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DISPLACEMENT OF DISINTEGRATING LIQUID JETS IN CROSSFLOW
by Frederick P, Povinelli

Lewis Research Center

SUMMARY

The displacement of three sizes of liquid jets breaking up in a crossflow was mea-
sured in a shock tube. Data were obtained for water, oxygen, E-heptane, and three
glycerol-water mixtures in gas flows up to 1080 feet per second (329 m/sec). The dis-
placement was approximately proportional to gas velocity squared and inversely propor-
tional to jet diameter. Data were correlated with an empirical parameter. A simple
model of jet displacement which includes the rate of mass removal also led to a correla-
tion of the data.

INTRODUCTION

The breakup and displacement of liquid jets and drops accompanying perturbations
in local gas velocity appear to be important mechanisms in initiating and driving the
transverse mode of combustion resonance in liquid-propellant systems (ref. 1). Liquid
jet breakup is of importance in atomization and vaporization processes, whereas jet dis-
placement is of interest in mixing processes and injector design. Previously (refs. 2
to 4), the process of jet breakup in the velocity field behind a shock wave was studied,
and an expression for the breakup time (ref. 4) developed. That expression was in
agreement with results obtained by an entirely different experimental technique (ref. 5).
The present study is concerned with the displacement of the disintegrating liquid jets of
reference 4 in the flow field behind a shock wave.

Other investigators (refs. 6 and 7) have reported on the displacement of drops and
jets of water breaking up behind shock waves and have concluded that predictions of dis-
placement must include assumptions of the rate of mass removal and of the changing
shape of the jet cross section, neither of which is easily defined. In this report, experi-
mental displacement data are correlated with an empirically obtained parameter which
includes time, liquid jet diameter, crossflow gas velocity, and the ratio of gas to liquid
densities. The parameter corresponds to an expression derived for jet displacement



which neglects mass loss. A suggested simple model of jet displacement which consid-
ers mass loss and jet deformation led to an equally good correlation. A comparison is
made between the experimental water jet data of reference 7 and the empirical correla-
tion parameter.

Experimental displacements were measured for liquid jets of water, n-heptane,
oxygen, and three glycerol-water mixtures. Jet diameters were 0.052, 0.0785, and
0.157 inch (0. 132, 0.199, and 0. 399 cm) and crossflow gas velocities were 210, 385,
790, and 1080 feet per second (64, 117, 241, and 329 m/sec). Liquid jet velocities
ranged from about 20 to 46 feet per second (6.1 to 14. 0 m/sec).

SYMBOLS

transverse area per unit length of jet

C constant
CD drag coefficient
D jet diameter before deformation

M mass per unit length of jet

M0 initial value of M

Rj jet radius before deformation

r radius of curvature of deformed liquid segment

t time

tb breakup time

Vg free-stream gas velocity

X displacement perpendicular to jet axis referred to original jet location

o consolidating term, 0.623 pg/pZ Cp (see appendix)
consolidating term, ongtb (see appendix)

p gas density

P 1 liquid density

APPARATUS AND PROCEDURE

The shock-tube apparatus (fig. 1) is described in detail in references 3 and 4.
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Figure 1. - Experimental setup.

Briefly, it consisted of an 8-foot- (2.4-m) long driver section, a diaphragm-piercing
mechanism, and 2.72-inch- (6. 91-cm) square test section with 2. 72- by 14-inch (6.91-
by 35.6-cm) windows. The jet axis was perpendicular to the direction of motion of the
shock wave and was located 16. 7 equivalent tube diameters from the diaphragm.

The motion of the deforming jet in the direction of gas flow was obtained from back-
lighted streak photographs taken with a 35-millimeter shutterless motion-picture camera
at a film velocity of approximately 1 inch (2.5 cm) per millisecond. The test-section
window facing the camera was masked for this purpose except for an axial slit 0.1 inch
(0.25 cm) wide and 14 inches (35.6 cm) long. The center of the slit was 1. 36 inches
(3. 46 cm) below the injector face. A 50-millimeter f/2 lens was used with a demagnifi-
cation of 11 at the film. Displacement of the jet leading edge was read on a film reader
equipped with precision cross hairs and giving a magnification of 5. The intersection of
the shock front with the jet was taken as the time reference. Displacements were mea-
sured until the jet was determined to have broken up as in reference 4. Measurement
times were less than the time for reflected shocks or rarefactions to disrupt the uniform
gas flow in the test section. A typical streak photograph is shown in figure 2(a) along
with a corresponding framing photograph (fig. 2(b)) for comparison. Framing photo-
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{a) Streak photograph. {b) Framing photograph.

Figure 2. - Typical photographic data of jet displacement and breakup. Gas velocity,
790 feet per second, (241 m/sec; jet diameter, 0.052 inch (0.132 cm); fluid, water.

graphs were taken with a 35-millimeter high-speed camera at a rate of approximately
2000 frames per second.

The initial pressure and temperature of the air in the test section were 1 atmo-
sphere (1. 01x10° N/sq m) and 70° F (294° K), respectively. Shock Mach number, shock
velocity, and air velocity behind the shock wave were calculated from the initial pres-
sure ratio by use of the one-dimensional wave equation (ref. 8). The values of shock
velocity were within 5 percent of those measured from blast gages in the shock tube.
For these experiments, the shock Mach number ranged from 1.115 to 1. 725 and the gas
velocity from 210 to 1080 feet per second (64 to 329 m/sec). The following table shows
the shock tube operating conditions; liquid jet velocities ranged from 20 to 46 feet per
second (6.1 to 14.0 m/sec):



Inijtial Shock Mach Shock velocity | Gas velocity Gas density
pressure | number at 70° F B
ratio @74° K) ft/sec {m/sec |ft/sec| m/sec|lb/cuft| g/cucm
1.68 1.115 1260 384 210 84 10.08911]1.428x1073
2.63 1.225 1384 | 422 385 117 .1037 | 1.661
7.12 1.506 1702 519 790 | 241 .1400 | 2.243
14.61 1.725 1949 | 594 1080 | 329 L1677 | 2.687

Three jet diameters, 0.052, 0.0785, and 0. 157 inch (0.132, 0.199, and 0. 399 cm)
were used with each of the following liquids: water, n-heptane, oxygen, 15 weight per-
cent glycerol in water, 58 percent glycerol, and 79 percent glycerol. Because the
length-to-diameter ratios of the liquid jet injectors were at least 10, the jet was turbu-
lent. With the exception of oxygen, all liquids were at 70° ¥ (294° K). The oXygen was
passed through a liquid-nitrogen heat exchanger and then through a vacuum-jacketed line
to the injector. Properties of oxygen were evaluated at its boiling point.

RESULTS AND DISCUSSION

All the experimental data are presented graphically in figure 3. Liquid jet dis-
placements for the various fluids are plotted as a function of time at each jet diameter
and crossflow gas velocity. For several conditions, repeat runs were made to check
reproducibility. These runs are shown as solid symbols in figure 3. Liquid jet velocity
was found to have no effect on displacement for the small range over which it was varied.

Displacement is approximately proportional to time squared, as shown by the lines
with a slope of 2 faired through the data. Fluid properties seem to have little effect on
jet displacement. Close inspection of figure 3 reveals that the n-heptane data generally
fall to the left of the average (a greater displacement with time) and the 15-percent-
glycerol data generally fall to the right. A density effect on displacement would explain
the n-heptane results but not the 15-percent-glycerol results, as shown by a comparison
of densities in the following table of fluid properties; no consistent trends can be ob-
served with surface tension or viscosity:

Liquid Surface tension Density Viscosity
b mass/sec2 N/m Ib mass/cu ft| g/cu em | Ib mass/(ft)(sec) | (N)(sec)/sq m
Water 0.161 7.30¢1072 62.4 1.00 6. 72x107% 1.00x1073
n-Heptane . 045 2.04 42.6 .682 2.75 . 409
Oxygen .033 1.50 73.2 1.17 1. 50 .223
15 Weight percent . 160 7.25 64.5 1.03 9. 90 1.47
glycerol
58 Weight percent . 151 6.84 71.4 1.14 6.15x1073 9.15
glycerol
79 Weight percent . 147 6.66 75.0 1.20 3.49x1072 51.9
glycerol
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{i) Jet diameter, 0,052 inch (0, 132 cm); gas velocity, (j) Jet diameter, 0,052 inch (0. 132 cm); gas velocity,
1080 feet per second (329 m/sec). 790 feet per second (241 m/sec).

Figure 3, - Effect of fluid
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Some of the scatter in the data shown in figure 3, especially for lower gas velocities
and smaller jet diameters, can be explained if the behavior of a disintegrating jet in
crossflow is considered. The framing photograph (fig. 2(b)) shows that the jet has con-
siderable surface roughness upon injection and deforms into segments along its entire
length. In viewing the jet through an axial slit, different portions of the jet pass the slit
with time. The effect which this segmented breakup has on displacement data scatter is
shown in figure 4. Here, several runs are shown which indicate either a halt or a re-

I e I

Liquid Jet diameter, Gas \(;elocity, +—
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Figure 4, - Evidence of jets breaking up as series of segments. Each curve represents
points taken from single streak photograph.

gression in the displacement followed by a continued increase which nearly parallels the
portion before the shift. As liquid velocity increases, more halts and regressions would
be expected, as more segments would pass the slit in a given time interval.

The data of figure 3 are plotted in figures 5 and 6 to show the effect of gas velocity :
and jet diameter, respectively, on jet displacement. Displacement is approximately
proportional to gas velocity squared and is approximately inversely proportional to jet
diameter.

Although the data show no obvious consistent effect of fluid density in figure 3,
physically the mass or inertia of the jet would be expected to affect displacement. Also
it would be expected that dynamic pressure of the gas rather than just gas velocity would
affect displacement. Incorporating the preceding relations into dimensionless param-
eters yields

-«
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This equation corresponds to an expression derived for jet displacement with no mass
loss assumed, as detailed in the appendix.

The data are plotted against the correlation parameter (‘/p g/p 7 )th/D. in figure 7
for the six fluids. Lines with a slope of 2 faired through the data yield values for C
from 0. 58 for n-heptane to 0.92 for 79 percent glycerol and an average value of 0. 70.
Thus an empirically obtained expression for jet displacement is

X -0.70 £ _¢ @)
D; Pr D
Measured x/Dj is plotted against x/Dj calculated from equation (2) in figure 8. The
dashed line represents equivalence of measured and calculated displacements. Although
the scatter about this line is appreciable, the empirical displacement equation appears
to predict the overall displacement trend accurately. In using figures 7 or 8 to estimate
displacement with time for the fluids shown or for other fluids, it must be kept in mind
that the time must not exceed the breakup time. Displacement of the jet reduced to lig-
aments or drops would be larger than that of the intact jet. Breakup times may be cal-
culated for any particular set of conditions from equation (4) of reference 4.

A simple model of jet displacement as a function of time which accounts for mass
loss from the jet is given in the appendix. Displacements calculated from the model are
plotted against experimentally measured displacements in figure 9. The trend of dis-
placement and the amount of scatter appear to be about the same regardless of whether
mass loss is considered. Thus in application, displacements can be estimated from the
simpler expression obtained empirically (eq. (2)).

The data of reference T for water jets displacing under the influence of a uniform
gas velocity behind a shock wave are plotted against the empirical correlation parameter
in figure 10. The average for water data from figure 7(a) is also shown. The data of
reference 7 tend to have slightly greater displacements with time than the water data of
this report but still within the scatter of all data shown in figure 8.

11



100

GsicEr

i 3

-.!l,

=

T+

10

el
I~
3

J*K
K [ X}
L L} T4
)

VTR

1TIC) VANV T
L) [SFVI |
TAS R

L]

N

-

DX

Tty

Calculated dimensionless displacement, (X/Dj)calc

1

a1

RN R ]
L N NN ]

id oxygen
ptane

iqui
¥ 15 Percent glycerol

+ 58 Percent glycerol

- O Water
T O Li
= A n-He

Figure 8, - Comparison of measured dimensionless displacements with values calculated from equation (2):

I X 79 Percent glycerol

100

(=]
—

seaw

A_evc “uawade|dsIp SSa|UOISUBLIIP PaInsealy

1)

=0.70 \/-E_g-ﬁg
P1 DJ

X
bj

12



T

Measured displacement, Xpoqc, N

F .

w

I

Measured displacement, Xpaas €M

A

1

E-N

€1

= 2 = E=coesespeer
j@ 1= == = B : = =35
O Water = = : =E=eramsas 3 = : = =
O Liquid oxygen : =
A n-Heptane : :
7 15 percent glycerol
+ 58 Percent glycerol : :
x 79 Percent glycerol {7 — -
=) ; ‘J‘ J 4‘ 1’”
- e e e e —
t e e Xmeas ~ *cale ==
T (o] Y 2" "{ i +
TN <~ 1 ]
! l i ; o 3+ pa > h I !
. - ” T '
7
d . Y.
wAREN i
] 4 \ l ‘ . st
1 SO S B S Li L ! -
= —;_alzfﬁ“ S _E__zj“i' : EEEE == =St ==
]h : : 1. !1 i 1‘14 = H]\ : =
1 + t : §J‘ - ‘l; | " I ‘ _: _jai,_‘ " I' 1
(| I —— o T '
== = ot SEEEee =
=5 \ = TESS=SERTTEEEE SEEE ; :
= = SEEEEREE LEE ; = ‘
s e e =
T % = ll 11 1 ; ]r‘l l f t AC X xi[ I ™ x
- ! 3 X'x * ‘E:
D BT o o -
! 7 A ” | c
e 1€ o YEOL ] T i | i =l i
T s RRRRY A S Raun L A AT R 1 R
{ L I | | L 4 +
4 TR el 1A A SRR IR I EREEA AR AT
.1 [T [LTTRITE S| gt LT AT O AT [ T AT
.01 ' .1 1 10
Calculated displacement, X.gc CM
| | } | ] | | I ! | |
.1 .2 3 .4 5 1 2 3 4 5 10

Caiculated displacement, Xcg)c, Cm

Figure 9. - Comparison of measured displacements with values calculated from equation (A5}

D.
D; D‘(J.+B)
eVt foaf1- L) E -1{ _t
Xcaic Vgt+m<1 1 i 2 In|:6£;<1 1 tb>+£|



100 | — —
— Gas velacity, T
_ Vg ] /]
| ft/sec (m/sec) /
24 (89.6) =y,
570 (174) /
722 (220) &y
219 (85.2)
502 (153) A |/
682 (208)

[
Open symbols denote jet B% /
A
7
y i

Agy4qpoo

diameter of 0,0394 in,
0. 1cm) p-ay
[_Solid symbols denote jet >
— diameter of 0. 216 in. 7
— (0.55cm)

ad/

oy
v/

I:{
I g
/

—
o

Dimensionless displacement, xIDj

4
-

>

“-Water data from fig, 7(a)

h

1 1 10

E\iﬂ

J

Figure 10, - Data of reference 7 as function of correlation parameter,

Correlation parameter,

=)

SUMMARY OF RESULTS

Jet displacements in a transverse gas flow were measured in a shock tube for three
sizes of jets of water, n-heptane, and liquid oxygen and three glycerol-water mixtures.
In all cases the displacement was approximately proportional to the gas velocity squared
and inversely proportional to the jet diameter. The fluid properties had little effect on
displacement.

Experimental displacement data were correlated with an empirically obtained pa-
rameter which includes time, liquid jet diameter, crossflow gas velocity, and the ratio
of gas to liquid densities. Reasonably good agreement was obtained for all fluids. Sim-
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ilar data for water jets taken independently also show fair agreement with the correla-
tion parameter.

A simple model of jet displacement which includes the rate of mass removal corre-
lates the data equally well. This model can be shown to suggest the empirical correla-
tion parameter.

Lewis Research Center,
National Aeronautics and Space Administration,
Cleveland, Ohio, September 14, 1967,
128-31-06-02-22.
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APPENDIX - MODEL OF JET DISPLACEMENT

The model presented is an attempt to suggest a correlating parameter for displace-
ment of disintegrating liquid jets. The model accounts for mass loss and deformation of
the jet cross section during the displacement.

In developing the force balance on a disintegrating jet, the initial circular jet cross
section is assumed to deform upon impact of the shock wave to a segment of a larger
circle (ref. 9) as shown in the sketch,

Photographic evidence of such a shape is shown in reference 6. In reality, it would take
some finite time for this new cross section to develop. The equilibrium included angle
21/3 was selected as a lower limit based on measured pressure coefficients for a cyl-
inder in a crossflow (ref. 10); that is, the end points of the segment correspond to
points where the static pressure is a minimum. For the assumed shape,

Cross-sectional area = 1 r2 <_2_”. - sin 2my_ M (A1)
2 3 3 Py

From geometry the frontal area per unit length of jet is

A=221 /M (A2)
Py

If surface tension and shear effects are neglected, the force balance per unit length of
jet in a crossflow of velocity V g may be written as

2 2
MEx-1p coafv, - & (A3)
a2 2 °F € at

16



In order to solve equation (A3) two additional assumptions were made:
(1) The rate of mass removal is the average value Mo/tb, so that

M=M0<1-L>
t
b

(2) The drag coefficient C,, is constant., (The frontal area per unit length A
D

varies. )

The introduction of these assumptions yields

1/2 2 p 2
R, (1 - _t_> 4x_0.623-ECp <Vg - d—x> (A4)
)  a? ) dt

which can be integrated to give

D, 4
x=Vtedft-J1-EY- N S|l 1-L)e1 (A5)
& 20 ty, 208 D, £y,

where
P
a=0.623_8 Cp
P
l
and
B=aV gtb

For the range of Reynolds numbers encountered in this study, the drag coefficient varies
from 0. 8 to 1.2 for a cylinder and is 1. 1 for a disk (ref. 11). For convenience, a value
of 1. 0 was selected for use in equation (Ab).

If the breakup time is assumed to have no effect (or mass loss is unimportant),
dx/dt is small compared with Vg, and Cp remains constant, then equation (A4) re-
duces to

17



2
d2x v

SX-20-8 (A6)
at2 D;
which integrates to
2
p. tV
X-o0e6s3cy| L £ (A7)
D; P D

Equation (A7) is equivalent to equation (2) for CD = 1, 12, which appears reasonable.

18
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