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When Government drawings, specifications, or other data are used for any
purpose other than inconnection witha definitely related Government procure-
ment operation, the United States Government thereby incurs no responsibility
nor any obligation whatsoever; and the fact that the Government may have
formulated, furnished, orinany way supplied the said drawings, specifications,
or other data, is not to be regarded by implication or otherwise as in any
manner licensing the holder or any other personor corporation, or conveying
any rights or permission to manufacture, use, or sell any patented invention
that may in any way be related thereto,

Qualified requesters may obtain copies of this report froxm the Defense
Documentation Genter (DDC), {formerly ASTIA), Cameron Station, Bldg. 5,
5010 Duke Street, Alexandria 4, Virginia .

This report tias been released to the Office of Technical Services, U.S
Department of Commerce, Washington 25, D.C,, in stock quantities for sali
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Copies of this raport should uot be yeturnad to the Aeronautical System
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FOREWORD

This report was prepared to present the results of an in-house study and test program
conducted by the AF Aero-Propulsion Laboratory, Aeronautical Systems Division, under
Project 3141, *‘Electric Propulsion Technology,’” Task 314105, *‘Space Environmental
Etfects on Electric Propulsion.’ The report covers the effort between June 1961 and
April 1963,
nce of the mary persons who have contributed to the program
and specifically to the following individuals of the AF Aero-Propulsion Laboratory are
gratetully acknowledged: SM/Sgt C. \W. Thompson for coordinating the experiments and
acting as aircraft test monitor for the program during the past 4 years; Elmer White for
daveloping the 7090 computer program to determine interfice shapes; and P. J. Vore and
G. N. Medisch for developing the drop tower into a useful zero-gravity test facility.

The cooperation and assista
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ASD-TDR-63-506
ABSTRACT

Electric propulsion systems for space vehicles must be able to restart and operate at
zero and low gravity. This operation can be achieved if the tarkage delivers only single-
phase propellants. The requirements for feed systems of electric engines are described
briefly. Also, the 1.85-secona drop-test facility is described and the testing techniques

are discussed.
The minimum energy principle is presented alonz with a method for determining the

direction of mass transfer in tapered tubes and liquid-vapor interface shapes in an annular
space hetween concentric cylinders, Possible fead systems for electric engines .are given,

which utilize surface teonsion for fluid positioning and transfer,

Zero-gravity and static-fluid configurations in cylindrical and spherical containers are
discussed along with experimental observations. The interface “‘avershoot’’ of the equilib=

rium zZero-gravitv confiourarinn {e sion dicrnrand

»

PUBLICATION REVIEW

This technical docmmn:éry roport has been reviewed and is spproved.
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Asgistamt Chief
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INTRODUCTION

Electric propulsion systems for space vehicles must have both zero-gravity restart

capability and low gravity (10'4 G's to 1073 G's) operation capability. Smooth, reliable,
and reproducible operation of the engine is essential and can be achiecved only if single-
phase propellants are delivered from the tankage.

In contrast to conditions on the surface of the earth, there can be no assurance that the
desired propellant phase will be located at the outlet of the tank while the vehicle is in free
fall or under very low accelerations.

This technical report® presents jnformation on both the nature of fluids at low gravity
and on tankage systems for electric engines, which control the propellant copfiguration
by surface tension. This information is presented to assist designers in developing tank-
age systems that have many advantages over mechanical methods (rotating tanks, bladder

" expulsion, etc.) of fluid control at low gravity,

ELECTRIC ENGINES
TYPES OF ENGINES

The elactric propulsion engines that are currently being considered far space applica~
tion are listed in ascending ordar of specific impulse range: (1) resistnce engines, (2)
arc-jot engines, (3) eloctromagnetic engines, and (4) electroszatic enginee,

The electrothermal resistance engine shows promise in the 800~-s2cond to 1100-second
specific-impulss range. In this engine, the propellant is heated by a resistance hox exe
changer of refractory metal; the maximum temperatura of the propellant and, t..refore,
specific impulse {s limited by the maximum emperature of the resistance element, The
electrothormal arc-jot engine produces greater specific impulées because the propellant
i5 heatod by an electric arc without subjecting the structural elemants 1o the maximum
temparature of the progellamt, The electromagnatic engive produces thrust by the imore
action of a nautral, but electrically conducting, plagma propeliunt with electramagnetic
fields, Since the propellant is accelerated by both acrodynamic means and electric body
forces, a greater gpecific impulse is assoctated with the same maximum allowable temper.
ature of the propailant than with the arc-jot engine, The electrostatic engine (ton engine)
oparates in the 5600-second to 20,000-second specifie-impulse range, This engios pro«
duces thrust alimost solely by accelerating charged particles by electrical meana, Here,
there is almost complote decoupling of the masimuin attainable velocity of the exhaus
and operating temperature of the struciural components, Since the arc-jet and electro-
static engines are closest to becoming operational, only these are iscluded in the discussion
on the requiremants for propellant feed Systeine,

®A 16-mm film which supplements the information presented in this report can be obtained
on loay by contactiag the author,

Manurcript released by author on 21 May 1963 for pullicativa 2z 2n ASD Techaical Docu-
mantary Report, '
: 1
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FEED SYSTEM REQUIREMENTS

At the present time, the selection of the propellant for the arc-jet engine probahly will
be limited to ammoaia, hydrogen, and the lithium seeded versions of each. Ammonia ie
easily stored in a po-loss system and as such offers weight advantages for long term
storage in space. Hvdrogen while being superior to ammonia from the standpoint of engine
performance requires cryogenic or supexcritical storage techniques and no-loss systems
are impractical for long term storage in space. On a mission wkere hydrogen boll-off
supplies the fuel reguired by the engine, hydrogen definitely appears to be the logical
choice between the two, Although the arc-jet engine will operate on either a liquid or gas
propeliant, the feed control system, fromn a practical standpaint, requires the propellant
to be in the gaseous state,

Cesfum is easily stored as a liquid in a no-loss system and could be stored as a eolid
with or without a refrigeration system.depending on the heat balance of the tank, With the
cesium propellant, the critical requirements are the compatibility of the cesium with the
tank materials and the purity of the cesium delivered to the engine, Guseous cesium must
be delivered to the emitter (ion gencrator) for proper operation.

Before the high-performance potential of electric engines can he fully realized, these
engines must have an efficient method of propellant storage. In addition to the environ-
mental problems encountered in space that are common to other propulsion systems, .3
electric engines will ke required to perform in a low-gravity environment (less than 10
G's) during their eatire operational period, which may be as hich as 3 years, This low-
gravity enviroiument prosents problems in liquid-vapor separation 1nd heat-transfer
prozessas. tn recan: years much effort hau been devoteu to the analysis of thes2 probiemea,
Many different systams have been {nvastigated (Refe. 1 through 16), The general conclusion
was that a system could bo developed that offered many distinct advantages 1a welght, powce,
and simplicity over present stute-of-the-art techniques of propellant storage if fluld position-
ing could be obtained by natural means (Van der Waals forces), The efforts describad in
References 1 throwsh 16 wera directed primarily toward the development of propellant
storage technlquas for near futuro applications. Since there was a lack of design information
on the hohavior of flulds In a low-gravity eaviropment, less desirable tuchniques were
salocted for development. The intent of this report is to presen: same (nformation on low.
gravity fluid behavior 5o that the full potcatial of advanced concems of propellent mrap
may be realized at some future date,

SURFACE TENSION SYSTEMS

From principles of thermodynamics, we can chow that an fzolated physical system will
tond to assume a «tite of mindmum enaryy squilibrium, For a svsiem involving flulds,
the energy may be dissipated by frreversible action of viscosity, capillary friction, and
hiat transfer, For fluld in a contatnor under aa a G's acceleration, the energy of the
systom that may br minbmized §6 the enerygy associated with the liquid-galid, liquid.
vapor and vapor-gotid interfaces plus the potential onergy accociated with accelerated
fluld, Using this principle, the authors of Referencis 17 through 19 predict liquid-vapor
lnterface shapes In various typees of contalners and acceleration Helds, The constraints
for a systom in 8 zero-gravity caviraument (o = 0) is a lquid-vapor interface of constant
curvature Intersecting the container ut the coatact angle, :
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, The Young and Laplace equation (Ref. 20), which deals with the pressure differential
- across a curved interface, is a useful tool for predicting the behavior of Jow-gravity
08 fluid, This basic equation of capillarity is
N .
{0 f ! '
T Po =P 20 ([— & —
SN z (RO .t )
o , - where ‘
‘.' , P, - P, o pressure differential acroes liquid-vapor interfacs
.,,\ " o = surfaced tenston
h Rlandkzo radii of curvature that describes the curved intertace.
M
‘“‘ The two radii of curvature of a curved suxface may be obtained by erecting a noxmal
b, to the surface at the point in quastion and then pass a plave through the surface contatning
the normal, The radius of curvature is that of a circle tamgent to the line of intarsection
;-:;:{ at the poimt involved. The second radius of curvature {s obtaincd in the same manner by
¥ passing a second plane through the surface containing the surfuce normal but perpendicu«
{ B 1ar to the first plane, The AP acroes an interface cannot depend upon the mannar in which
5 ' the two radli mwvammmanre{om.nlnﬂlzmdmwcemﬁlyhm
i:-ij':: principal radit of cuxvature, n, or az are considered positive if they lie ca the P, side of
N the curved surface, ' '
"_:".\" . i ’ ’ M )
N The pressure drop across a liguid-vapor interface may be utilized for maes transfer,
' ' ’ Consider the siniple example of slightly tapered wbe (sbowa in Figure 1), '
I -, 7 . a
AN
LA Xd
z
}
N :
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: ;“‘ j Figure L Sgitly Tapsred Tube
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@ = contact angle
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' ¢ « tube radisa
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ks T cosb; o

| 5 A P cos 8,
Now if ‘
a'z cos 92 - O’, cos 8'
't. L 4] ‘ '
the fluid moves to the right, and if
' o cos B, g, cos G,
< s
re ]

the fluid moves to the left,

The relationship of the surface tensions, contact angles, and tube radii may be adjusted
so that the fluid may be made to move in the desired direction, The surface tension and
contact angle may be varied by the use of additives, impurities, or temperature. Figure 2
illustrates fluid movement for various conditions, Here, the surface tension decreased.with
increasing temperature is assured in the figure. This fact is true for most liquids, As the
gravity environment becomes smaller, capillary tubes may be increased to several inches
in diameter., Therefore, the overdll weight of a storage system is reduced when this principle
for propellant control is used,

When the idea of mass transfer by surface tension is used, several possible tank systems
may be postulated. For example sece Figure 3, Figure 3a shows a tapered tank with a trang- .
fer line coanecting the two tank ends. A wetting fluid will tend to collect at the small end of
the tank regardless of the initial fluid configuration. Another type of tank i3 shown in Figure
3b. Thic tank consists of several concentric cylinders. When these cylinders are sized
correctly, the liquid can be collected in the center portion of the tank with the wllage in the
outer-most annular space, This effect could be used to reduce the heat leak of the tank,

This method will be discussed in more detail latex on, Other tank concepts utilizing surface
forces ave given in Refereace 21,

For very low feed-rate systems such as those associated with the electric engines, the
caplilary forces alone are sufficient to provide the fluld to the englne, In other words, no
pump or pressure trans{er system I8 required to maintain the proper feed rate. Thic factor
is particularly attractive for the ion angine whare the liquid casium may be transferred
from the tank to the vaporizer by surface tension only,

Figure { gives a pogsible tank configuration of the fon engine, Basically this foed system
consists of a storage tank that has the inner walls coated with a porous eponge material
(nickel, stainless steel, etc.). The outlet tube Is tilled with a fine porous sponge vaaterial,
The outlet tube. terminates in the vaporizer, Heat 18 radiated from an electric heater to
the liquid-vapor interface located at the end of the outlet tube; theratore vapor {6 provided
to the engine, The flow rute can be controlled by adjusting the power to the heater, Sinoe
the porves of the tank sponge are larger than those of the outletetube sponge, the propellan
is transferred to the end of the outlet tube if the propellant in the tank s In contact with the
tank sponge. Analysis of surface energies, and verified by inany experimenta conducted by
ASD, NASA, and otiiers, fusures contact of the propellant with the tank wponge, fu other
words, all flutds that have coatact angles other than 180 degrees will be wall boundad,

4
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{a)

(b}

{c}

(d}

(e}

11}

coLD HOT
a.—

L11] t2)

e' = 98 < 90°*
[
TAPER AS SHOWN

8,= 8, > 90°
Ty s Og
TAPER AS SHOWN

9.-' 9, < 90*
gy > (-2 i
NO TAPER

0. . 8. > 90*
o, >0y
NO TAPER

8. > 8' > 90
o\* g
NO TAPER

6, <8, <90
" T
NO TAPER

Figure 3. Pluid Movemsrt in Capillariss
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Note that the characteristic dimension of the vaporizer is less than the characteristic
dimension of the tank, This means that the propellamt would fill the vaporizer and vapor
line in the absolute minimum surface-energy configuration. This problem may be over-
come by éither (1) lowering the characteristic dimension of the tank below that of the
vaporizer or (2) by designing the vaporizer so that the propellant surface energy increases
as the propeliant leaves the outlet tube, In other words, the vaporizer presents an energy
barrier to liquid that leaves the outlet tube,

For the arc-jet engine, it is desirable to use the heat leaks of the cryogenic storage
tank to provide the vapor for the engine, Here the method is positioning the fluid and
locating the feed line in the vapor region,

The control surfaces utilized for fluid positioning need not necessarily be of solid ma«
terial, Screen may be used to reduce weight. When screen is used as a control surface, the
stability of the fluid on the surface of the screen must be considered in the design. This

problem is discussed in detail in Reference 22,

Two drop tests were conducted to illustrate the use of screens, Results of the tests are
shown in Figure 5, Both tests utilized two Pyrex cylinders each with an inside diameter of
2.5 centimeters, Ethyl alcohol was used as the test fluid, One cylinder contained a 35-mesh
screen and the other a 25-mesh screen standpipe. In Figure 5a, the standpipe diameter was
1 centimeter. For this arrangement, the motion of the liquid into the standpipe was predicted
by the minimum energy principle. In Figure Sb, the standpipe diameter was 2 centimeters.
Here the motion of the fluid was out of the standpipe, The variation of the interface in the
annular space was the result of slight misalignment of the standpipe. A method of determining
the direction of fluid motion and interface shape for an annulay space is given in the section
on Annular Capillary Analysis, These tests showed that in a capmary system the screen
surface acted as a solid surfacé.
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ANNULAR CAPILLARY ANALYSIS
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N, A sketch of a capillary system that will now be considered is shown in Figure 6.
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- ‘ Now the pressure drop across the interface may be determined as follows:
S . 1
928 ¥
L ;
h .%‘ ; AP.'..¢’2C010
»_ 3 ; lay-x)
‘;'&% Consider the system of concentric cylinders (Figure 7) if it is desired to drain fluid first
e from the outer annular space (3) then from annular space (2) and finally from tube (1),
iy ;
AvRY |
g x
h “\P, L Py,
AN 's
v 1
Yt { 7
"%‘:.,\- ; 1
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Hjx, . : ' OUTLEY 2 %
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' Figire 7. System of Concentrie Cylinders
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Substituting for’
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Finally it is necessay that
Iz >2 "
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syt > 21y

Surprisingly, the same results may be oitained simply by defining

vertical force at the golid-liquid-vapor interface
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‘The fact that the two techniques give the same results for this particular problem surgests
the possibility that the pressure drop may be determined by the latter method for comypiex
capillary systems, which cannot easily be found by rigid analysis. This concept is presently

under investigation in the drop tower,

Now refer to the equation
2
. L0 114
- —— -—-—-——‘*c.
T Y L

by nondimans!onnllzhg and rearranging gives

1 ["!E"'"%']

¢ [g.. %“{.)u]m

4y ,
-.‘i‘.o..'.

we(F)
The shupe of the iterface may he determined by solving the precading equation, Nuswri-
cal solutions were calculated on & 7090 computer for various conditions,

Figure 8 gives the nondimensional Itkerface shape for & wetting fluld (0 « 0%) and Figure
9 deals with a noowenting fluid 8 = 125°,
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ZERO-GRAVITY DROP FACILITY

The experimental methods used to investigate the effects of zero gravity must all apply
the underlying principle that the aoparatus experiencing zero gravity must be allowed to
accelerate uniformly because of th2 influence of only the external force of gravity, Possible
ways to apply this principle are given in Table 1. No one method can be used to provide all
the information necessary. Howevez, the drop method provides the most reliable and repeti-
tive test conditions for the least amount of investment in manpower and money, Experience
at ASD and other operational drop-test facilities substantiate the validity of results obtained

from this method,

Past effort at ASD has centered around the aircraft method of producing the low-gravity
test environment, The aircraft trajectory in many cases causes a fluid sloshing condition,
which often distorts the phenomens under investigation. References 23 through 25 give the
details of alrcraft testing., Much cualitative information has been obtained from past air-
craft testing, However, a drop facility was developed at ASD to enhance future aircraft
testing, to provide quantitative dita, and to investigate phenomena that could not success-
fully be determined from aircraft tests. The results presented in this report were obtained

in this facility,

The drop facility has a usable Erop height of 55 feet and yields free-fall time of 1.85
seconds, This drop facility is located in ASD Building 71B and {s shown in Figure 10. The
effect of air drag on the test pack :ge {8 kept to a minimum by allowing the test package to

fall within u protective drag shiald, Guide cables are used to facilitate positioning of the

capsule assembly at the top of the shaft and to ensure that the capsules do not tip over aftar
coming to rest ut the bottom of the shaft. '

A honeycomb paper material, daveloped by the Arimy for parachute drops and procured
under Military Specification H98%4, is used to absorb the kinetic energy of the capsules on
impuct, This paper is available ta three strengths expressed in the force required to crush
1 square foot of the material. The 2800-pound per square foot paper is presently being wead
with the 300-pound capsule in the 1.8-second drop facility, The paper stack is shown in

Figure 11,
By varying the cross sectional area of the honeycemb paper and selecting the correct

strength of puper, one can control the G forces encountared at the bottom of the drop to
prevent sny damage to the experiment or instrumeniation,

Various other methods of catching the capsule were studied, oboerved, and investigated,
The preceding method has proved very satistactory.

During the free-fall poriod, the air resistance on the wat package s kept below 10“3 G's
of daceleration by allowing the test package to fall within the J00-pound drag &hicld. Bot
drag shield and teat package fa'l topether during the drop, The relative positions of the
wst package and drag shield are shown In Figure 12, The ratio of welght-to-air-drag s
kept high so that the deviation foom a true tree fall will be kept to 2 minimum, The drag

shicld is shown in Figure 13,
At tmpact of the drag shield = tth the honeycomb paper, afr resistance has slowed the
drag shield to the point where e test package is approximately 1/2 inch from the bottom

of the drag shield. This condition presents no protdem siice a 3-1ach 1ayer of honeycomd
paper forms the drag shicld ficor and gives additional provectiva to the test package.
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When the above technique is used, maximum utilization of available shaft height is obtained,
The total shaft height is 62,5 feet and produces 1.85 seconds of weightlessnesa,

A el . .
Ao Ry gty A, e

. o .
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TABLE 1
LOW-GRAVITY SIMULATION METHODS
Method Zexo-Gravity Size and Dynamics Remarks
Duration
Drop test | 1 to 6 scconds Size limited by tower available; | Comparatively in-
idedl steady transien: conditions | expensive, high
from 1 G to zero gravity, Im- usage rate, low
pact shock must be controlled, manpower require-
. menta,
Helicopter | 1 to 7 seconds Uastable conditions prior to true | Expensive. High
drop test ze10 gravity, Size limited, Com- | manpower, Sched«-
pletely self-contained capsule uling difficult be-
required, Technique has ncet cause of alrcrafy,
bees demonstrated, waather and avail~
ability of recovery
. area, Only one drop
. _ per mission,
Alrcraft C-1311 and KC- | Free floating capsule weight Expensive, High
paraholic {135, 15 and 30 firmited to approx, 200 Ibe, manpower require-
trajectory | seconds trajectory | Highly unstable conditions marte, Schedullng
~ |times, 4 to 8 sec~ | prior to troe zero gravity, difficult bacause of
onds of stabilized | Test period resulting from alveraft and weather
2oro-gravity time. | oscillations of aircraft, probleme, Compares |’
Larger tia down oxperinwats tively low usage rate,
possible, Stae limited only by : I B
alreraft deot,
Migsile or | to 20 miouas | Stae imited, High launch acoel- | Recovery or tele-
rockist eragion, Difticult contral of LTy DRONSSArY.
tandiing. ' Expensive.
Magnetic or | Steady staie, Zero | Limdsed sice and lisited to High {aitial coat
clectric gravity projuced | only paramagnctic makeriale, {o¢ equipment, In-
field or only in very small | Limied heat tranefor stodies. | strumentation and
vibration ] volume, Technigue Haw w0t boen demon- | recording of dats
sismulator strated, S diftizult because of
: ' the Righ magoetic
| tield,
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DROP TEST PROCEDURES

The test fluids were contained in Pyrex flasks of various sizes and shapes, These con-
tainers were suitably mounted in the test package and illuminated to allow a high-speed
motion picture camera to photograph the entire container during free fall, The test package
is shown in Figure 14, A 16-millimeter, high-speed, Bell and Howell camera with a 200~
foot film capacity was used to obtain the photographic data. The average film speed was 200
frames per second. llumination of the containers was provided by four 75-watt, 24-volt
light bulbs. The containers were mounted inside a light box having a dull white interior
finish to keep highlights and glare to a minimum, The light bulbs were arranged to provide
indirect lighting, Electrical power for the lights and camera was carried by trailing wires
first to the drag shield and then from the drag shield to the test package. These were very

light and flexible wires and had no effect on the experiments, Several drops were made with

the electrical power supplied from a battery pack mounted in the test package to check the
effect the wires had on the experiments, No detectable effect was indicated for identical

experiments using the two methods of supplying electrical power.

The liquids used in this investigation were 190-proof ethyl alcohol, triple distilled mer-
cury, distilled water, and chemically pure carbon tetrachloride, The bulk of the experi-
mental data was obtained with wetting fluids, that is, ethyl alcohol and carbon tetrachloride,
Mercury represented a nonwetting liquid, We found that distilled water did not give repeti-
tive results and, therefore, was discarded, The properties of these liquids are given in
Table 2, Alr in every case was in the ullage space above the liquid, The experimental in-
vestigations were conducted at essentially ambient pressure and temperature, The contact
angle of fluid against Pyrex glass was determihed by both the tilting plate and the capillary-
rise surface-tension methods, The ring methad was used to determine surface tension, The

tilting plate apparatus is described in detail in Reference 26.

Before each drop test, the containers were carefully cleaned with a detergent sol&tioh
in an ultra sonic cleaner and then with chromic acid solution; then xinsed in tap water,
then in distilled water, and finally dried with hot air, After cleaning, the containers were

filled to the proper amount with the test liquid. .

During the initial checkout of the drop facility, an accelerometer was mounted on the
drag shield, Using the data obtained on 10 of these initial drops, we determined the free-
fall time to be 1.85 seconds, Using this time and counting the film frames from release
to impact, we determined an average camera speed for each drop test, On some of the
drops, a timing trace using 60-cycle-per-second line current was made by the camera
on the film as a check on the preceding method. Any time interval after release of the
test package was known to an accuracy of 1.3 percent of that interval,

After the experiment was mounted in the test package, the capsule was balanced and
camera operation and alignment were checked. The support wire was attached to the
test package and guided through a hole in the top of the drag shield, The wire was then
attached to thelifting bar to form a rigid assembly of test package, drag shield, and lifting
bar as shown in Figures 11 and 13, The wire was 316 stainless steel and 0,06 inch in
diameter. The release mechanism was permanently mounted on the lifting bar and consisted
of a double-acting solenoid with a haxd steel-knife edge, Actuation of the solenoid forced
the knife edge to cut the wire against an anvil, thereby ensuring a smooth release. After
the test package was mounted, the hoist at the top of the shaft was energlzed to lift the
entire assembly approximately 3 feet, The honeycomb paper was then placed in position,
The paper was a glued assembly of 13 layers of honeycomb 19 inches by 26 inches in

cross section and 39 inches in height,
22
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From this point on, the drop operation was conducted from the control room. The
capsule assembly was then hoisted to within 2 iriches of the I-beam supports at the top
of the shaft. Final positioning of the lifting bar against the 1-beam supports was accomplished

" by a mator-driven actuator that deflected the hoisting cable, See Figures 15 and 16. This
" positioning made a completely rigid assembly at the top of the shaft, After about 10 minutes,
the camera and lights were energized; then after 10 gseconds, the wire release mechanism
RS ' was energized cutting the support wire and releasing simultaneously both the test package
- and drag shield,
1B
. -?“
e
ot
' iﬁg‘tm
e

Figure 14. Test Package
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TABLE 2
TEST FLUID PROPERTIES
Density Viscosity | Surface Tensiua | Surface Tension | Contact Angle
(grams | (centi ises in Afr at 20°C Density with Pyrex
\
Fluds | perem® | 220 (e oy (deg
at 20°Q) m!" :
Mercury 13.58 1.554 476 35.1 - 120-128
Etbyl
Alcohol 0.7893 1.200 223 28,3 20-26
Carbon
Tetra-
. ‘Y‘ chloride L.595 0.969 26,95 16.9 16-19
. %o d
\X: Water 0.9932 1.005 728 3 less than 12
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STATIC FLUID CONFIGURATIONS IN CYLINDRICAL CONTAINERS

i e ——

Since the contact angle (8) is known to be preserved at zero gravity and since the mini«

mum energy principle requires a liquid-vapor interface of constant curvature, which for an
unrestricted cylinder would be a section of a sphere, the zero-gravity configuration may be
determined. Figures 19 and 20 give the displacement of the interface for the entire range
of contact angles, These figures assume no end effects or restriction in the container, Also
a gradual translation from positive to zero gravity is assumed, These predictions were
verified in the drop tower for fluids of zexo contact angle, Figure 21 illustrates both the
1-G and zero-G configuration for ethyl alcohol. Identical results were obtained with carbon
tetrachloride and distilled water. A point was also verified for the nonwetting fluid config-
uration using mercury. In all cases in these experiments, there was an overshoot of the
equilibrium position during the formation process. This condition will be discussed in
detail later on, The percent of liquid and diameter-to-leagth ratio (D/L) of the cylinder
container also has in effect on the static interface configuration. Figure 22 gives this
effect for wetting f'uids and Figure 23 deals with nomvetting fluids, Figure 17 illustrates
the use of Figures 22 and 23,

NONWETTING FLUID WETTING FLUID
100 :
o o 100 =1 . \6
35 -
3 3
_ - 3
‘, 8 5
= -
z =
. (V) W
: P4 O
B W «
, a ]
' 0 ¢ 9
0 o/L 0 D/L

Figure 17, Use of Wetting and Nouwetting Fluid Configerations in Cylindrical Tanks

For a given container (D/L constant) and fluid (6 constant), the configuration is as shown

in Figure 18,
: NONWETTING FLUID

4-8-5-g-g-@-0 v
{ 7 E‘_‘] VAPOR
3 LIauio

WETTING FLUID
A-2-A-Hd-td-1-] o~
i 2 3 4 8 6 7

Figure 18, Progression of Wetting sad Noawetting Pleids for Draia Operstion Usder
2% Zero-Cruvity Conlitions
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In Figures 22 and 23, the common point of the four-configuration regions is an unstable
configuration, For a fill operation under zero-gravity condition with nonwetting fluids,
the progression of fluid configurations can be determined from the appropriate figure,
However, in going from configuration region 3 to 4, a vapor volume may be trapped at
the fill end of the contairer,

i

)

»
aen

. _’.%‘ﬂ'fu‘;.
o

Note that for a drain operation involving wetting fluids under zero-gravity conditions,
which proceeds from configuration region 1 to region 4, some liquid may be trapped at
the vapor end of the container, For 8 = 0°, the vapor bubble of configuration region 1 is
not restricted to the position shown and may be found any place in the bulk liquid, If a 8
of 180° is possible, the liquid bubble of configuration region 3 may ‘‘float” off the walls
of the container.

From this discussion, we may conclude that Figures 20 and 21 on interface displacement
apply only fér D/L and percent of liquid combination lying in configuration region 4 of
Figures 22 and 23.

Several drop tests were performed using ethyl alcohol in a Pyrex cylinder (D/L = 1.4)
to determine the effect of initial fluid position on final interface configuration, Figure 24
gives both the 1-G and zero-G configuration with the axis of the cylinder vertical. Referring
to Figure 22 with 6 = 0, D/L = 1.4, and 50 percent liquid, we determined that both configura-
tion regions 1 and 4 were possible and the zero-G configuration, therefore, verified, Fig-
ure 25 gives configurations for ethyl alcoho} (25 percent) with the cylinder axis horizontal
and at a 45-degree angle, By checking Figure 22 for these conditions, one can predict
both configuration regions 4 and 3. The test results check with the predictions; however,
when the axis of the cylinder was horizontal, the fluid was located at both ends of the
containers or a ‘‘double’’ cunfiguration 3. This condition resulted because the initial
probability for locating at either end of the cylinder was the same, The experiment was
repeated with the 75-percent fill, Prediction of configuration region 1 i8 shown in Figure'
.22, The results were as predicted as shown in Figure 26,

Experiments were also conducted in the KC~135 and C-131 ajrcraft, The procedures for
aircraft testing are given in Reference 25, Since the aircraft provides long periods of zero
gravity, larger containers could be investigated, The fluids considered were HzO. carbon

tetrachloride, ethyl alcohol, and mercury. The cylinders were approximately S, 10, and 15
centimeters in diameter, The configuration obtained was similar to the drop-tower results
as {llustrated in Figures 27 through 29, Since in aircraft testing, the positive to zero-gravity
translation dozs vary from run to run, this condition was found to produce two different
stable configurations as shown in Figure 27, This fact points out that if a designer is to
utilize the minimum enexgy principle to control fluid orientation, an accurate knowledge

of the effect of the G translation {8 necessary. As the size of the cylinder was increased,
obtaining the stable zero-gravity configuration became increasingly ditficult, The 15«
centimeter container fllustrated in Figure 29 was the largest cylinder investigated,
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| INTERFACE OVERSHOOT

The displacement of the edge and center of the liquid-vapor interface in a cylinderical
container was determined by a frame-by-frame analysis of several drop tests with ethyl
alcohol, The results are displayed in Figure 39, Note that there is an “‘overshot™ by the
interface of the equilibrium zero-gravity configuration, This overshoot phenomenon may
in special cases present problems for the designer of propellant tanks utilizing surface
tension for fluid orientation. An example might be the following. Note Figure 22, if the
tank was designed so that the translation from positive to zero gravity occurred at a fill
ratio only slightly below the line separating configuration regions 1 and 4, the overshoot
could cause a translation from region 1 to region 4, Once in region 4, for fluids with contact
angles other than zero, the overshoot may cause the vapor bubble that would normally be
wall bounded to break free of the wall and ‘‘float’’ internal to the liquid. In.most cases the

’

3 R :
R .- problem of overshoot can be circumvented by proper design, Acceleration perturbations
:} during the translation to low gravity has a more important effect on the low-gravity liquid-
‘ '-:fw\a vapor configuration, This effect has been noted many times in comparing the results of
ﬂxj} atrcraft tests with results of drop tests. This situation brings out a point that is often
\ omitted when determining low gravity configurations using the minimum energy principle,
4] Depending on the initial condition of the fluid as the low~gravity environment is reached,
N o there are many relative minimum energy states for the fluid, That is, the fluid may stabi-
- 8N lize in a relative minimum energy configuration, and the surface energy must be increased
I to Jdrive the fluid from this “‘energy well”’ to the absolute minimum energy coxfiguration.
¥ This condition is illustrated in Fxgure 38.

A B B

(o) ) ted
PN TWO VAFOR COALESCENCE SINGLE VAPOR
; BUBBLES BUBBLE

Figure 38, Surface Energy Conditions

R .
R S Figure 38a shows a condition of relative minimum energy, This condition has been noted
| : many times in aircraft tests at ASD, Figure 38b shows that the condition at coalescence

L requires a higher energy state because of the increase in liquid-vapor interface area.

Coulescence has not been noted in aircraft tests for times as high as 15 seconds, Figure
38c shows a condition that would be predicted by the minimum energy principle,

Using liquid-liquid models (two equal density insoluble fluids), we found that after
generating several bubbles (condition 1) approximately 15 minutes were required to obtain
condition 3. The coalescence could possibly be explained by the presence of small velocity
and/or thermal gradients that could support the coalescence, The rate at which coalescence
occurs ot low gravity is of extreme importance in some heat-transfer processes,
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ASD-TDR-63-506
CONCLUSIONS AND RECOMMENDATIONS

The following conclusfons and recommendations are made:

1. Tho Jrop test facility 18 a useful tool for providing basic informarion on fluids
of low gravity.

2. The absolute minimum energy configuration of fluid at zero gravity in simple
container muy be readily determined.

3. Deponding on the condition of fluids during the transfer from positive to zero
gravity and the type container, the fluid may stabilize in a relative minirnum energy

configuration.

4. All rea! fluid will eventually form into low-gravity configuration with the
liquid phase wall bounded. ‘

S. In the capillary system, screens can be made to act as solid surfaces. This
appears to ho one method of controlling fluid orientation with low-weighke penalry.

6. The momentumn associated with the fluid during the transfer from positive to

low gravity will cause au overshoot of the absolute minimum energy cocfiguration and

may result In the fluid stabilizing in a relative minimum energy configuration.

7. Tunkage system that utilizes surface tension for propellant positioning and/or
mass tranufer appears particularly attractive for the electric engines. Systems of this

. type should he developed for this application,
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