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Breakup of Liquid Sheets and Jets in a Supersonic Gas Stream
ALLAN SHERMAN*

NASA Goddard Space Flight Center, Greenbelt, Md.
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JOSEPH ScHETzt
Virginia Polytechnic Institute, Blacksburg, Va.

Experimental and analytical results are presented with the objective of denning the mecha-
nism of liquid sheet and j et breakup when subj ected to a supersonic gas stream. Liquid sheets
are studied with photomicrographs and high-speed movies of the activity of a liquid layer
maintained upon a porous plate test model in a parallel Macli 2.2 freestream. Tests with
several different liquids show wave motion, with droplet and ligament shedding across the
liquid surface. Numerical results from a liquid surface stability analysis are used to explain
these observations. Liquid jets are studied with spark shadowgraphs, high-speed movies and
photomicrographs of the normal injection of various liquids into a Mach 2.1 freestream. The
results show that the breakup mechanism is characterized by gross jet fracture, as opposed to
surface disintegration. 'the degree of breakup at a given streamwise location and jet spread
after injection are found to be related to injection diameter and dynamic pressure, and cer-
tain liquid properties.

and

Nomenclature

Cf = skin friction coefficient
AN = fraction of droplets counted between
AX = droplet diameter increment
g = acceleration of gravity
G = defined by Eq. (3)
G* = defined by Eqs. (5) and (7)
K = wave number = 2ir/\
M = Mach number
m = liquid mass^flow rate
n = constant defined by Eq. (1)
qr = dynamic pressure ratio = plVj2/pgU*2

Re = denotes real part
T = liquid surface tension
t = time independent variable
U* = freestream velocity
Ug = perturbation velocity from "wavy wall" solution from

linearized theory
ug = x component of gas velocity
m = x component of liquid velocity
vg = y component of gas velocity
Vj = liquid injection velocity
vi — y component of liquid velocity
x = space independent variable
X = droplet diameter (droplet distribution graphs)
-^min = lower limit of droplet diameter increment
-X'max = upper limit of droplet diameter increment
y = space independent variable
y == defined by Eq. (1)
Z = defined by Eqs. (6) and (8)
|3 = sheltering parameter
X = wavelength
Xc = minimum wavelength for growth
\M = wavelength for maximum growth
HQ = gas viscosity
/xz = liquid viscosity
vi = liquid kinematic viscosity
pg = gas density
pi = liquid density
TO = surface shear stress
£ = i(n/K2pl)
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I. Introduction

MANY early investigators were interested in the inter-
facial activity between two superposed fluid streams.1"5

In more recent years, analytical and experimental investiga-
tions have concentrated in describing the surface stability and
activity of a liquid over which a gas stream flows. Of particu-
lar importance in the regime of high freestream velocity is the
analysis of Mayer,6 in which a model for droplet shedding
from unstable surface waves is presented, and Chang and
Russel,7 in which linearized theory is employed to develop
wave stability criteria with subsonic and supersonic free-
stream velocities.

Most of the investigations into the breakup of liquid jets
have been limited to injection into still media,8"12 or a deter-
mination of downstream droplet sizes after injection into a
subsonic freestream.13'14 Studies as to the mechanism of jet
breakup after injection into a gaseous freestream have been
limited to Clark,15 who, for a subsonic gas stream, proposed a
breakup model of a flattened liquid stream with drops and
ligaments torn off the edges, and, Adelberg,16 who proposed,
for a high-velocity freestream, a theoretical model in which
droplets are shed from surface waves while the jet remains
essentially intact. A bibliography of jet injection literature,
including articles concerned more with penetration than
breakup, is contained in Ref. 17.

The purpose of the present investigation was to determine
the basic mechanism of breakup of both liquid sheets and jets,
when exposed to a supersonic freestream. To accomplish
this objective, spark photomicrographs and high-speed mov-
ies Were employed to obtain pictures of the activity of a liquid
layer maintained upon a porous plate test model in a super-
sonic freestream, and the breakup of liquid jets injected nor-
mally into a supersonic freestream. In addition, spark shadow-
graphs were taken for some of the jet injection tests. Theo-
retical comparisons were limited to the liquid sheet problem in
which numerical solutions of the liquid stability analysis of
Chang and Russel were correlated with experimental ob-
servations.

II. Liquid Sheets

Experimental Studies

The liquid sheet tests were conducted in a 6-in. supersonic
wind tunnel of the indraft type with a run time of 15
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sec. Measured freestream Mach number was 2.2 for all
tests, with a gas velocity of 1770 fps. Gas stagnation pressure
and temperature were at atmospheric conditions, with the in-
coming stream dried via a silica-gel bed dryer attached to the
front of the tunnel.

The porous plate model employed for the liquid sheet
tests spans the test section of the tunnel, is 7 in. long, ^ in.
thick, and has a 20° half wedge angle at the leading edge.
There is an initial 1-in. solid portion followed by a 5 in.
porous surface and a 1 in. solid trailing edge. The porous
plate is -|- in. thick stainless steel powder, with an average
pore size of 10 ju, and is approximately 50% void. The plate
is attached to the stainless steel base by means of spanwise
steps in the solid leading and trailing sections. Liquid is fed
into the model settling chamber through small holes in f in.
o.d. stainless steel tubes running lengthwise under the porous
section, and thus a liquid layer is maintained upon the sur-
face of the plate.

Photomicrograph Tests

Optical apparatus

Light from a 0.4 jusec spark source was focused by a
5 in. focal length lens and 5 ft focal length mirror to an image
plane halfway across the plate. This image was about 1 in.
long and -J- in. high due to the imperfection of the 5 in. focal
length lens. Thus, a high intensity light "source" was formed
at the liquid-gas interface. A high precision 6-in. focal
length lens and iris were then used for magnification and
focussing. The camera was operated without its lens, and
Polaroid Type 57 (3000 speed) was used throughout the tests.

Test procedure

The test sequence was to initiate liquid flow via a solenoid
valve 3 sec prior to tunnel start, and to take the pictures 4
sec after tunnel start. Visual observation, later verified by
high-speed movies, showed that steady-state flow conditions
had been attained by the time the pictures were taken.

Test liquids

Table 1 lists the six liquids that were tested during this
phase of the study. The basis for liquid selection was to pro-
vide a wide range of physical properties commensurate with
wind-tunnel operation safety standards. The physical prop-
erties itemized in the table were obtained from the indicated
references for the temperature recorded by plate settling cham-
ber thermocouples at the time the pictures were taken. Al-
though 15 to 20 pictures were taken for each test, the liquid
temperature never varied by more than two or three degrees.
Thus, an average temperature for each test was used for
liquid physical property determination.

illllli
Fig. 1 Liquid sheet test—-water.

Results of photomicrograph tests

A sample from the results of the photomicrograph tests is
shown in Fig. 1 which is an enlargement of a section of the
original photograph. This picture shows the liquid-gas inter-
face with the gas flow from right to left. The salient features
of this photograph, as well as other photographs obtained
from this phase of testing, are the following: 1) The pictures
obtained from this phase of testing show clear evidence of a
wave-like type of activity on the liquid surface, accompanied
by droplet and ligament shedding. Note in Fig. 1, for
example, the shedding of a relatively large liquid ligament
(left side of picture), as well as the shedding of a smaller
ligament (right of center in the picture), with wave-like pro-
trusions on the liquid surface. 2) The thicknesses of the liquid
layers is estimated from the results of these tests to be on the
order of 150 jj, (0.006 in.). 3) The surface waves do not ap-
pear to be of a smooth periodic type. Rather, the waves look
like protrusions resembling a sine wave that ends after half of
a period. The thickness of these protrusions at the baseis on the
order of 150 /z, as compared to less than 50 ju for the shedding
ligaments. 4) For the carbon tetrachloride test (No. 4) photo-
micrographs of the surface waves were not obtained. This is hy-
pothesized to be due to a) a large number of closely spaced
waves which obscure the activity at the mid-span plane
(verified by high-speed movies), b) smaller wave thicknesses as
predicted theoretically, and c) rapid evaporation of the car-
bon tetrachloride at the liquid-gas interface, which works in
the direction of preventing the growth of waves of detectable
sizes. 5) One photograph from each test was selected for the
purpose of counting and measuring droplets. These pictures
were taken with the iris in the half-open position. The drop-
let sizes were measured by examination of the pictures under a
microscope with a 5:1 magnification, and a reticle graduated in
tenths of millimeters. Thus, the minimum measurable inter-
val was nominally 5 ju, corresponding to half the minimum
graduation of the reticle. However, it should be noted that
difficulty was encountered in distinguishing the droplets in
the 5-10 /x range from the grain of the picture. Furthermore,
in measuring the droplet diameters only those droplets in
good focus were counted.

A typical example of the droplet distributions obtained is
shown in Fig. 2, which is a histogram of the droplet diameters
from Test 1. The sample sizes obtained from the photographs
for the calculations of these distributions ranged from 38 for
Test 5 to 149 for Test 1. Thus, because of these relatively low
sample sizes, smooth distributions were not obtained. The re-
sults of the droplet distribution determinations show that,

Table 1 Liquid properties for liquid sheet tests21"24

Test no.
1
2

3

4
5

6

Liquid

Water
20% glycerol/water solu-

tion
30% glycerol/water solu-

tion
Carbon tetrachloride
5% ethyl alcohol/water

solution
2J% ethyl alcohol/water

solution

Viscosity,
IbM/ft-sec

0.82 X lO-2

1.51 X lO-3

2.48 X lO-3

0.76 X lO-3

0.93 X lO-3

0.93 X lO-3

Density, Ib^/f

62.4

65.5

67.2
99.0

62.2

62.2

t3 Surface tension, Ib/ft

5.08 X lO-3

4.81 X lO-3

4.82 X lO-3

1.91 X lO-3

3.92 X lO-3

4.23 X lO-3

Vapor
pressure,

11.7

7.4

7.0
56

12.8

12.6
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Fig. 2 Liquid sheet droplet distribution—water.

with the exception of carbon tetrachloride, the maximum ob-
served droplet chamber is in the 100 /x range, and the mean
measured droplet diameter is between 21 and 31 ju, for each of
the liquids tested. For the carbon tetrachloride test the
maximum observed droplet diameter was in the 25 /* range and
it is estimated that 95% of the observed droplets were 10 JJL or
less in diam. Furthermore, distribution curves obtained for
all of the test liquids were skewed towards the smaller diam-
eter class intervals as illustrated by Fig. 2.

High-speed movies

High-speed movies (16 mm.'—7000 frame/sec) were taken of
a portion of the liquid surface (about 5 in. from the leading
edge) for tests with water, carbon tetrachloride, and a 20%
glycerol/water solution. These films included steady-state
tests for all three liquids in which the camera was started one
second after tunnel start and terminated approximately three
sec later (corresponding timewise to the spark photomicro-
graph tests), and one roll of the transient development of the
liquid surface with water as the working fluid.

The steady-state movies show quite clearly the wave mo-
tion across the surface of the liquid for all three tests. In
general, the waves are three-dimensional in nature (i.e., do
not span the plate) and progress at a measurable velocity in
the streamwise direction along the plate. Also, as discovered
with the spark photomicrograph pictures, the waves do not
appear to be the usual idealized periodic type, but rather in-
dividual protrusions resembling a sine wave terminated after
half of a period.

Significant differences in the wave motion among the three
fluids tested are also observed in the high-speed movies.
First, the carbon tetrachloride liquid layer exhibits a much
larger number of closely spaced waves than the glycerol
solution, with water somewhere between the two. Second,
the thickness at the base of the waves ranges from small to
large in comparing the carbon tetrachloride, water, and glyc-
erol solution tests. Third, the wave velocity is noticeably
different in observing the wave motion across the surface for
the three tests. As measured from the movies these wave
velocities averaged 4.9 fps for the carbon tetrachloride test,
8.2 fps for the water test, and 6.1 fps for the test with a 30%
glycerol/water solution.

Theoretical Considerations

A stability analysis for the flow of an inviscid compressible
gas over a liquid surface was initially presented by Chang
and Russel,7 and later expanded by Wilson and Chang.18

Lubard and Schetz19 then obtained a numerical solution to the

nondimensional stability equation of Wilson and Chang. In
the present investigation this analysis was expanded to deter-
mine the effect of gas viscosity with respect to the resulting
shear on the surface of the liquid. Numerical solutions were
obtained for both the inviscid and viscid gas cases, and the
solutions for the inviscid gas case were employed to explain
the experimental results. In addition, these solutions were
compared with the other basic approach to the problem, i.e.
the "sheltering parameter" method presented by Mayer.

Analysis with Gas Viscosity

The details of this analysis can be obtained from Ref. 17.
In general, the analysis follows the Chang and Russel approach
of assuming an infinite liquid depth, linearized form of the
momentum equation, two-dimensional flow, and that the
pressure distribution imposed by the gas is determined by the
"wavy wall" solution from linearized theory. With these as-
sumptions, and assuming a periodic disturbance on the liquid
surface,

y = Re[rjeiK*-int] (1)
the momentum and continuity equations can be solved for the
liquid velocity components and pressure in terms of four com-
plex constants.

Now, the new interfacial shear conditions at y = 0 are

Mz 1 by
and

( = 0

(2)

(3)

where G(xf) is an arbitrary function of position and time at
our disposal. By substituting the expressions for the velocity
components and combining Eqs. (2) and (3) a relationship be-
tween the unknown constants is obtained which is then
combined with an expression for the liquid surface normal
stress.

The analysis now again follows that of Chang and Russel in
which expressions for the liquid interfacial normal stress, sur-

or
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Fig. 3 Effect of gas boundary layer on liquid stability
curves.
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face tension, and gas pressure, are equated to the normal ac-
celeration at the interface. The resulting stability equation

(4)

(5)

(6)

(7)

(8)

(4 - 2Gf*)(l - £)1/2 - (£ - 2)2 -
where for a subsonic freestream

G* = 2pgGU*i/[plK*vl*(l - M2)1/2

„ [̂  + x«r/pZ] - {[xvd -

and for a supersonic freestream

G* = 2p,gGU*/[plK*vl*(M* -

It should be noted that if the gas viscosity is taken as zero
Eq. (4) reduces to the inviscid gas case of Chang and Wilson.
Also, at this point we are restricting ourselves to a constant
value for G. It is now desirable to obtain solutions to Eq.
(4), i.e., obtain the wavelengths of the initial disturbances for
which there is a positive imaginary value for n, indicating
initial perturbation growth.

Numerical Results

In order to obtain a solution to Eq. (4) it is necessary to
estimate a constant value for G which best represents the
fluctuating interfacial shear. In order to do this we say

TO = »gG(x,t)Ug =
or

= Cf$pgU*(U*/Ug)

(9)

(10)
where Ug is some average perturbation velocity and \ig G is
now a constant to be used in calculating G*. C/ was taken as
that for a flat plate with laminar flow,20 and various values of
U*/Ug were assumed in the computations.

Figure 3 shows the results of the computation for U*/Ug =
10, with the fluid properties and test conditions of Test 4.
Plotted in Fig. 3 is a curve of wave growth rate vs wavelength
obtained from the solution of Eq. (4), for which there is a
positive wave growth. Only one such solution was found to
exist for each wavelength. The second curve in Fig. 3 is the
inviscid gas solution to Eq. (4) for the fluid properties and test
conditions of Test 4. Comparison of the curves shows that
the addition of the gas shear has little effect on either the shape
or magnitude of the stability curve for a liquid sheet. Similar
results were obtained for a range in U*/Ug of from 1 to 100.

For subsonic flow (M = 0.7) a similar insensitivity to gas
shear was found. However, it is interesting to note that the
addition of the interfacial shear imparts a wave velocity (in
the downstream direction) to the liquid. This corrects the
physically unrealistic inviscid gas subsonic solution (as re-
ported in Ref. 7 and verified numerically in the present study)
in which the only unstable solution for subsonic flow is that
for which the wave velocity is equal to zero.

Solutions for the inviscid gas stability equation were then
obtained for the fluid properties and test conditions of Tests
1-6. Figure 4 shows these results for Tests 1-4. These curves
all exhibit one wavelength (\M) for maximum perturbation
growth rate and a minimum wavelength (Xc) below which
there is no positive growth rate solution, and above which a
positive growth rate always exists. For the liquids tested
here carbon tetrachloride exhibits the lowest values for both
AM and Xc.

Finally, it is shown in Ref. 17 that by arbitrarily fixing the
sheltering parameter, ft at 0.85 XM and Xc, as calculated for
Mayer's theory, agrees remarkably well with the values ob-
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Fig. 4 Liquid stability curves with properties from sheet
Tests 1-4.

tained from the linearized approach. However, there is no
conceptual justification for selecting this constant and, in fact,
the selected value is quite different from the value of 0.3 sug-
gested by Mayer.

Comparison of Theory with Observations

Both the high-speed movies and photomicrographs show
that, at least, the visible waves are not regular periodic curves
as assumed in the analysis, but rather individual protrusions
resembling sine waves terminated after half of a period.
There is, therefore, a complication in comparing observed
wavelengths with theoretical. In order to circumvent this
difficulty it is assumed that the thickness at the base of the
observed waves are indeed half of the wavelength, and thus
the observed wavelengths are on the order of 300 p. Then,
from the results of the numerical calculations we see that the
growth rate for perturbations with a wavelength of 300 JJL is
relatively large for all liquids tested. Therefore, there is
agreement between theory and experiments with respect to
the existence of the observed waves, assuming that the wave-
length doesn't change significantly between the initial per-
turbation and the fully grown wave.

The calculated perturbation velocities for Tests 1, 3, and 4
are 27 fps, 18 fps, and 10 fps, respectively. The observed
wave velocities from the high-speed movies were 8.2 fps, 6.1
fps, and 4.9 fps. The difference between the calculated
velocity at maximum growth rate and the observed wave
velocity can be attributed to either observing longer, and
thus more visible, waves in the movies than those corre-
sponding to XM, and/or the difference in wave velocity that
would occur between the small perturbations assumed in the
analysis and the finite waves observed. It is encouraging,
however, that the observed and calculated velocities increase
in the same direction, and are of the same order of magnitude.

From the photomicrograph results it was verified that drop-
lets and ligaments are indeed shed from waves on the liquid
surface. From the theory, any wavelength above Xc would be
capable of such action. However, it is reasonable to expect
that the number of droplets shed for each wave is propor-
tional, in some way, to the growth rate for the particular
wavelength. Also, because of shedding mechanism it is ap-
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Spark shadowgraph—injection of carbon tetra-
chloride into Mach 2.1 freestream.

parent that a droplet diameter cannot be larger than the
wavelength of the parent wave. Indeed, from the pictures,
the droplets and ligament diameters are some fraction
(about ^ or less) of the parent wave. Finally, from the theo-
retical curves in Fig. 4 then, one would expect the maximum
droplet size for each test to be approximately the same,
since the curves merge together as the wavelength increases.

With these ideas in mind one can compare the shape of the
obtained droplet distribution histograms with what one would
expect from theory. For example, the slowness of the distri-
butions towards lower wavelengths, which was observed with
all the liquids, provides excellent agreement with the hy-
pothesis that the most frequent droplet diameter for a given
liquid is some fraction of \M (which ranged from 7.6 p for
CC14 to 18.2 JLI for the 20% glycerol/water solution) and that
the droplet frequency, in general, is proportional to the growth
rate. In addition, since the theoretical curves merge towards
the right it is not surprising that (except for the test with
CCU) there is no large scale difference in the droplet distribu-
tions. Furthermore, since carbon tetrachloride has a vapor
pressure which is five times that of any other fluid tested, it is
suggested that the discrepancy between theory and observa-
tions is due to either the rapid evaporation of the liquid drop-
lets, or the effect of vapor pressure (which is ignored in the
analysis) on the droplet formation. Finally, the maximum
observed droplet size is the same for all liquids (100 ju- range),
except carbon tetrachloride, as predicted by the analysis.

III. Liquid Jets

The liquid jet testing consisted of two phases. First, spark
shadowgraphs and high speed movies were taken of various
liquids injected normally from a •§• in. diameter nozzle.
Second, photomicrographs were taken of the normal injection
of various liquids from a 0.018 in. diam nozzle, and of water

from a 0.033-in.-diam nozzle. In both cases the tests were
conducted in the 6-in. supersonic wind tunnel, freestream
Mach number measured 2.1, and gas stagnation pressure and
temperature were at atmospheric values.

| In.-Diam Jet Tests

Apparatus

For these tests the liquid was injected via an injection
assembly built into the tunnel block. This assembly consists
of an 8 in. long, f in. i.d., straight copper ^feed tube inserted
normally through the tunnel top to the shoulders of a brass
insert which is epoxied into a counter-bored hole in the tunnel
block. The •§• in. diam brass nozzle is then screwed from the
tunnel side of the block into the brass insert. Appropriate
neoprene 0-rings, rubber gaskets, and clamps are provided,
and an immersion-type copper-constantan thermocouple
was used to measure liquid temperature prior to entrance into
the nozzle.

Liquids and test conditions

A list of the liquids and test conditions for both the spark
shadowgraph and high-speed movie tests is in Table 2. The
physical properties of the liquids were obtained from the in-
dicated references at the temperature recorded from the feed
tube thermocouple.

Spark shadowgraph results

Figure 5 shows the results of a spark shadowgraph test with
carbon tetrachloride. In this photograph the liquid is in-
jected from the top and the gas is flowing from right io left.
The drops which are evident in the photograph are caused by
liquid sticking to the wind-tunnel windows, and therefore have
no significance to the test.

Figure 5 shows an over-all flowfield characterized by a well-
defined curved shock upstream of the jet, with a thick gas
boundary layer along the tunnel block. From Schlieren
photographs, boundary-layer separation appears just up-
stream of the jet.

The liquid surface in Fig. 5 exhibits wave motion which ap-
pears to grow in amplitude as the jet progresses downstream.
This feature is consistent with the results obtained from the
high-speed movies of the % in- diameter jet and is discussed
subsequently.

High-speed movies of jet injection

High-speed movies (7000 frames/sec) were taken of the
steady-state injection of the four liquids (Table 2), and the
transient development of water injection from tunnel start
(after the liquid flow is nearly at steady state) to steady
state. These movies, taken with a 16 mm Fastax camera,
have a time slow down factor of 292 to 1 when viewed with an
ordinary 16 mm projector.

The movies very lucidly reveal the mechanism of jet de-
velopment and breakup. The following descriptions of these
processes are based on observation of a composite 400 ft roll
of the results of Tests 1, 3, and 4, and a film of the transient
test with water.

Table 2 Liquid properties21"24 and test conditions for J-in. diam jet tests

Test no.

1
2

2

4

Liquid

Water
20% glycerol/water

solution
30% glycerol/water

solution
Carbon tetrachloride

Viscosity,
lbjif/ft-sec

0.62 X 10~3

1.05 X 10-3

1.51 X 10~3

0.6 X 10~3

Density,
UWft3

62.4

65.5

67.2
99

Surface tension,
Ib/ft

4.94 X 10~3

4.90 X 10~3

4.84 X 10~3

1.82 X 10~3

m,

0.36

0.33

0.33
0.44

Vj, fps

67.9

59.3

57.8
52.5

qr

6.2

5.0

4.9
5.9
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The basic mechanism of quasi-steady-state jet breakup is
similar for all three liquids. This consists of small amplitude
waves, spanning the jet circumference, which commence at
the nozzle outlet and move rapidly in the axial direction of the
jet, while growing in amplitude. At some point, usually after
the jet has turned in the direction of the stream and before
the amplitude of the waves is a significant fraction of the jet
radius, the jet fractures at a wave trough into one or several
pieces. The jet then grows again, and the process is repeated.

Figure 6 shows this sequence of events for Test 3. In these
enlargements of ten consecutive frames from this test, the
injection point appears in the upper left of the light area in
each frame, with freestream gas flow from left to right.
Thus, for example, in frame 1 the jet is seen bending in the
streamwise direction across the top half of the light area,
after being injected at the upper left of the light area. In
frame 1 the wave motion along the jet is evident, and fracture
of the jet is beginning at a wave trough. In frames 2 and 3
jet breakup is completed, and in frame 4 the jet begins to
grow again. In frame 5 the jet continues to grow, with some
disintegration also evident. Further growth occurs in frames
6 and 7 until, in frame 8, the jet shape again resembles the
fully grown contour of frame 1, with fracture again initiating
at a wave trough. In frames 9 and 10 the jet fracture is again
completed. The time to complete the full jet-disintegration-
full jet cycle in Fig. 6 is 1 msec, which is the elapsed time
from frames 1-8. Also, it is noted that some droplet shedding
is evident in frames 5-7.

Some significant differences were observed among the three
tests. The most obvious of these is the much slower wave
velocity and fracture rate for the test with carbon tetrachloride
as compared to both Tests 1 and 3, although this wave
velocity was still too high to obtain an accurate measurement
from the movie. Another observed difference between Test 4
arid the other two is that the carbon tetrachloride jet exhibits
a much larger degree of spread, after turning in the direction
of the stream. Consequently, the initial fractured pieces ap^
pear larger in this movie as compared with Tests 1 and 3.
In addition, in the test with carbon tetrachloride a larger
amount of vapor surrounds the jet than for the other two tests,
as would be expected.

In summary, the high-speed movies show that the jet
breakup is characterized by a gross fraction of the jet stream,
initiated at the troughs of waves which span the jet circum-
ference, and move axially along the jet. This model of jet
breakup will be subsequently expanded upon.

Small Diameter Jet Tests

Apparatus

The model employed for this test series is a 4 in. wide by 4 in.
long flat stainless steel plate with a 20° wedge angle at the
leading edge. The liquid is injected into the free stream from
a straight, -^ in. long, nozzle located at the mid-span plane
of the plate, 2 in. from the leading edge. The nozzle is part of
a brass insert, which is removable from the bottom of the
plate, and fits flush with the plate surface. The liquid is fed
to this nozzle from a 2 in. diam cup-shaped settling chamber
which screws to the underside of the plate, and is coaxial with
the nozzle. The temperature of the liquid in the cup is mea-
sured by an immersion type copper-constantan thermocouple;
the cup pressure (20-50 psig) is checked via a pressure tap
and liquid pressure gage.

The optical system employed for obtaining the photomicro-
graphs is exactly the same as was used for the liquid sheet
tests.

Test liquids and conditions

Twenty tests were run in this phase of the investigation.
These consisted of tests with four different liquids and a
variety of flow rates with a 0.018 in. i.d. injection nozzle, and

Fig. 6 Jet breakup sequence from high-speed movies;
gas flow is from left to right.

tests with water employing a 0.033 in. i.d. injection nozzle.
Table 3 lists the liquids used and flow conditions for these
tests. The liquid properties shown in Table 3 are representa-
tive values for each test; the liquid temperature never varied
by more than a few degrees.

Results of small diameter jet tests

A representative result of the small diam jet tests is shown
in Fig. 7 which is the result of Test Id. In this photograph
the liquid is injected at the bottom right and the gas flow is
from right to left.

Much information about both the mechanism of jet
breakup and initial droplet distributions is obtained from a
close examination of the pictures obtained from these tests.
However, in extracting the information, the limitations of
these tests should be remembered. The primary limitation is
that the test results give a detailed picture of the jet at only
one instant of time. Hence, it is conceivable that at another
instant of time the jet shape and particle distribution might
be quite different. This is in contrast to the high-speed movies
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Table 3 Liquid properties21"24 and test conditions for small diameter jet tests

Test no.
la
Ib
Ic
Id
2a

2b

2c

3a

3b

3c

3d

4a
4b
4c
4d
4e
5a
5b
5c
5d

Injection

Liquid

Water
Water
Water
Water
30% glycerol/water

solution
30% glycerol/water

solution
30% glycerol/water

solution
15% ethyl alcohol/H2O

solution
15% ethyl alcohol/H2O

solution
15% ethyl alcohol/H2O

solution
15% ethyl alcohol/H2O

solution
Carbon tetrachloride
Carbon tetrachloride
Carbon tetrachloride
Carbon tetrachloride
Carbon tetrachloride
Water
Water
Water
Water

0.018 in.,
nozzle diameter:

0.033 in.,

m X 103

Ib/sec
9.3
9.9
7.1
7.3

8.4

10.1

11.6

12

11.6

5.4

9.4
12.1
11.0
8.2

10.9
11.7
21.3
18.3
15.7
16.7

Tests 1-4

Test5

Vj, fps
84.5
89.5
64.2
66.2

70.5

85

97.5

111

108

50

87
69.2
69.9
46.8
62.3
66.9
59.6
51.1
44.0
46.2

Viscosity, Density, Surface tension,
qr IbM/ft-sec Ibjf/ft3 Ib/ft

9.6 0.70 X 10~3 62.4 5.0 X 10~3

10.7
5.6
5.9

7.2 2.1 X 10-3 67.2 4.9 X 10~3

10.5

13.8

16.1 1.5 X 10-3 61.6 2.9 X 10~3

16.7

3.3

9.9
10.2 0.7 X lO-3 99 1.9 X 10~3

8.4
4.7
8.3
9.5
4.8 0.7 X lO-3

 62.4 5.0 X 10~s

3.5
2.6
2.9

in which the jet shape is viewed over a long period of time, but
the details of the particle distributions are missing. In the
discussion that follows, then, frequent reference will be made
to the high-speed movies in order to develop an over-all de-
scription of jet breakup.

The following results are obtained from examination of the
photographs obtained from this phase of testing: 1) Over-all
Jet Surface and Breakup. The results of this phase of testing
is in basic agreement with the model for jet breakup previously
discussed which was based upon examination of the high-
speed movies of injection from a % in. diam nozzle.

This general breakup pattern is captured by several of the
pictures resulting from the small diameter jet tests. For
example, Test Id lucidly illustrates this behavior. In Fig. 7
the photomicrograph from Test Id shows the wave motion
on the outside surface of the jet, with jet fracture occurring at

Fig. 7 Photomicrograph of water jet injection—Test ID.

about one third of the way in from the right side of the picture.
This fracture results in large pieces of fluid leaving the jet,
which are apparently in the process of breaking down into
smaller particles and droplets.

It is also noted that at the inside surface of the jets in Tests
1A, 2C, and 5A there appears to be some particle and droplet
shedding before jet fracture. It is reasonable to assume that
these particles are sheared off the side of the jet by the free-
stream. This effect was also observed in the high-speed
movies, but, apparently because of the rapidity of this droplet
formation, the particles appear as streaks of fluid.

The additional details supplied by the photomicrographs
can now be used to complete the basic model of jet breakup
presented to this point. One addition to the model, not ap-
parent from the movies, is that the large pieces of fluid which
fracture from the jet do indeed breakdown further into
smaller droplets and particles. Furthermore, nearly all of the
tests show some initial droplet formation. These droplets ap-
pear to be sheared from the side and top surfaces of the jet,
and thus are formed even though the main part of the jet
may still be intact.

2) Effect of Liquid on Jet Shape. It was reported that the
high-speed movies showed that the carbon tetrachloride -§- in.
diam jet exhibited a much larger spreading after injection
than the other two liquids tested. This effect is also observed
in examining the results of the photomicrograph tests of the
0.018 in. diam jet. The reason for this effect is presumed to be
due to either expansion of the carbon tetrachloride vapor,
and/or the low surface tension of carbon tetrachloride.
However, the more important of these two properties with
respect to jet spread could not be determined from this test
series.

3) Degree of Jet Breakup vs Streamwise Location. Another
parameter which is of interest from a combustion viewpoint is
the degree of jet breakup at a given streamwise distance from
the injection nozzle. The effect of the dynamic pressure
ratio, and jet diameter on ^his parameter will now be exam-
ined.

An examination of the photographs obtained from Tests 1-5
shows that for a given fluid and injection diameter, the degree
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of jet breakup at a particular streamwise location is inversely
related to the dynamic pressure ratio. For example, com-
parison of the degree of jet breakup at the left side of the
photographs from Tests la (high qr) and Id (low qr) demon-
strates this relationship. Similarly, these results were ob-
tained in comparing the photomicrographs from 2a with 2c,
3a and 3b with 3c and 3d, 4a with 4b, and 5a with 5d. Finally,
it should be noted that in comparisons between tests of the
same liquid, injection diameters, andfree stream conditions,
claiming that a parameter varies with qr is equivalent to
claiming that it varies with injection mass flow.

For the same qr and fluid, the effect of increasing the jet
diameter is to decrease the degree of jet breakup for a given
streamwise location. This is demonstrated by comparing the
photographs from Tests 5a and Id. Since the qr for Test Id is
actually slightly more than that for Test 5a, for the same in-
jection diameters it would be expected that a lesser degree of
breakup at a given streamwise location would be observed for
Test Id. Comparison between the two tests show, however,
that the degree of breakup for Test Id is significantly higher
than for Test 5a. Similar results were found in comparing
the photomicrographs from Test 5b with those from Test 1.
Again, it should be noted that the correlation of the degree of
jet breakup at a given streamwise location with injection
diameter, as presented here, is indistinguishable from a cor-
relation with jet flow rate.

In conclusion to the discussion of the degree of jet breakup
at given streamwise location it is noted that no clearly defin-
able relationship could be found between this parameter and
injection liquid.

Droplet sizes

Droplet diameters were measmed for a selected area of
some of the jet photomicrographs. This area is a rectangle
1.6 in. high X 2 in. long, and bounded by the plate surface
and the left side of the photograph. The droplets were mea-
sured by enlarging the selected area by a factor of 5 to 1,
which results in a total magnification of 72.5, and measuring
the diameters with a scale graduated in 0,10 mm. Thus,
the minimum measurable interval was 6.9 /*, corresponding to
a half-division on the scale. However, as with the liquid sheet
tests, difficulty in distinguishing the droplets from the grain
of the photograph was encountered in the 5-10 /* droplet
diameter range.

The droplet diam determination obtained here has validity
only as a determination of the sizes of initial droplets (i.e.,
droplets close to the point of injection as is the case for all of
the particles in the photographs) for each test. The degree of
jet breakup was not a consideration in these measurements,
and may be very large (Test Id) or very small (Test la).
Furthermore, the downstream droplet distribution would
probably be quite different, due to secondary breakup and
evaporation.

The measurement was limited to particles which approxi-
mate spheres. This was arbitrarily defined as particles for
which the maximum diameter does not exceed the minimum
diameter by more than two to one. For the nonspherical par-
ticles thus counted, the droplet diameter was defined by
(max-diam + min-diam)/2. Furthermore, only those par-
ticles and droplets that were in good focus were counted.

Under the above restrictions, then, with a sample size rang-
ing from 83 for Test 3d to 102 for Test 5a, the mean measured
droplet diameters are 58, 85, 63, 72, 58, and 68 /z, for Tests Ib,
Id, 2c, 3d, 4a, and 5a, respectively. The maximum measured
droplet diameter was 352 /z, for Test Id.

IV. Concluding Remarks

The experimental results of this investigation show that
the mechanism of droplet formation from a liquid sheet ex-
posed to a supersonic gas stream is a surface phenomenon,
while the breakup of a liquid jet injected normally into a
supersonic freestream is one of gross fracture of the jet.
Further investigations are warranted in order to determine
the effect of a high liquid vapor pressure on jet breakup, and
to refine droplet distribution measurements for both problems.
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