratories Model
HTRC-5000 holographic camera and allowed drops as
small as 5 |iini diameter to be seen and drops as small as
10 jLim diameter to be measured with 10% accuracy. The
holograms were obtained in a darkened room using
AGFA 8E75HD-NAH holographic plates with a 100 mm
x 125 mm film format. The holograms were reconstructed
using a 35 mW HeNe laser, with the laser beam colli-
mated and passed through the hologram to provide a real
image of the spray.

The rate of drop formation along the surface was obtained
by measuring the volume of the drop liquid within an
annular segment defined by the angle between two
alignment pins (positioned outside the spray-containing
region) and the axis of the liquid jet, with the distance
above the mean position of the liquid surface given by the
distance the drops move at the mean relative velocity with
respect to the liquid surface for a preselected sampling
time. Experimental uncertainties of liquid flux measure-
ments due to the definition of irregular objects as ellip-
soids are difficult to quantify; otherwise, 40-60 sample
volumes were evaluated to yield mean radial liquid drop
fluxes with experimental uncertainties (95% confidence)
less than 30%, mainly dominated by sampling limitations.

Test Conditions

The experiments involved measurements of both annular
and round fully-developed turbulent jets. Present tests
were limited to water and ethanol injected into still air,
however, past work13'18 concerning round free jets and
plane wall jets in still air has shown that effects of varia-
tions of liquid and gas properties can be treated effec-
tively by the dimensionless parameters used to summarize
the present test results. Present test conditions for round
and annular free jets are summarized in Table 1 and 2,
respectively. The Reynolds number range implies that
effects of turbulent primary breakup dominated the pre-
sent 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 an annular free jet is
shown in Fig. 2. Notably, the geometrical appearance of
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ligaments does not lend itself easily to a simple prescrip-
tion for ligament shapes. As a result, an idealization of
the geometry of the ligaments was necessary. This was
done using an approach similar to Merrill and Sarpkaya.20

The definitions of ligament length, effective diameter,
and ligament angle, are illustrated in Fig.2. The ligament
effective diameter is calculated from the measured liga-
ment length and the ligament projected area on the
shadowgraph as:

dlig = Alig./Llig (1)

Measurements of 250 ligaments along the surface of
round and annular free jets yielded the probability density
distribution of ligament angle as shown in Fig. 3. The
probability density distribution of ligament angle appears
to be roughly Gaussian, with a mean value of 105 deg
and a standard deviation of 32 deg. The probability den-
sity distribution function of the ligament angle indicates
that the ligaments are nearly randomly oriented which
suggests small aerodynamic effects, in agreement with
past assessments of aerodynamic effects on turbulent
primary breakup for similar conditions.14

Ligament breakup mechanism

Two mechanisms for ligament breakup were observed:
(1) ligament tip (Rayleigh) breakup and (2) ligament base
(turbulent) breakup. Typical shadowgraphs of ligament
tip (Rayleigh) breakup are illustrated in Fig.4. Corre-
sponding typical shadowgraphs of ligament base (turbu-
lent) breakup are illustrated in Fig. 5. The first mecha-
nism is dominant and is observed roughly 90% of the
time. In this case, breakup of the ligament tip occurred
similar to classical Rayleigh breakup, where the liga-
ments act like liquid jets emerging from the liquid sur-
face. The resulting drops tend to have drop/ligament di-
ameter ratios close to 1.9 which was proposed by Tyler21

as roughly the diameter ratio for Rayleigh breakup. The
second mechanism of drop formation, which was occa-
sionally observed (less than 10% of the time), involved
breakup of the ligament at its base due to the turbulent
cross stream velocity fluctuations which change the flow
direction at the base of the ligament before Rayleigh
breakup can occur at the ligament tip. This mechanism is
characterized by the formation of large, irregular, liga-
ment-like drops and yields larger drop/ligament diameter
ratios, dp/dlig than ligaments associated with Rayleigh
breakup.

The probability distribution of drop/ligament diameter
ratio, dp/dug, had a mean value of 2.1 and a standard de-
viation of 0.78. This shows that the ligament tip breakup
mechanism is the dominant mechanism for drop forma-

tion because the majority of the drop/ligament diameter
ratio measurements yielded values near 1.9, typical of
Rayleigh breakup, rather than the larger values (> 3) typi-
cal of large ligament-like drops formed through the liga-
ment base breakup mechanism.

A second test for the Rayleigh breakup hypothesis in-
volved comparison of the ligament breakup time to the
Rayleigh breakup time. This test was performed at the
onset of breakup conditions. The length to initiate the
onset of ligaments and the onset of drops (i.e. onset of
breakup) were measured for annular and round free jets
as shown on Fig. 6. The times required for ligament
breakup were then calculated as follows:

(2)

The ligament breakup time normalized by the Rayleigh
breakup time, (Pfdug

3/a)1/2, taken from Weber22 also is
plotted on Fig. 6 as a function of the Weber number for
annular and round free jets. Clearly, the ratio of the liga-
ment breakup time to the Rayleigh breakup time is on
order of unity in Fig. 6, which further supports Rayleigh
drop formation mechanism from ligaments.

Finally, measurements of ligament slenderness ratio, i.e.,
ligament length/diameter ratio at the instant of breakup,
provide another important test of the Rayleigh breakup
mechanism of drop formation from ligaments. The theo-
retical prediction of the length of a cylindrical jet under-
going Rayleigh breakup is given by22:

Lc / d « [In (d/25)] ( 3 Wefd / Refd + Wefd
1/2) (3)

where 8 is the initial amplitude of a disturbance and the
parameter [ In (d/28) ] must be determined experimen-
tally. Weber22 reported a value of 12 for this parameter.
The Weber/Reynolds ratio was small compared to the
square root of the Weber number for the present test con-
ditions. Consequently, the ligament slenderness ratio
Llig/dlig at the time of breakup is plotted in Fig. 7 as a
function of the square root of the Weber number (based
on ligament diameter and ligament tip speed) as sug-
gested by Eq. 3. The best fit correlation of the data is
given by:

= 0.59(p(u t l p
2-f-v t l p

2)d l l g/a)< (4)

The standard deviation of the power of Eq. 4 is 28% and
the correlation coefficient of the fit is 0.82. The power of
the Weber number is not 0.5 as suggested by Eq. 3 but
the difference is not large in view of the relatively large
uncertainties of the measurements of the ligament
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breakup properties using double-pulse shadowgraphy. In
addition, Eq. 4 suggests a value of 0.59 for the parameter
[In (d/28)] in contrast to a value of 12 reported earlier by
Weber22 as noted earlier. This result indicates that dHg/6 =
3.6 for ligament breakup. This implies a disturbance of
order of magnitude of the ligament diameter itself which
supports the earlier ideas of Wu and Faeth16 that turbulent
primary breakup is caused by turbulent eddies escaping
from the surface of the liquid jet.

Ligament and drop sizes along the surface

An expression for the variation of the ligament diameter
resulting from turbulent primary breakup as a function of
the distance from the jet exit for annular and round free
jets can be developed following methods used earlier for
the variation of the SMD of drops formed by turbulent
primary breakup for both round free jets13 and annular
wall jets.17 It was assumed that the ligament diameter was
dominated by the largest ligament that can be formed at a
given position, that effects of liquid viscosity are small,
and that the ligament diameter is proportional to the char-
acteristic eddy size. Then the following expression for the
variation of dlig/A with distance from the jet exit is ob-
tained:

= C s x(x/(AWe f A
1 / 2))2 ' (5)

where Csx is an empirical parameter on the order of unity.
Data for ligament size at the surface of both the round
and annular free jets are plotted in Fig. 8 as suggested by
Eq. 5. The best fit correlation for ligament size is given
by:

L = 0 .38(x/(AWe f A " 2 ) ; (6)

The standard deviations of the coefficient and power of
Eq. 6 are 8 and 9%, respectively, and the correlation coef-
ficient of the fit is 0.95. The power of the normalized
streamwise variable in Eq. 6 is nearly the same as the
theoretical value given by Eq. 5 (i.e. 0.66) whereas the
coefficient is of order of magnitude unity as expected.
The reasonable value of the empirical coefficient and
power of Eq. 6 and the large correlation coefficients of
the fit, help to support the physical ideas used to develop
these expressions.

Drop sizes resulting from Rayleigh breakup of ligaments
are roughly twice the size of the ligaments as expected.
Assuming that the SMD is proportional to the largest
drops formed in this way, yields a correlation of SMD/A
similar to the results reported by Wu and Faeth.14

Drop velocities

The values of both streamwise and cross stream drop ve-
locities are observed to increase in magnitude with in-
creasing dp/SMD initially, but then remain nearly unity
(within experimental uncertainties) for 0.3<dp/SMD.
Consideration of the behavior of the small drops, how-
ever, suggests that their velocities tend to be smaller than
the rest due to their rapid relaxation toward the local gas
velocity. In addition, the effect of small drops on the
momentum exchange between the phases is not very im-
portant because they have correspondingly small inertias.
Thus, assuming uniform drop velocity distributions after
turbulent primary breakup at each point along the surface
appears to be justified based on the present measure-
ments. Similar conclusions were obtained from analysis
of earlier drop velocity measurements after turbulent pri-
mary breakup for annular wall jets due to Dai et al.17'18

Mean streamwise and mean relative cross stream drop
velocities are a function of normalized distance from the
jet exit. The results plotted in Fig. 9 show first of all that
the normalized measurements for round and plane turbu-
lent liquid jets are essentially the same. Next, mean
streamwise drop velocities are closely associated with the.
local streamwise liquid surface velocity, with all the
measurements illustrated in Fig. 9 yielding

u / u c =0.89 (7)

with a standard deviation of this ratio of 0.03, over the
length of the liquid column. Also us /u0 , is nearly inde-
pendent of streamwise distance over the length of the
liquid column for a round jet or the length of the liquid
sheet for an annular jet and is equal to 0.89. The results
for annular wall jets from Dai et al.17 are shown along
with the results for annular and round free jets. The rela-
tive cross stream velocities for all three flows exhibit es-
sentially the same streamwise variation. The correlation
of the relative cross stream velocities, vr /u s , is described
by the following:

v / u =0.055, x/(AWefA°'5)<l (8)

vr / us = 0.055(x / AWe^5 )-°'78, x/(AWefA°-5): (9)

The value of vr /us given in Eq. 9, 0.055, has a standard
deviation of 21%. The correlation coefficient of Eq. 9 is
0.90 and the standard deviation of the coefficient and
power in Eq. 3.18 are 9% and 24%, respectively. The
value of vr /us near the jet exit, 0.055, is comparable to

American Institute of Aeronautics and Astronautics



(c)2002 American Institute of Aeronautics & Astronautics or Published with Permission of Author(s) and/or Author(s)' Sponsoring Organization.

cross stream rms velocity fluctuations not too near the
wall for fully-developed turbulent pipe flow23 as might be
expected for conditions where surface tension forces at
the liquid surface are rather small compared to the mo-
mentum of eddy sizes responsible for the creation of
drops by turbulent primary breakup.

Drop liquid fluxes

The last liquid surface property that was studied during
the present investigation was the radial flux of drop liquid
relative to the liquid surface as a result of turbulent pri-
mary breakup along the liquid surface, or m". In order to
normalize this variable, it was defined in terms of the
liquid surface breakup efficiency factor, e, which is de-
fined as follows:

= m;/(pfvr) (10)

where the limit 8 = 1 represents conditions where liquid
drops are forming in a continuous manner over all the
projected surface area of the liquid surface. The actual
appearance of turbulent primary breakup, as the result of
the Rayleigh-breakup of the tips of growing ligaments
along the surface, however, suggests that generally e < 1,
if not« 1.

Present measurements of 8 for turbulent primary breakup
of turbulent annular and round liquid jets in still air are
illustrated in Fig. 10. The independent variable of this
figure is x/(AWefA

1/2), which is the characteristic stream-
wise variable used to correlate the SMD after turbulent
primary breakup as a function of streamwise distance.
Limits giving the onset of turbulent primary breakup as
well as the liquid column breakup length are also shown
on the plot to help define the region of the liquid column
where turbulent primary breakup was occurring. The cor-
relation of the present measurements of the surface effi-
ciency factor appearing in Fig. 10 yields a simple empiri-
cal power law relationship for 8 over the present test
range, as follows:

= 0.016(x/(AWefA
1/2)) (11)

where actual best-fit power of the independent variable of
Eq. 11 is 0.97 with experimental uncertainty (95% confi-
dence) of 0.03 which is not statistically different from
unity; therefore, the simple form presented in Eq. 11 has
been retained for the present data correlation. The stan-
dard deviation of the coefficient and power are 3% and
9%, respectively and the correlation coefficient of fit
equal to 0.92, which is good. Moreover, the trend of the
measurements illustrated in Fig. 10 appears to be quite
reasonable.

CONCLUSIONS

The major conclusions of the present study concerning
the surface breakup properties of fully-developed turbu-
lent round and annular free liquid jets are as follows:

1. Drop formation from the tip of ligaments occurs by
the classical Rayleigh breakup mechanism and is the
dominant mechanism of drop formation (roughly 90% of
the time). The remaining mechanism of drop formation
(roughly 10% of the time) involves ligament breakup at
its root due to cross stream velocity fluctuations near the
liquid surface.
2. Drop velocity distributions after turbulent primary
breakup satisfied uniform distribution functions; this is
helpful because drop velocities are fully defined by single
moments.
3. Mean and fluctuating drop velocities after turbulent
primary breakup could be related quite simply to mean
and fluctuating streamwise velocities in the liquid. Veloc-
ity properties were similar to recent observations of plane
wall jets except for mean cross stream velocities, which
decrease with increasing streamwise distance rather than
remaining constant similar to wall jets.
4. The mean drop mass fluxes due to turbulent primary
breakup at the liquid surface were correlated by defining
a surface efficiency factor (e) in the same manner as the
variation of drop SMD after turbulent primary breakup.
Quite plausibly, 8 is small at the onset of turbulent pri-
mary breakup but reaches values on the order of magni-
tude of unity as the end of the liquid core is approached.
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Table 2 Summary of test conditions for annu-
lar free jeta

Table 1 Summary of test conditions for round
free jet*

Parameter

b(mm)

uc (m/s)

Refd

Wefd

Ohfd

Formula

PfU0<ih/|a f

p fu0
2dh/a

^/(Pfdha)1 / 2

Range

1,3.55,6.75

11.1-31.2

25,000-424,000

3,000-151,000

0.00091-0.00336

aAnnular water jet in air at 100 kPa and 297±0.5 K.
Properties of air as mentioned in Table 1. Hydraulic
diameter taken as 2b.

Liquid

pf(kg/m3)

Pf/Pg

|afx!04(kg/ms)

axl03(N/m)

d(mm)

u0 (m/s)

Re f dxlO-3

We f dxlO'2

Oh f dxl04

Lc/d

Water

997

860

8.94

70.8

1.9,4.8,8.0

3-25

6-136

2-400

15-24

50-300

Ethanol

800

690

16.0

24.0

4.8

23-30

57-129

500-3000

53

200-300

Tressure-atomized injection vertically downward
in still air at 99±0.5 kPa and 297±0.5 K (pg = 1.16
kg/m3 and vg = 15.9 mm2/s). Round injector with a
rounded entry and a length-to-diameter ratio of 40:1.
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AIR SUPPLY
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ANNULAR LIQUID FLOW

FREE ANNULAR JET
FLOW DIRECTION

ONSET OF DROP
FORMATION

Fig.l Sketch of the annular jet apparatus.
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Reality

Idealization

g15 A|ig / L|jg

Jet flow
direction

Fig.2 Sketch of the definitions of ligament length, Llig,
ligament effective diameter, dlig, and ligament angle, c|>.
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Fig.3 Ligament angle, ((), probability density distribution
for annular and round free jets.

Fig.4 Typical shadowgraph of ligament tip (Rayleigh)
breakup at the surface of round and annular free jets.

Fig.5 Typical double-pulse shadowgraphs of ligament
base (turbulent) breakup at the surface of round and an-
nular free jets.
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Fig.6 Length to initiate ligament and drop formation for
round and annular free jets as a function of Weber number;
and ligament breakup times as a function of Weber number
for round and annular free jets.
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Fig.7 Ligament slenderness ratios at breakup plotted as
a function of the Weber number based on the ligament
tip velocity and ligament diameter.

Fig.8 Ligament size as a function of the normalized
downstream distance along the surface of round and
annular free jets.
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Fig.9 Absolute mean streamwise and relative cross
stream drop velocities as a function of normalized
streamwise distance from the jet exit.

Fig. 10 Mean surface efficiency factors as a function of
normalized streamwise distance from the jet exit for round
free jets and annular free jets.

American Institute of Aeronautics and Astronautics


