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INTERFACE STABILITY DURING LIQUID INFLOW TO PARTIALLY FULL,
HEMISPHERICAL ENDED CYLINDERS DURING WEIGHTLESSNESS

by Eugene P. Symons and John V. Staskus

Lewis Research Center

SUMMARY

The stability of the liquid-vapor interface during liquid inflow to a partially full
hemispherical ended cylinder during weightlessness was studied. The investigation
was limited to one tank radius (2 cm) one inlet line radius (0.2 cm), and three test
liquids (ethanol, carbon tetrachloride, and trichlorotrifluoroethane). A stable region
and an unstable region of interface behavior were noted. The velocity which delineated
between the two regimes was termed the critical inflow velocity. Results indicate that
the critical inflow velocity increases with increasing initial liquid depth and further
indicate that this increase is more pronounced when the initial velocity profile of the
incoming liquid jet is uniform rather than partially parabolic.

INTRODUCTION

In-orbit propellant transfer (refueling) and the transfer of liquids between contain-
ers as in regenerative life support systems will be required for future space missions.
A knowledge of both the outflow characteristics from a storage tank and the subsequent
fluid behavior during filling of the receiver tank under weightlessness is required for
the design of such transfer systems. The Lewis Research Center is presently conduct-
ing programs to investigate these phenomena. )

In previous studies (refs. 1 and 2), the author investigated liquid-vapor interface
behavior during the filling of an initially empty hemispherical ended cylinder in a
weightless environment. In those studies, both a stable liquid-vapor interface charac-
terized by relatively little interface distortion and an unstable interface characterized
by a large degree of interface distortion were observed. It was determined that the
stability of the interface could be delineated by a Weber number based on inlet line ra-
dius and average inflow velocity.




A recently completed extension of those studies (ref. 3) consisted of an investigation
of the behavior of the liquid-vapor interface during liquid inflow to a hemispherical ended
cylinder partially full of liquid at the initiation of inflow. Once again, the study was con-
ducted in a weightless environment and both a stable and an unstable liquid-vapor inter-
face were observed. It was determined that the critical inflow velocity (the velocity
above which the interface becomes unstable) remained constant until a certain initial
depth of liquid above the inlet line was obtained. At larger initial depths, the critical
inflow velocity was found to increase with increasing initial liquid depth.

This report presents the results of an investigation of the interface stability during
liguid inflow to partially full hemispherical ended cylinders in which the inlet line ge-
ometry is modified so as to provide a uniform velocity profile to the incoming liquid jet
in contrast to the partially parabolic velocity profile of the incoming jet in reference 3.
Resuits are presented in photographic and graph form and are compared with the results
of reference 3. The study was conducted in the Lewis Research Center 2. 2-Second
Zero-Gravity Facility and was limited to one tank radius (2 ¢m), one inlet line radius
(0.2 cm), and three test liquids (ethanol, carbon tetrachloride, and trichlorotrifluoro-

sthane).
SYMBOLS
Di inlet line diameter, cm
Hi height of zero-gravity liquid-vapor interface above inlet line, cm
h height above inlet, cm
R, inlet line radius, cm
Rj jet radius, cm
Re jet Reynolds number, pVi’ avDi/“
T radial distance from tank axis, cm
V(h r) axial component of liquid velocity at distance h above inlet and r from
’ axis, cm/sec
v i av average inflow velocity, cm/sec
Vi, av, cr critical average inflow velocity, cm/sec
We Weber number
B specific surface tension, o/p, cm3/sec2
i viscosity, g/(cm)(sec)



p  density, g/cm3

o  surface tension, N/cm; dynes/cm

APPARATUS AND PROCEDURE

The investigation was conducted in the Lewis Research Center 2. 2-Second Zero-
Gravity Facility. A complete description of the facility, the experiment package, and
the test procedure can be found in the appendix.

The experiment tank used in this investigation (see fig. 1) was a 4-centimeter-
inside-diameter hemispherical-ended cylinder machined from cast acrylic rod and
polished to optical clarity. The 30° convergent configuration of the 0. 4-centimeter-
diameter inlet was selected to provide a nearly uniform velocity profile of the incoming
liquid jet at the nozzle exit. The tank was vented to the atmosphere through a port lo-
cated along the longitudinal axis of the tank and directly opposite the inlet line.

Three liquids (ethanol, carbon tetrachloride, and trichlorotrifluoroethane) were
employed. Properties pertinent to this study are presented in table I. All liquids had
an essentially 0° static contact angle with the tank material in order to duplicate the
contact angle of most spacecraft liquids on tank materials. A small amount of dye was
added to the liquids in order to improve the photography. Previous studies had deter-
mined that the addition of the dye has no measurable effect on the fluid properties.

DATA REDUCTION

All data were recorded photographically with a high-speed camera. Vclumetric
flow out of a graduated cylinder and into the experiment tank was directly determined by
taking readings of the liquid level at small time increments (read on the digital clock).
From these readings, the average inflow velocity was calculated and found to remain
essentially constant in a given test.

RESULTS AND DISCUSSION
Description of Interface Behavior
A stable region and an unstable region of interface behavior were noted. The stable

region was characterized by the formation of a geyser which either remained at the
same height or decreased in height with respect to the lowest point on the liquid-vapor




interface during inflow and, thus, the incoming liquid was successfully being retained at
the inlet end of the tank. A photographic sequence illustrating this type of interface be-
havior is shown in figure 2. The first photograph in each sequence shows the interface
as it appears in normal gravity prior to the test; the second shows the typical zero-
gravity interface configuration; and the final two show the interface behavior during the
inflow process. Note that the interface has been somewhat flattened by the incoming
liquid jet.

The unstable region (fig. 3) was characterized by the formation of a geyser which
continued to grow in height with respect to the lowest point on the liquid-vapor interface.
In most cases, the liquid geyser persisted as a continuous column of liquid; however,
in some tests, the geyser necked down and broke up into one or more liquid droplets
which continued toward the vent end of the tank. In this region, only a portion of the in-
coming liquid collected over the inlet line, and continuation of inflow would have resulted
in liquid impinging on the tank vent. The general behavior of the liquid-vapor interface
for incoming jets having a partially parabolic velocity profile (ref. 3) was very similar
to that observed in the present study.

Effect of Initial Velocity Profile on Critical Inflow Velocity

Figure 4 illustrates the effect of initial velocity profile on critical inflow velocity.
The individual points show the dependence of critical inflow velocity on initial liquid
depth above the inlet for jets having an initially uniform velocity profile. The solid
line was obtained from reference 3 data and is for jets having a partially parabolic
profile. The comparison is made for the same test liquid, same tank radius, and same
inlet line radius. Note that, for any given value of dimensionless initial liquid depth,
the critical inflow velocity (average velocity for partially parabolic profile) is
greater for the data in which the initial velocity profile was uniform. This figure is
only drawn for comparison purposes and, as such, no best-fit line was drawn through
the data; however, it does serve the purpose of illustrating that larger values of crit-
ical inflow velocity are obtained by designing an inlet line which provides the entering
liguid jet with a uniform velocity profile.

Weber Number Criterion

Previous studies by the author (refs. 1 to 3) have resulted in development of var-
ious forms of the Weber number which should predict liquid-vapor interface stability
during inflow to hemispherical ended tanks. By definition, the Weber number (ratio of
momentum flux to suface-tension force) is
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It can be shown that the centerline velocity V(O 0) is twice the average velocity, so that
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Equations (2) and (3) give the Weber numbers for tanks containing some liquid with the
interface at a distance h from the inlet. For initially empty tanks, Rj = Ri’ and the
Weber numbers become

A% R.
We = 2 "i,avii (4)
3 B
for a parabolic profile, and
2
vy .. R.
We = 1 iavi (5)
2 B

for a uniform profile. The critical Weber numbers are obtained when the critical inflow
velocities are substituted in the formulas. In both past and present inflow studies, no
attempt was made to determine the inlet velocity profile of the incoming liquid jet.
However, in previous studies, the Weber number developed for the uniform inlet veloc-
ity profile was used to correlate the data. Thus, the critical Weber number determined
in reference 1 for empty tanks was 1.3. If the Weber number developed for a parabolic
inlet velocity profile had been used, the resulting value of the critical Weber number
would have been 1.7. In reality, the inlet velocity profile of the jet in that study was
neither uniform nor fully developed parabolic, but between the two extremes. The con-
stant preceding the variable terms in equations (2) and (3) should be expected to have a
value between the 1/2 for a uniform profile and the 2/3 for a fully developed parabolic
profile. If a number midway between the two constants is selected, say 7/12, the actual
magnitude of the critical Weber number as determined from the data would be 1. 5.

This number may be more representative of earlier data and might be expected to be

the value of the critical Weber number for any velocity profile shape.

For the form of the critical Weber number developed for partially full tanks, a
knowledge of the spreading characteristics of the incoming jet as well as the initial pro-
file shape is also required. An experimental investigation (ref. 4) has shown that, in
2 gaseous environment, gaseous jets having a uniform velocity profile and moderate to
high Reynolds numbers (Re > 1500), should be expected to spread to about 6° to 8° on
each side of the jet centerline for a distance of 6. 2 inlet line diameters and then at about
109 to 12° on each side of the jet centerline for distances greater than 6. 2 inlet line
diameters. Another study (ref. 5) for jets (gas into gas) having a parabolic inlet veloc-
ity and Reynolds numbers below about 1850 found that the jets spread at an angle of about
2° to 3% on either side of the jet centerline.



A plot of the present data using the critical Weber number developed for a uniform
profile jet entering an initially empty tank, equation (5), was made (fig. 5) with the as-
sumption that a liquid into liquid jet spreads similarly to a gas into gas jet. This Weber
number differs from the critical Weber number developed for a uniform profile jet en-
tering a partially full tank, equation (3), only by the radius ratio Ri/ Rj' A linear in-
crease in the empty tank Weber number would indicate a linear decrease in Ri/Rj {i.e.,
a constant angle of jet spreading). From the nominal angles of spread determined in
reference 4 (’7'0 and 11°), it is possible to determine the parameter Ri/Rj as a function
of Hi/Di' When the critical Weber number (1. 5) is divided by the values of Ri/R3§ thus
determined, it is possible to generate the solid line shown in figure 5(a). Note that this
line does delineate between the region of stable interface behavior and the region of un-
stable interface behavior. This agreement lends support to the use of the {ollowing ex-
pression to delineate between stable and unstable interface behavior:

. . /R.
We =1.5=_n3av,Ccr 1 _Ri (6)

where

_ (o]
R; = R; + H, tan 7 H =< 12.4R;
_ 0 o 0
R; = R [1+12. 4(tan 7° - tan 11°)] + H, tan 11 H, > 12.4 R,

These expressions can be approximated by

Rj=0'11R1+O'19Hi Hi>12'4Ri

The foregoing is predicated on the assumption that the jet Reynolds number is greater
than 1500 and the velocity profile is uniform.

The other test liquid used in the present investigation was ethanol. While the initial
velocity profile shape can be assumed to be uniform, the lower Reynolds numbers in
these tests (500 <Re <750) may have resulted in a smaller angle of spread. If the data
points for ethanol are plotted in a manner similar to that for carbon tetrachloride and
trichlorotrifluoroethane, the curve shown in figure 5(b) is obtained. This curve also
shows that two regions of spreading occur. The first region extends for a distance of
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8 inlet diameters and its associated spreading angle is 2°. The angle of spread for the
second region is 4%, These smaller angles are not to be wholly unexpected since Rouse
(ref. 6) states that, if the Reynolds number is low, the rate of expansion of the jet will
be smaller than that obtained at high Reynolds numbers. Sufficient data are not pre-
sently available to define adequately the functional relation between jet spreading and
Reynolds number for Reynolds numbers less than about 1500 and uniform jet velocity
profiles. For this reason, it is not recommended that equation (6) (with Rj developed
from fig. 5(b)) be used to delineate between stable and unstable interface behavior in
this region.

It should be emphasized that, although the curves presented in figure 5 do tend to
support the validity of the critical Weber number criterion, the data obtained were not
sufficient to prove this contention conclusively. To do so, more tests would have to be
conducted in which inlet line sizes, tank sizes, and test liquids were varied. However,
it is the opinion of the authors that the curve presented in figure 5(a) should be valid in
predicting critical inflow velocity as a function of dimensionless initial liquid depth
provided the initial velocity profile of the incoming liquid jet is uniform and the Reynolds
number (based on inlet diameter) exceeds 1500. In most applications the Reynolds num-
ber should exceed this value and a judicious design of the inlet line could provide the
uniform velocity profile.

SUMMARY OF RESULTS

An experimental investigation was conducted to determine the stability of the liquid-
vapor interface during liquid inflow to a partially full, hemispherical ended cylindrical
tank in a weightless environment. The shape of the inlet line was configured so as to
provide a uniform velocity profile to the incoming liquid jet. The behavior of the liquid-
vapor interface was observed over a range of initial liquid depths at various inflow ve-
lotities for one inlet radius (0.2 cm), one tank radius (2 cm), and three test liquids
{ethanol, carbon tetrachloride, and trichlorotrifluoroethane). The Reynolds numbers
(based on inlet line diameter and average inflow velocity) varied from about 500 to 750
for ethanol and from about 1400 to 2500 for carbon tetrachloride and trichlorotrifluoro-
ethane. The following results were obtained:

1. A stable region and an unstable region of interface behavior were noted. In the
stable region, liquid collected over the inlet line during inflow, and while a geyser
formed, it either remained at a constant height or decreased in height with respect to
the lowest point on the liquid-vapor interface. In the unstable region, the incoming
iiguid formed 2 geyser which moved toward the tank vent and, hence, relatively little
liguid was collected over the inlet line.



2. The critical inflow velocity continually increased with increasing initial liquid
depth. This contrasts with the results reported in NASA TM X-1934 for similar tanks
in which the initial jet velocity profile was partially parabolic. In those tests, the crit-
ical inflow velocity remained constant for liquid depths below a value which was de-
pendent on the type of liquid used, while for greater liquid depths, the critical inflow
velocity increased slightly with increasing depth.

3. The rate of the increase in critical inflow velocity with increasing initial liquid
depth is greater for inlets designed to provide an initially uniform velocity profile of
the incoming liquid jet than it is for incoming jets having a partially parabolic profile
at nozzle exit.

4. A critical Weber number based on average inflow velocity, inlet line radius and
radius of the incoming liquid jet as it reaches the liquid-vapor surface may be useful in
predicting interface stability for inflow to partially full tanks.

Lewis Research Center,
National Aeronautics and Space Administration,
Cleveland, Ohio, May 28, 1971,
124-08.




APPENDIX - APPARATUS AND PROCEDURE
Test Facility

The experimental data for this study were obtained in the Lewis Research Center
2. 2-Second Zero-Gravity Facility. A schematic diagram of this facility is shown in fig-
ure 6. The facility consists of a building 6. 4 meters (21 ft) square by 30. 5 meters
(100 ft) tall. Contained within the building is a drop area 27 meters (89 ft) long with a
cross section of 1.5 by 2. 75 meters (b by 9 ft).

The service building has, as its major elements, a shop and service area, a cali-
bration room, and a controlled environment room. Those components of the experiment
which require special handling are prepared in the controlled environment room of the
facility. Thisg air-conditioned and filtered room (shown in fig. 7) contains an ultrasonic
cleaning system and the laboratory equipment necessary for handling test liquids.

Mode of operation. - A 2. 2-second period of weightlessness is obtained by allowing

the experiment package to free fall from the top of the drop area. In order to minimize
drag on the experiment package, it is enclosed in a drag shield, designed with a high ra-
tio of weight to frontal area and a low drag coefficient. The relative motion of the ex-
periment package with respect to the drag shield during a test is shown in figure 8.
Throughout the test the experiment package and drag shield fall freely and independently
of each other; that is, no guide wires, electrical lines, etc., are connected to either.
Therefore, the only force acting on the freely falling experiment package is the air drag
associated with the relative motion of the package within the enclosure of the drag shield.
This air drag results in an equivalent gravitational acceleration acting on the experi-
ment, which is estimated to be below 107° g.

Release system. - The experiment package, installed within the drag shield, is

suspended at the top of the drop area by a highly stressed music wire which is attached
to the release system. This release system consists of a double-acting air cylinder
with 2 hard steel knife attached to the piston. Pressurization of the air cylinder drives
the knife edge against the wire which is backed by an anvil. The resulting notch causes
the wire to fail and smoothly release the experiment. No measurable disturbances are
imparted to the package by this release procedure.

Recovery system. - After the experiment package and drag shield have traversed

the total length of the drop area and have been decelerated in a 2. 2-meter (7-ft) deep
container filled with sand, they are recovered. The deceleration rate (averaging 15 g's)
ig controlled by selectively varying the tips of the deceleration spikes mounted on the
bottom of the drag shield (fig. 6). At the time of impact of the drag shield in the decel-
srator confainer, the experiment package has fraversed the vertical distance within the
drag shield (compare figs. 8(a) and (c)).
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Experiment Package

The experiment package shown in figure 9 is a self-contained unit consisting of an
experiment tank, a pumping system, a photographic system, a digital clock, and an
electrical system to operate the various components. Indirect illumination of the exper-
iment tank provides sufficient light so that the behavior of the liquid-vapor interface
can be recorded with a high-speed 16-millimeter motion-picture camera. An air res-
ervoir, a graduated cylinder, a metering valve, and a solenoid valve make up the pump-
ing system shown in figure 10. The volume of the air reservoir is approximately
30 times greater than the largest volume of liquid removed from the graduated cylinder
during the transfer operation so that no significant pressure decrease occurs. Time
during weightlessness is observed by reading a digital clock having an accuracy of
1#0.01 second. The clock and all other electrical components are operated through a
control box and receive their power from rechargeable nickel-cadmium celis.

Test Procedure

Prior to assembling the flow components, the tank and all the flow lines were first
cleaned in an ultrasonic cleaner to assure that the properties of the test liquids would
not be affected by contaminants. The parts were then rinsed with distilled water and
dried in a warm air dryer. All parts were assembled and mounted in the package.

The flow lines were filled with liquid and activated several times to remove any air
that may have been trapped in the lines. The system was checked for leaks; a normal-
gravity calibration test was conducted to set the desired flow rate; and the timer was set
at a predetermined time increment. This set the time when the solenoid valve would
open and initiate inflow of ligquid to the experiment tank. The timer setting was chosen
so as to start inflow when the liquid-vapor interface had reached the low point in its
first pass through the zero-gravity equilibrium configuration.

Since this time, which allowed for interface formation, is a function of tank size as
well as fluid properties (ref. 7), it was a limiting factor in determining the maximum
tank size that could be used in the investigation. If the time required for the interface
to reach the low point in its first pass through equilibrium was too large, the remaining
time in weightlessness would not be long enough to determine adequately the stability of
the interface.

The desired quantity of test liquid was then placed in the graduated cylinder and the
experiment tank, and the required pressure was supplied to the air reservoir. The
camera was then loaded, and the experiment package was balanced about its horizontal
axes and positioned in the prebalanced drag shield. The wire support was then attached
to the experiment package through an access hole in the drag shield (see fig. 8). Prop-
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erly sizéd spike tips were installed on the shield. Then the drag shield, with the exper-
iment package inside, was hoisted to the predrop position at the top of the facility

(fig. 6). The wire support was attached to the release system, and the entire assembly
was suspended from the wire. After final electrical checks and switching to internal
power, the system was released. After completion of the test, the experiment package
and drag shield were returned to the preparation area.

12
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TABLE I. - PROPERTIES OF TEST LIQUIDS

[Static contact angle with cast acrylic plastic in air, 00.]

Liquids Surface tension | Density at | Viscosity at| Specific sur~
at 20° C, 20° C, 20°C, |face tension,
o, Je s B,
N/em g/cm3 g/(cm)(sec) cm3/sec2
(105 dynes/cm)
Anhydrous 22. 3x10° 0.79 | 1.2x1072 28.3
ethanol
Trichloro- 18.6x107° 1.58 .7x1072 11.8
trifluoro-
ethane
Carbon tetra- | 26.9x107° 1.59 .97x1072 16.8
chloride
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e Vent (0.8 cm diam)
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> 300 Convergent
inlet (diam at
exit, 0.4cm)

Figure 1. - Experiment tank.



Normal! gravity

Time, 1.25 sec Time, 2.09 sec

(a) Liquid, carbon tetrachloride; height of liquid above inlet, 2.4 centimeters; inflow velocity, 25.5 centimeters per second.

Figure 2. - Stable interface behavior. Tank radius, 2 centimeters; inlet line radius, 0.2 centimeter.
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Time, 0.40 sec

C-71-2034

Time, 1.10 sec Time, 2.05 sec

(b} Liquid, trichlorotrifluoroethane; height of liquid above inlet, 1.6 centimeters; inflow velocity, 16.1 centimeters per second.

Figure 2. - Continued.
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Time, 1.25 sec Time, 2.05 sec

{c) Liquid, ethanol; height of liquid above inlet, 3.2 centimeters; inflow velocity, 23.6 centimeters per second.

Figure 2. - Concluded.
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Time, 1.25 sec Time, 2.09 sec

(a) Liguid, carbon tetrachloride; height of liquid above inlet, 2.4 centimeters; inflow velocity, 28.4 centimeters per second.

Figure 3. - Unstable interface behavior. Tank radius, 2 centimeters; inlet line radius, 0.2 centimeter.



Normal gravity

Time, 1.10 sec Time, 2.05 sec

(b) Liquid, trichlorotrifluoroethane; height of tiquid above inlet, 1.6 centimeters; inflow!velocity, 21.2 centimeiers per second,

Figure 3. - Continued.




o

Time, 1.25 sec Time, 2.05 sec

(c) Liguid,ethanol; height of liquid above inlet, 3.2 centimeters; inflow velocity, 24.9 centimeter per second.

Figure 3. - Concluded.
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Figure 6. - 2. 2-Second Zero-Gravity Facility.
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(a) Before release, (b} During free fall, (c) After deceleration,

CD-7380-13

Figure 8. - Position of experiment package and drag shield before, during, and after test drop.



Figure 9. - Experiment package.
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Figure 10, - Pumping system schematic.
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