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FOREWORD

This final report has been prepared by the Bell Aerosystems
Company under NASA Contract No. NASr-44, Research on Zero-Gravity
Expulsion Techniques. Mr. Alexander Krivetsky was Technical
Director in charge of the study.

The Project Manager of this Expulsion Techniques contract
was Mr. Henry Burlage, Chief, Analysis and Experimental Develop-
ment, 114 Rockets for NASA. Mr. Richard N. Porter of the
Jet P: ision Laboratory, California, was the Technical Manager
on this program. '
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ABSTRACT

This report presents design concepts of zero-gravity expul-
sion devices on an extremely broad basis and forms a compendium
of such device configurations as an aid to system designers in
the selection of expulsion systems to particular applications.
As a supplement to the concept presentations, the report also
presents some of the more important data necessary for design
with emphasis on information not readily available in current
literature.
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I. INTRODUCTION

GENERAL

As we probe deeper and deeper into space, new requirements
become essential for the design of space vehicles. A techno=
logical area of major importance is the design of positive expul-
sion devices for transfer of propellants under zero-g environment.
A re-examination of the classical propellant expulsion metheds
has become necessary due to the increase in severity of the oper-
ational environment and the continued growth, duration, and com-
‘plexity of operational requirements. The principal changes which
result when considering these new missions, which penetrate deeper
and deeper in space and also perform more difficult space
maneuvers are principally a result of (1) the design criteria
resulting from the necesgsity for operation within the space
environment, (2) the long times that are required, and (3) the
versatility of the use of the propulsion system (start and-
restart).

In carrying out space missions such as earth satellites,
lunar or interplanetary flights, a so-called zero-gravity environ-
ment is produced on the vehicle during certain portions of its
flight trajectory. The term zero-gravity is actually a misnomer
since the effect 18 caused by the vehicle and its contents both
experiencing the same gravitational force which varies with the
locale or position, but which is never zero. It i1s the accelera-
tion of the contained matter relative to the vehicle which is
zero. The principal effect of gero gravity is the absence of
body forces. Every body retains its mass but does not exert any
weight forces on its environment,

There are numerous space missions or space maneuvers that
require positive expulsion or restarts in a zero gravity environ-
ment., These are indicated below:

Orbital Rendezvous and Correction

This maneuver 1s generally used to change position of
the vehicle. These changes may be necessary to accomplish
intercept or rendezvous with a second space ship in orbit,
or to change the vehicle position in anticipation of a more
extended mission in space.

Orbital Maintenance

Drag, magnetic fields, solar winds, and other assocliated
forces may cause a space vehicle to deviate from its desired
position, A correction maneuver is employed to correct the
effects of these perturbing forces.
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Attitude Control

For space orientation of the vehicle, control may be
necessary for tracking of various objects such as sun, earth,
or to provide specific vehicle orientation for main thrust
application for trajectory control in orbit.

Planetary Orbit and Transfer Establishment

In order to accomplish some space missions, velocity vari-
ations of the space vehicle are required. A transfer between
the earth’'s heliocentric orbit and Mars’' hellocentric orbit,
for example, requires changes in the vehicle hellocentrie
velocity at departure and arrival. In addition, upon arrival
in the vicinity of the moon or other planets, it may be
required to enter a satellite orbit. A propulsive maneuver
18 necessary to change the vehicle velocity to the local
orbit velocity.

Abort

A delay or cancellation of a flight due to technical dif-
ficulties while on the launch pad could necessitate propel-
lant drainage to minimize hazardous working conditions. In
such a situation, the expulsion device could be activated
to fully expel the propellants. The abort condition, although
it 1is not associated with a space mission and its assoclated
environment, is somewhat of a unique criteria for an expulsion
device. The abort condition, as far as the expulsion device
is concerned, is not serious. In this situation the gravita-
tional field is present and with the associated rressure head,
drainage can be readily accomplished.

BASIC APPROACH

The traditional approaches to the solution of the positive
expulsion problem have included the use of plastic or elastomeric
bladders, conventional pistons and bellows. A flexible bag tech-
nique, however, is the predominant method 1s use today for positive
expulsion of propellants. This traditional approach to positive
expulsion systems has consisted of the utilization of suitable
plastic or pliable materials, specifically Teflon, as bladders to
contain and expel the propellants. During the course of recent
development programs, it has become apparent that plastic bladders
possess characteristics which tend to restrict their usage in
growth versions of the propulsion system. Prime among these 1is
the degradation of the physical properties with accumulated
radiation dosage experienced during deep space flight. In addi-
tion, currently available bladders exhibit an undesirable degree
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of permeability to the propellants and show some degradation of
properties on becoming saturated with the propellant. Less
permeable polymer type bladders can only be obtained with a
sacrifice in bladder flexibility and an increase in the tendency
to crease and tear on collapse in the expulsion cycle, ' Cryogenic
temperatures also tend to decrease flexibllity characteristics
of polymers.

As a result, strong emphasis 1s being placed on other types
of expulsion devices. This study was conducted to present design
concepts of positive expulsion on an extremely broad basis and to
form a compendium of such configurations as an aid to system
designers in the selection of expulsion systems to particular
applications.

As a supplement to the concept selection assistance, the study

also presents some of the more important data necessary for design
of the expulsion devices with emphasis on information not readily
available in current literature. This report,which summarizes the
study results,is divided into the following main sections.

Literature Survey

This section includes a rather extensive search of the litera-

ture dealing with positive expulgsion and its associated problems
in a zero-gravity environment. Abstracts of a great many reported
and printed material are presented.

Morphological Approach

The morphological technique 1s employed to ascertain the
various possibilities that do or can exist for expelling a fluid.
It represents a catalog of expulsion and orientation devices.

Characteristics of Devices

Some of the simple and complicated expulsion devices obtained
by means of a morphological matrix are described and the numerous
advantages and disadvantages of these devices are enumerated.

In many instances, selected structural design information is pre-
sented that is applicable to that design concept.

Space Environment

The space environment can introduce deleterious effects into
a device that can shorten its operational 1ife and/or actually
induce failures. The various aspects of the space environment
are summarized so that integration with other conditions or
materials can be realized.
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Material Considerations

The existence of the space environment on materials and total
expulsion device system, propellant compatibility, radiation
damage, permeability, etc., affect the cholce and selection of
materials that can be lncorporated in these devices. Test data
1s presented on specific candidate materials to insure a more
realistic choice and provide a more reliable operational configura-
tion.

Slosh and Vibration Considerations

Fuel sloshing, tank modes of vibration and acoustic excita-
tion possibillities are discussed to clarify mode characteristics,
assemble information on frequency determination, and other proce-
dures and observations which will be useful during design and/or
test of positive expulsion devices.

DATA PRESENTATION

In the preparation of the report and the presentation oSf the
associated data, the arrangement of the contents had to be modified
according to its applicabllity to either a specific expulsion con-
figuration or to many different configurations.

The scope of the data presentation takes into account selected
information on design for some of the configurations and thus
gives a picture of the knowledge to date on specific design fea-
tures. Analysis data applicable to a specific design 1s presented
within the text of that configuration whereas design information
that 1s more general and applicable to several configurations is
presented as an Appendix to this report.
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II. LITERATURE SURVEY

This section presents a survey of the available literature
on positive expulsion devices and techniques, The survey is
directed towards a determination and evaluation of the '"state-
of-the-art" in order to avoid duplication of past efforts, The
test procedures, results and achievements of similar proJjects
- are investigated as permitted by available communications or
reports, The scope of the survey includes the fields of
materials, fabrication techniques, criteria and environment,
testing and weightlessness simulators, as well as pressuriza-
tion systems,

Well over 250 papers, reports, pamphlets, magazine and news-
paper articles were screened and are represented in this literature
survey.

The plastic bladder aonfiguration is quite popular as a
positive expulsion device and is mentioned in many references.
Squeeze-type tubes, another positive expulsion configuration, is
mentloned in some articles with particular application as food
containers for astronauts in the zero-g environment. Pistons
and spinning tanks are briefly discussed and in many cases only
a short sentence presents or describes these concepts. Articles
on behavior of liquids in a 2zero-g environment including gas and
vapor intermix, liquid wettabllity and capillary action are also
included in this survey.

With the exception of the plastic bladder positive expulsion
device whereiln testing procedures, tests, material selections,
etc. are mentioned, Very little information is presented on other
types of expulsion techniques for the zero-gravity environment.

In the study of electric and magnetic expulsion devices, it
was considered advantageous to incorporate the literature survey
with the description and performance of the devices. The refer-
ences quoted for these various and selected expulsion techniques
constitute a considerable literature search and represent a
preliminary effort toward the possible application of such devices
for a zero-g environment.

Ll. Rose, C. C. and Young, R. B.: The Design of Tanks for Liquid
Propellant Rocket Power Plants. Journal of the American

Rocket Society, No. 75, September-December 1948, pp 107-118.  °

A paragraph on some schematic diagrams of methods of insur-
ing continuous flow are depicted. The five methods mentioned
include the external bag, internal bag, diaphragm, piston, and
swinging pipe. The authors favor the piston diaphragm as the
installation is both simple and the servicing is not complicated.
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The bag installations have difficulties related to bleeding during
propellant feeding and bag fallures resulting from excessive ,
wrinkling in the loaded condition. The swinging or rotating pipe
(scoop) 18 not sultable for extreme fore-and-aft accelerations -
and has the disadvantage of the packed joint.

L2, Biondolillo, S.: Aluminum Foil Bladders., Report BTR-49-1,
Bell Aircraft Corporation. January 6, 1949,

This investigation was undertaken to evaluate the feasibility
of developing a collapsing metal bladder (1100-O aluminum), Foils
of various thicknesses were evaluated and subsequently bladders
were fabricated and tested., Water and liquid N, were the test
fluids used. Excellent results were obtained with both fluids.
This program, though limited in scope, did however prove the
feasibility of positive expulsion with a metal bladder,

L3. Turansky, C. J. and Rinehart, R. D.: Creation of High-
Pressure Gas Source for Rocket-Motor-Propellant Supply
Systems. Journal of the American Rocket Society, No. 78,
September 1949,

Here, again, some early work on bladders as performed by
Bell Aerosystems is shown. A unit employing an accumulator (a
bladder and o0il) i1s utilized to boost helium gas from 500 psi
to 5000 psi., The result was an oil-free dry-gas helium pressure
booster, :

L4, Sheridan, W. R.: Expellant Bags for Rocket Propellant Tanks,
Jougnaé of the American Rocket Society, No. 85, June 1951,
pp 80-82,

This short paper shows the early work performed on expul-
sion at the Bell Aerosystems Company. Bladder material and fluid
compatibility are briefly discussed.

L5. Bilondolillo, S,: Storageability and Handling of Liquid
Rocket Propellants, Bell Aircraft Corporation Report No.

02-989-014, March 1, 1956,

This report covers an experimental investigation of liquid
rocket propellants for use aboard ship under conditions of sealed
storage and packaged missile units. IRFNA and hydrazine were
stored in bladder type positive expulsion tanks under conditions
simulating shipboard storage. A gas expanded teflon bladder was
used in the IRFNA tank and a neoprene compound bladder was used
in the hydrazine tank. Loaded tanks were subjected to a one-
year storage program during which time periodic slosh and vibra-
tion tests were conducted,



BELL AEROSYSTEMS cCOMPANY 7

DIVISION OF BELL AEROSPACE CORPORATION 7129—933003

L6. Anon: Combined Monthly Summary #54, for the Period June 1,
1956 to August 1, 1956, CIT/JPL, Pasadena, California.

The R&D section of this report dealt wlth the design of an
auxiliary power unit, A spherical bladder tank was used to supply
hydrazine to a gas generator. A butyl rubber bladder was used 1in
a series of tests for over a one-month period with no deleterious
results being noted., A piston-type propellant tank was bullt
that weighed approximately 14 pounds. A spherical tank of spun
aluminum having equivalent capacity of the piston tank and employ-
ing a butyl-rubber bladder to separate gas and liquid was also
designed and fabricated. The spherical bladder tank has the
advantage of simplicity and light weight (approximately 3.3 pounds).

L7. Love, J., and Stillwell, W.: Hydrogen Peroxide Reaction
Control System for the X-1B Research Airplane, NASA TN
D-185, December 1959.

This report encompasses the design and development of a
hydrogen peroxide reaction control system for the X-1B rocket
research airplane. In this system a piston type tank was used
for positive expulsion. Hydrogen peroxide was expelled from the
vessel by pressurizing one side of a moving piston. A tube
through the center of the tank was used for piston alignment
and as the outlet line. The piston was gulded on the outlet
tube by a Teflon bushing which is sealed from the tube and
vessel wall by two Viton "0"-rings. This tank operated reli-
ably during the entire flight test program.

L8. Neiner, J. J.: The Effects of Zero Gravity on Fluid
Behavior and System Design. WADC TN 59-149, April 1959.

Tests, employing a modified C-131B aircraft, were conducted
to simulate the zero-g condition to study fluid behavior, the
behavior of gas released in fluids and the effect of surface
tension on this behavior. The test results indicated that loca-
tion of the fluid in a container cannot be predicted and the con-
ventional methods of fluid transfer by pressurization and/or pump-
ing cannot be successfully utilized at zero-g, Fluid transfer by
means of (a) installation of ullage rockets, (b) a pilston-
expulsion tank, (¢) a positive expulsion bladder, and (e) a
rotating chamber pump are suggested as other methods of fluid
transfer, Test areas which are contemplated for future evalua-
tion are to include surface tension and capillary action.

19. Gerathewohl, S. J. and Steinkamp, G. R.: Human-Factors
Requirements for Putting a Man in QOrbit, Astronautica
Acta, Vol. V/Fasc. 1, 1959, pp 73-81.

Under the heading of Welghtlessness, i1t is stated that liquilds
must be squeezed from bottles instead of being handled in open
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containers and this also holds for solids which float about at
touch if not properly stored, This special hardware 1s mentioned
under the areas of eating and drinking,

L10. Anon: Proceedings of the Manned Space Stations Symposium,
Sponsored by the Institute of the Aeronautical Sclences
with the cooperation of NASA and the Rand Corporation;
Los Angeles, California, April 20-22, 1960.

The numerous papers presented at the symposium dealt mainly
with space environment, aeromedical results and problems, ecology
requirements, space power requirements and space staticn struc-
tural design concepts. Although zero-g and artificial gravity
was mentioned by some authors, the review did not disclose any
information of immedlate value.

L1l, Hise, E, C.: Design, Development, and Operation of Metal-
Diaphragm Reacter-Service Pumps. Oak Ridge National
Laboratory, ORNL - 2841, May 10, 1960.

A summary of the development of, and experience with high
pressure liquid pumps which employ a hydraulically deflected
circular metallic diaphragm is presented. The diaphragm is
clamped between two contoured plates which control the maximum
deflections and stresses in the dlaphragm as it is hydraulically
pushed from one contoured plate to the other, Contour and
diaphragm configurations such as the so-called "free-deflection"
and two-radii contour are considered. Methods for the design of
a diaphragm configuration which will give the maximum volumetric
displacement based on an allowable fatigue stress is presented.

L12. Clarke, R. M,: Positive Expulsion Systems - Design Data
and Performance Characteristics. The Joclin Manufacturing
Company, Wallingford, Connecticut. Technical Report No.
2-B-1, June 1, 1960.

A review of the positive expulsion system is presented
based on a flexible bladder comcept. Seamless Teflon or Kel-F
expulsion cells (now called Fluorocells) was the principal
material in the investigation., It should be noted that the
Joclin Manufacturing Company is a manufacturer of bladders and
much of the renort represents recorded work accomplished through
mutual efforts of the Joclin Manufacturing Company and its
customers,

L13. Snyder, N. W.: Power Supplies for Space Vehicles,
Astronautica Acta, Vol. VI/Fasc. 6, 1960, pp 271-310.

The gravitationless field problems are mentioned under a
chapter heading of "Special Problems and Special Components",
The transfer of heat by condensation of a vapor on the lnternal
radiator surfaces while under this field is discussed to a limited
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degree, In order to remove liquid from these surfaces one can
think of using a sweep gas (the vapor to be condensed) to provide
a frictional force on the liquid (collecting as a film). The
removal of the liquid can be accomplished by the introduction of
an artificial gravitational field wherein the fluid or whole
system spins. Spinning makes it more difficult to control the
satellite or space ship attitude because of the gyroscopic forces,
and the vibrational perturbations caused by uneven flow of the
liquid (water-hammer or slug-flow effects). Using .a sweep gas

effect to remove the liquid film, however, presents the unattractive-

ness of high pressure drops occurring in two phase flow,

L14., Hugo, A. J.: Development of a 5.0 Inch Liquid Propellant
Target Motor, U. S. Naval Ordnance Test Station, Report
No. IDP862, 25 July 1960,

This report covered the design development and testing of
a complete propulsion system for a target missile, Included in
this system were positive expulsion tanks which utilized 1100-0
aluminum bladders. Both propellants were contained within the
same tank. Gas was introduced between the two bladders which
collapsed the inner one and expanded the outer one, Tank opera-
tion was outstanding in all respects during the course of the
flight test program. Propellants were IRFNA and UDMH.

L15. Anon: Research Summary #36-5. Vol. II, For the Period
August 1, 1960 to October 1, 1960, CIT/JPL, Pasadena,
California.

Section IV.D of this report deals with the investigation
of liquid behavior in a zero "g" environment. It is anticipated
that results, relative to the characteristics of a weightless
liquid with a free surface, will be obtained which may be applic-
able to liquid systems of future space vehicles. Emphasis has
been directed toward the wetting or concave liquid gas inter-
face, Tests have been conducted for both static and dynamic
conditions. ‘

Section VIII.D of this report was devoted to Teflon expul-
sion bladders, Tests were conducted on both spherical bags and
hemispherical diaphragms. Tests were conducted with water at
7 psig in a 41" diameter clear "see-through" plastic tank.

L16., Brown, E, L.: Human and System Performance During Zero G.
Vistas in Aeronautics - 1960, Vol., III, Proceedings of
the Third AFOSR Astronautic Symposium, October 1960,

The problem of fluid transfer during zero g was dramatically
brought to attention during the early flights of the C-131B air-
craft by the propellers overspeeding., To provide the necessary
0il pressure to prevent this propeller overspeeding, the installa-
tion of a rather complicated system that used nitrogen pressure
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operating against a flexible dlaphragm that forced oil into the
lines was employed. While the system was considered a bother to
use, it did solve the problem of overspeeding propellers, Another
system mentioned for transferring fluld at zero g involves the

use of a cylinder-type container and a device for causing the
fluld mass to rotate rapidly in such a manner that 1t forces
itself against the inner circumference of the cylinder, The

fluid can then be picked off from any point on the circumference
and air bled into the center of the tank.

L17. Skopp, G. H.: Basic Investigation of the Operation of
"Propellant Actuated Devices in Space Environment,
Phase I. - A Literature Survey, WADD TR 60-346,
November 1960, .

The report presents a brief description of natural and
induced environments. A short dissertation on zero gravity lists
the following effects to 1ts presence: -

(a) Mixture of liquid and gases,
(b) No preferred orientation.

(¢c) Gas bubbles may fail to rise in batteries interrupt-
ing their action.

(d) Direction sensitive devices may not operate properly.

(e) Pumps may behave differently because of lack of
hydraulic head.

(f) Marginal equipment which will not operate upside down
on earth may not work.

(g) Clearances in spring-mounted equipment will change.
(h) Devices working on fluid levels will fail,

L18. Skopp, G. H.: Basic Investigation of the Operation of
Propellant Actuated Devices in Space Environment.
Phase II-A Theoretical Study. WADC TR 60-347,
November 1960,

The work in this repert was prepared by the Frankford Arsenal
which was assigned the project of investligating the operation of
propellant actuated devices in space environment, During this
phase, the standard propellant actuated devices (PAD) were examined
with respect to natural and induced environments. Zero gravity
was considered an induced environment. It is mentioned that dur-
ing the operation of a propellant actuated device, the loss of 1 g
may result in excessive force imparted to moving parts which may
cause mechanical failure and/or malfunction, The effect of the
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zero gravity on the performance of a catapult would result in at
least 1 g increase in acceleration. This would be undesirable
where a catapult's acceleration under standard conditions is at
1ts maximum limit.

L19. Pohl, H. A.: Nonuniform Electric Filelds. Scientific
American., Vol, 203, No. 6, December 1960.

The long-neglected effects of nonuniform electric fields
on charged and uncharged particles which are being investigated
in the laboratory are briefly discussed in this popular scientific
Journal, Dielectrophoretic forces are mentioned and photographs
of a laboratory experiment that employs this force phenomena to
precipitate fine powders from liquid suspension, A photograph
1s also presented of a test showing a pump with no moving parts.
Here, a spray of carbon tetrachloride i1s thrown upward by a non-
uniform electric field which 1s set up by electrodes that are
connected to a Van deGraff generator. Some sketches are also
shown how liquid can be stirred by a nonuniform electric field,
how it can be "pumped" from a dish and how a liquid can be
attracted to a wire, Some of these effects are laboratory
curiosities, but some may be well worth exploiting.

L20. Van Der Wal, L.: Semiannual Report on Liquid - Gas Interface
* in Zero-G. 1 July - 31 December 1960, Space Technology
Laboratories, Inc.

In September 1960 an Atlas re-entry nose cone test vehicle
was flown which housed an experimental unit consisting of a camera,

placed so as to observe and record the interaction of gas and water

contained in a plastic cube during the 25-minute near-zero-g
conditions present on an ICBM flight. The nose cone was not
recovered from the ocean as planned so that film data from zero-g
experiment were lost, and only telemetered data were available
for analysis. Schematic as well as external and internal con-
figurations of the zero-g experiment unit are shown in the report.

L21. Anon: Research Summary #36-6, Vol, II, For the Period
October 1, 1960 to December 1, 1960, CIT/JPL, Pasadena,
California.

This report covered the continuation of work reported in
L15 of this literature survey. Configurations were extended to
include a single reversing diaphragm, a double diaphragm, a
collapsing bladder and an expanding bladder., As previously
reported all tests were conducted with water as the working
fluid in a 41" diameter plastic tank.

L22, Anon: Twelve Tank Pressurization Study, Rocketd&ne -
NAA Report No. AFFTC-60-64, R 2656,

This study was conducted to determine the optimum method of
pressurization for a small ICBM. Systems studied included:
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Cold stored gas

Heated helium

S0lid gas generation

Liquid gas generation

Tank injection of propellants
Vapor pressure pressurization

"o QO UMD

Systems were evaluated for reliabillity, welght and cost in that
order of importance., This evaluation reveal~d that the heated
helium system was actually the most reliable, lightest and least
costly of all the systems evaluated for this particular application.

L23., Bitten, J.: Liquid Oxygen Converter, WADD TR 60-669

Development of a liquid oxygen converter for life support
systems 1s described, The converter is expected to work under
zero-g gravity conditions, The 1liquid oxygen is contalned and
separated from bubbles by a permanent magnet inserted into the
"bottom" of the converter. The liquid oxygen is transported by
a capillary to the converter valve, A method is given for the
computation of the forces acting on a para-magnetic droplet in
an inhomogenous magnetic field., Semi-empirical equations have
been established and tested for the transport of various liquids
through wetted horizontal capillaries., The tests showed that
bubbles in the liquid oxygen will not interrupt the flow through
the capillary. The flow rate of interest is 5,5 liters per
minute gaseous oxygen, It is indicated that the phenomenon of
wetting can be used for transporting a liquid.

L24, L1, T.: Hydrostatics in Various Gravitational Fields,
General Dynamics/Astronautics.

A closed axisymmetric container placed in a gravitational
field is partially filled with a 1iquid and the stable configura-
tion of the liquid-vapor interface is determined by minimizing the
sum of the potential energy and the surface energies. The paper
is of a mathematical nature, It is stated that in a zero-g field
the test results of a liquid in a small tank can be applied to the
same liquid in a larger but geometrically similar tank, provided
that the vapor-to-container volume ratio remains the same, How-

ever, the scaling becomes complicated when the gravity i1s differ-
ent from zero,

L25, I1i, T.: Liquid Behavior in a Zero-G Field, Convair
(Astronautic) Division, General Dynamics Corporation
Report No. AE60-0682, Revised September 1960,

A solution, based on the principal of minimum surface energy,
indicates that if the liquid wets the tank wall, it will cling to
1t and leave a vapor bubble in the tank. The surface of the
bubble is a surface of revolution and the exact shape depends
upon the ratio of the volume of the liquid to that of the vapor,
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Small rotational disturbances are found to have a stabiliz-
ing effect and will cause bubbles to coalesce along the center of
rotation, Some of the analysis has been verified by tests. Some
of the conclusions obtained during this study are:

(a) Liquid behavior in a zero-g field is dominated by
surface tension,

(b) Instruments containing mercury or other liquid may
not give accurate information in a zero-g field.

(¢c) The vapor bubble can be kept at the top of this tank
by erecting uprights from the floor of the tank.

(d) A simple venting pipe leading to the vapor bubble
may be used to replace complicated liquid and vapor
separator,

L26. Bauer, W, and Fleming, W.: Metallic Propellant Tank Expul-
sion Techniques and Studies. Internal Report No. 253,
Bell Aerosystems Company, January 1961,

This report was formulated as a result of a study to deter-
mine the state-of-the-art in positive propellant expulsion and to
delineate design concepts which might be applicable to fuyture
space vehicle propulsion system requirements. Both plastic and
metallic expulsion devices were analyzed to determine their
suitability and operating limitas for both short term and extended
space mission requirements., At the completion of this study it
was concluded that the ultimate positive expulsion device would
have to be metallic., This was based upon the assumption that the
ultimate design will be one that is not affected by radiation, has
zero permeabllity and is compatible with all rocket propellants.

L27. Spieth, C. W., et al: Development of Positive Expulsion
Systems for Cryogenic Fluids - Phase I. Beech Aircraft
Corporation Report No, 9501, January 1961.°

This document describes work performed pertalning to tanks
capable of expelling cryogenic liquids under a zero '"g" environ-
ment., The areas of effort included the analysis of various
capaclty tank systems and the methods of expelling the fluids.

A test program was conducted with a mylar bladder in a 24" glass
dewar, Liquid hydrogen was the expulsion fluid used, The mylar
test bladder underwent 75 complete expulsions without failure,
This program was the first phase of a two-phase effort which is
to culminate in the design and test of a 1000 gallon liquid
hydrogen tank using a bladder for positive expulsion.
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128, Ginwala, K.,: Engineering Study of Vapor Cycle Cooling
Equipment for Zero-QGravity Environment. WADC Technical
Report 60-755, January 1961,

This report discusses the results of some analytical and
experimental studies on wicks and capillary tubes. Wick materials
are considered well-sulted to zero-gravity evaporators. It is
stated that the experimental work conducted must be extended
before any reliable design and construction of a wick evaporator
is possible., The 1iquid rise in wick materials 1s similar to
that in a capillary tube but is a far more complicated case.

The wick material can be considered to be composed of a group
of randomly orientated capillaries.

Sections of the report discuss flow in capillary tubes
and in wick materials., Laboratory test results are also given
for flow through capillary tubes and for liquid rise in wick
materials as a function of time.

L29. Anon: Operations Research Analysis of (Gas Pressurization
System, Aero-Jet General Corporation Final Report No.
8160-01Q-6F, Vol. 5, January 12, 1961.

The purpose of this study was to make an analytical
comparison of various pressure fed systems and pump fed systems
for various upper stage missions. An important by-product of this
study was the establishment of a comparison method which leads to
the optimum system for a particular mission. The following systems
were analyzed for the lower velocity increment systems considered:

Helium stored gas

Solid gas generation (sodium ozide)

Liquid gas generation

Dual liquid vaporization self pressurization

aococp

Of the systems studied the so0lid ozide gas generation system
proved to be the best system with the broadest application,

L30, Li, Ta: Liquid Behavior in a Zero-G Field, IAS Paper No.
61-20, Presented at the IAS 29th Annual Meeting, New York,
New York, January 23-25, 1961,

A theory is developed mathematically for a closed non-
repellant metal tank which is filled with a wall wetting liquid
and its vapor to investigate the stable configuration of the liquid
in a zero-g fleld., It 1s found that the liquid will cling to the
wall and leave a vapor bubble in the tank. The surface of the
bubble 1s a surface of revolution. In the case of a non-wetting
liquid 1like mercury, it 1s found that the liquid will detach
itself from the wall and form a sphere in the '"center'" of the
tank. The mathematical theory is confirmed by tests carried
out by various institutions,

b
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L31. Anon: Space Zero "G" Fuel Studies to Aid Centaur, Rover,
and Saturn Propulsion Programs, Western Aviation,
Missiles and Space, February 1961, Pages 12 and 13.

This article describes the forthcoming firings of the
Aerobee 150-A whose payload will include a partially filled
liquid hydrogen Dewar and instrumentation to record heat trans-
fer coefficients for the liquid hydrogen in the absence of
gravity. The flight trajectory will undergo five minutes of
zero gravity., A sequence camera is focused on the Dewar to
record the liquid behavior during the flight.

L32. Sirocky, P. J.: Transfer of Cryogenic Fluids by an
Expulsion-Bag Technique. NASA TN D-849, April 1961.

This report covers a test program that was conducted to
demonstrate the feaslibility of transferring cryogenic fluids by
the expulsion bag technique. Mylar coated dacron bags, used as
fluid contalners, were found to be flexible enough to collapse at
temperatures of approximately -424C0F and thereby expel the fluid.
No damage was evident even after repeated cycling with liquid
nitrogen. Attempts to fi1ll the bladder with liquid helium failed
however, rendering these tests results inconclusive. This program
was extremely limited in scope and seemed to be a duplication of
effort of the Beech Program previously mentioned.

L33. Abramson, H. N.: Liquid Dynamic Behavior in Rocket Propel-
lant Tanks. Symposium Proceedings - Structural Dynamics
of High Speed Flight. Vol. I, ACR-62, Los Angeles,
California, April 24-26, 1961. Pages 287-318,

Various types of liquid dynamic behavior occurring in
propellant tanks such as normal sloshing, vortexing, liquid
impact, bubble and spray formation and low gravity phenomena
are described and discussed. A short discussion 1s given on
restart of engines in space or orbital flight and the movement
of liquid to the proper location for pumping into the engine.
Mention is made of applying low-level thrust by compressed gas
or so0lld propellants, or such devices as expulsion pistons and
bladders.

L34, Williams, H., E.: Liquid Surface Shapes-Research Summary
No. 36-8 for the Period February 1, 1961 to April 1,
1961, Jet Propulsion Laboratory, May 1, 1961, pp 98-99.

This summary presents the effect of surface tension forces
in hydrodynamics, the hydrostatic free surface of & fluld in
contact with a vertical wall. For walls that are parallel flat
plates, the solution for the shape of the free surface can be
obtalned exactly. For a circular cylindrical wall, an approxi-
mate value for the free surface shape inside the tube is obtained.
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135. Swann, W. F. G.: "Can There Be a Shield for Gravitation,"
Journal of the Franklin Institute, Vol. 271, No. 5,
May 1961, Pages 355-3€0,

This communication represents an amplification of an essay
of the same title submitted to the Gravity Research Foundation.
A theory of gravitation put forward by LeSage many years ago .
postulated that all space was filled with small particles travel-
ing in all directions with high speeds. Bombardment by these
particles on two bodies some distance apart would cause relative
attraction because fewer particles reach the space between the
bodies. This region would be a "shield" for gravitation, This
speculation is considered unreasonable today. The article con-
cludes that if gravitational forces could be explained in terms
of waves, one might be able to realize a shield of gravitation
in the same way that one can shield electrical apparatus from the
effects of external electrical disturbances.

L36. Baggs, R., Conrad, K., et al: Ultra-Low-Chamber-Pressure
Systems, Aerojet-General Corporation, Azusa, California,
Aerojet Report No. 0406-01-3, May 1961 (Confidential).

A section of the report presents an analysis of a zero-g
start system that employs a variation of the "settling rocket"
principle and a gas separator., In addition, a test capsule for
proving out the start system in a zero-g environment is described.

L37. Anon: Propulsion Requirement for Space Misslons Rocketdyne
Report R-3208, Vol. III, May 1961.

The difficulty of separation of gas and liquid in propellant
tanks 1s mentioned as one of the problems brought about by zero
gravity, Buoyancy and natural convection do not exist, Two
methods of gas and liquid separation are mentioned:

(1) Accelerating the tank with an auxiliary rocket so that
the liqulid gas interface will be perpendicular to the
acceleration,

(2) Permanent separation of the 1liquid and gases with a
diaphragm or bladder.

.A method 1s also mentioned using the wetting properties of
the c¢cryogenics. Poles are planted in the lower surface of the

tank and because of the wetting properties of the cryogenic liquid,

these poles will not readily penetrate the liquid-gas interface,
The gas bubble will be kept in the upper part of the tank and
liquid at bottom., These wetting properties can also be used to
design an entrance to the propellant feed line that will tend to
admit only liquid.
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L38. Siegel, Robert: Transient Capillary Rise in Reduced and
Zero-Gravity Filelds. Transactions of the ASME, Vol., 28,
Series E, No. 2, June 1961, pp 165-170.

Experimental information is given on the transient "capillary"
rise of water into vertical tubes subjected to reduced and zero-
gravity flields. The tubes ranged in internal diameter from 0,075
to 1.295 inches. An approximate analysis is presented to aid in
the interpretation of the data and predict the transient rise,
Photographs are given which illustrate the behavior in short tubes
where the water 1s able to move beyond the top of the tube during
part of the zero-gravity period.

L39. McGinness, H. D.: Capillary Pumping for Closed Cycle Gas
System,sResearch Summary No. 36-9, V,.I. JPL, July 1961,
pp 23-26.

A desgign of the closed-cycle gas supply systems for gas
bearing instruments is i1llustrated of a model consisting of the
following parts: (1) an 4ice, cooled well, partially filled with
one end of a wick of 5 x 10-% 1n. glass fibers; (2) a-3/4 inch
I.D., 12 inches long glass tube filled with the extension of the
wick; (3) an electrically heated cavity, partially filled by the
other end of the wick; (X) a glass tube originating in the heated
cavity and ending in the hottom of a wick tube partially filled
with Hg (the height of the Hg column representing the head across
the gas bearing); (5) a return line from the top of the tube to
the cooled well. Freon-114 fills the cavities and saturates the
wick., When the heater is turned on, Freon evaporates on the heated
end and a free surface develops. The capillary force drives the
liquid from the cooled well to the hot—end, The vapor travels
from the latter against the head of Hg back into the cooled well.
Circulation stops when the driving pressure, generated by the
capillary force is exceeded by the head of mercury. It was found
that the estimated driving pressure greatly suppressed the limit-
ing velocity head (3.5 versus 0.6 psi). Uneven packing in the wick
is the suspected cause of the discrepancy.

L40, Bowring, J. I. R. and Ebert, B. P.: A Hypothetical Mission
to Space in a Three-Man Sealed Cabin, Planetary and Space
Sciences, Vol., 7, July 1961, Pergamon Press, pp 309-323.

This paper deals with a hypothetical flight into orbit in
a sealed cabin with three persons constituting the crew. One of
the problems concerns feeding devices which are positive expul-
sion devices. A roller type and a pressure operated flexible
diaphragm food container is discussed to a limited degree.

I41, Van Der Wal, L.: Package Experiments for Biloastronautics
Research. Planetary and Space Sciences, Vol. 7, July
1961, Pergamon Press, pp 356-369.
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A brief discussion on liquid-gas mixtures at zero-g is
presented, An artificial gravity field by rotation of the vehicle,
provides the necessary force to establish control on the liquld and
gaseous state, The alternate method of rotating only the subsystem
having the liquid-gas interface problem is considered to require
exc:ssive power but no justification is presented for this latter
statement.

142, Barker, Jr., C. L.: Space Flight Acceleration Simulator.
Planetary and Space Sciences, Vol. 7, July 1961, Pergamon
Press, pp 335-344,

A study that outlines the concepts of a simulator which
produces the acceleration-time history of rocket flight and the
"g" fields of the Moon and Planets is presented. The proposed
system is a track captured capsule that can carry several trainers
or hundreds of pounds of equipment through programmed flight
trajectories, including zero-g environment. Zero-g conditions
for periods of 15 seconds are indicated in the study.

L43, Unterberg, W. and Congelliere, J., T.: Zero Gravity Problems
in Space Powerplants - A Status Survey. American Rocket
Society Paper No. 2133-61. Space Flight Report to the
Nation, New York, October 9-15, 1961,

The paper mentions some tests performed by other investi-
gators on the transient capillary rise of a 1liquid into a tube
during reduced and zero g. For long zero g durations, the tube
with the largest diameter will show the highest rise, A mere
statement is made that a positive expulsion bladder provides a
means for supplying liquids at a controlled rate, and independent
of the gravitational forces.

An artificial force field could be utilized for fluid phase
separation and rotation of the entire vehicle could provide such
a force curving the flow path of the fluid by using a helical
tube or by inserting twisted strips in the tube can also supply
the necessary centrifugal force to separate the phases of a two-
phase fluid,

L44, Barger, J. N. and Hanson, D. L.: Research and Development
on Components for Pressure-Fed Liquid Oxygen-Liquid
Hydrogen, Upper-Stage Propulsion Systems. Pressurization-
System-Feasibility Expulsion Tests. Aerojet-General
Corporation Report No., 1953, Vol. II (AFFTC-TR-61-7, II)
(Confidential),

Test, analysis, and design data for a recommended LO,/L
rocket gas pressurization concept are reported. Two-part %est ng
demonstrated the concept and determined the hgdrogen gas require-
ments; expulsion tests were made with a 30 ft3 aluminum (6061-T6)
tank using LHp/GHp, LNa/GNp and LO,/He at 90 psia. Two-part
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analyses correlated the tank thermal-energy model with LH2 test
data and the dynamic-response model with limlited LH, slosh-test
data. The design work applied the test results to a minimum-
weight pressurization system.

L45, Li, T.: Cryogenic Liquids in the Absence of Gravity,
General Dynamics/Astronautics, 1961,

In above reference 1t is stated that venting devices utiliz-
ing pressure difference, may be used to solve the venting problem,
A plpe leading from the inside of the tank to the outside may be
equipped with a moving 1ip, which has the shape of a truncated
cone, so that the surface of the minimum area cannot be tangent
to the 1ip. The 1lip rotates because of the differential pressure,
When 1t rotates a centrifugal force is created which produces a
small gravitational field to throw the 1liquid against the tank
wall and to draw the vapor bubble towards the axis. This device
will eliminate at least partly the escape of the liquid. It may
adequately solve the venting problem,

L46. Qerathewohl, S. J.: Zero-G Devices and Weightlessness
Simulators., National Academy of Sciences - National
Research Council, Publication 781, 1961.

The report concerns devices, methods and techniques which
have been employed for the investigation of the effects of zero-g
and weightlessness by many investigators., Descriptions of research
equipment and techniques are included. The zero-g devices mentioned
include vertical motion devices, aircraft flying a parabolic path
and ballistic missiles, Weightlessness simulators that are described
include water immersion and frictionless devices and platforms.

L47. Hunder, B. J., Bell, J, E., and Penner, J. E.: Expulsion
Bladders for Cryogenic Fluids, Cryogenic Engineering
Conference, Ann Arbor, Michigan, 1961,

The test work performed at the Beech Aircraft Corporation
in Boulder, Colorado on Mylar bladders with liquid hydrogen as
the fluid is summarized. A spherical contalner was utilized and
the laboratory tests indicated that the construction of Mylar
bladders in a series of gores is feasible, This paper and that
of IA8 of this literature survey are similar except that the test
procedure is explained more fully in the subject paper.

I48, Bell, J. E. and Reid, W, H.: Cryogenic Tankage for Chemical
Space Power Systems, Progress in Astronautics and
Rocketry - Vol. 4, Space Power Systems., Academic Press,
New York 1961, pp 595-611.

A bladder-type expulsion system for cryogenic fluids is
mentioned in the paper. A spherical bladder i1s considered the
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optimum shape, For a liquid hydrogen expulsion system, a bladder
of three unbonded plys of 1/2 mil aluminized Mylar withstood 79
full cycles of liquid hydrogen filling and expulsion with no
leaks.

L49, Anon: Final Report - Study and Design of Unfurlable
Antenna)ts, WADD TR 61-26, Vol. II (Lockheed LMSD 704036,
Pt. II).

The goal of this study was to design unfurlable antennas
for satellites and other space vehicles., Areas of study covered
were (1) space environment effects on antenna materials, and (2)
the effects of folding and unfolding on antenna materials., As a
result several large laminated Mylar and aluminum foll antennas
were constructed and tested, Although these designs were
specifically antennas, their operation is directly related to
bladders for positive expulsion.

L50. Anon: Design Manual - Rolling Diaphragms, BF400-A,
October 1960. Bellofram Corporation, Burlington, Mass,

The subject manufacturers literature presents descriptions,
operation, advantages, applications, installation suggestions and
design data on rolling diaphragms., The concern provides rolling
diaphragms in a wide variety of elastomers for use in numerous
environmental gases or fluids. The numerous installation sugges-
tions provide a wealth of information on these configurations., It
seems possible to extend the aforementioned data and principles
to metallic configurations, especially in the larger sizes, wherein
the thin gage metal will tend to behave in a membrane fashion.

L51., Anon: The Seals Book, Machine Design, A Penton Publication,
1961 Edition.

This handbook contains basic design facts about seals,
prackings and gaskets to aild in proper selection and application
as well as detalled information on types and manufacturers of
seals, packings and gaskets as a guide to specification, The
section on the bellows-type axial mechanical seals and the chapter
on diaphragm seals contain information that is directly applic-
able to certain positive expulsion systems, Design precautions
are enumerated and the advantages of several types of systems are
listed.

L52. Hesse, Mary B.: Forces and Fields., Thomas Nelson and Sons
Ltd., New York, 1961. '

This 318-page book was acquired too late in the program to
perform an adequate review of 1ts contents. The subtitle of the
book is given as "A Study of Action at a Distance in the History
of Physiecs."
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III. SYNTHESIS OF EXPULSION DEVICES

MORPHOLOGICAL APPROACH
Introduction

The continued growth in the -duration and complexity of
operational requirements and in the severity of the operational
environment has necessitated an evaluation of the various pos-
sible propellant expulsion methods. A morphological technique
hasr been employed to ascertain the classification and types of
expulsion devices that can accrue from such a study. References
1, 2 and 3, which have been employed in other fields, were
utilized in order to diaclose systems that could perhaps be
overlooked by the conventional inventive approach of design.
The inventive approach is a time consuming process and very
much dependent upon the capability of the individual.

Actually two major macroscopic categories of forces, (forces
that move the fluid) are involved in positive expulsion devices.
These two categories of forces are:

I. Contact-Force Movement'
II. PField-Force Movement

Contact-Force Mcvement is attributed to a displacement
device aherein contact with the fluld is provided to insure move-
ment. A piston-cylinder combination 1s a typical example.

In the Field-Force Movement, a force field 1s involved that
may not have any mutual or mechanical contact with the fluid to
be displaced. The forces may be attraction or repulsion. A
magnetic field is one such example,

Table I represents a morphological 1listing or matrix of
expulsion devices. The totality of expulsion devices may be
analyzed schematically as follows:

Expulsion Forces

Expulsion forces may be accomplished through the use of
contact forces or long-distance or field forces. The former
usually requires a mechanical system of the following types.

A. Contact-Force

a. Bladder

b. Diaphragm

¢. Mechanical

d. Surface Forces
e, Chemical

f. Inertia
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Bladders, diaphragms and mechanical concepts are self-
explanatory. Surface forces constitute capillary action encoun-
tered in capillary tubes, wicks and grids or screens.

The chemical category includes forces generated by chemical
reactions.

Inertia implies that an acceleration is produced in some
manner that results in settlement of the fluid in the desired
location in the container.

The field force can be divided into three main classes:
B. Fleld-Force

a. Magnetic
b. Electric
¢. Electromagnetic

The characteristics of these field forces and their applica-
tion to expulsion devices is explained more fully under the title
of Flield-Force Devices.

The Physical State of the Propellants

Three different physical states of the propellants may be
distinguished, namely,

A. The Gaseous State
B. The Liquid State
C. The Soliad State

There are, however, some additional states of propellant
that can be considered composites that have characteristics
that are attributable to combination of the above-mentioned states.
These are defined below.

Gel - A gel is an apparently solid, often jelly-like mate-
rial. Some gels may contain as much as 90% liquid
yet in their properties are more like solids than
liquids.

Slurry - This state can be considered as a thin paste,
It is a s0lid phase suspended in a liquid phase.

Aerosol - An aerosol is a colloldal system such as a mist
or a fog in which the dispersion medium is a gas.

- Another characteristic or descriptive term of propellants,
although it does not necessarily pertain to physical state, is
that of storability.
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Storable propellants are those fuels and oxidizers which
cen be continuously stored in the missile or space vehicle in
a state of instant readiness for relatively long periods of time
without evaporating or changing state or corroding the contain-
ing structure.

Cryogenic propellants are fluids which require refrigera-
tion to maintain it as a stable liquid in an environment of
normal atmospheric pressure and tempersture.

This descriptive characteristic of storability affects
choice of material, type of construction, and thermal studies
‘for the expulsion device.

The reactivity or combustion of the propellants is another
characteristic, Here two pure cases may be distinguished:

a. The propellants may be self-igniting,
b. The propellants are not self-igniting, and an

artificial ignition is necessary. System complexity

is introduced with the latter characteristic which
can influence the expulsion device choice.

Structural Material

The materials of construction can be classified by three-
broad categories such as:

A. Metallic

a. Homogeneous
b. Non-Homogeneous

B. Non-Metallic

a. Homogeneous
b. Non-Homogeneous

C. Composites

The homogeneous materials need no further clarification.

The non-homogeneous materials, in the metallic classifica-
tion, constitute cladding, coatings and/br plated layers not of
the same material.

In the non-metallic group, rovings, fibres, astrands, fila-

ments, etc., bonded with a resin are included within this category.
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The composite group encompasses combinations of metals
and non-metals. A metal weave (metallic cloth) with a plastic
coating is one such product. Multiple layers or multiwall con-
struction such as metallic coated plastic 1s another example.

Mode of Operation
Two modes of operation are possible; namely,

A. Continuous
B. Intermittent

Continuous mode of operation is self-explanatory, Inter-
mittent motion can be pulsating or periodic or cyclic,

Motion Incorporated in an Expulsion Device

In the operation of an expulsion device there are five
possible modes of motion of the principal activating parts.

A. No Motion
B. Translatory
C. Rotary

D. Oscillatory
E. Random

The above motions are self-explanatory with the possible
exception of random motion. Random motion cannot be defined by
a kinematic analysis approach. For example, in the complete
collapse of a circular cylinder under external pressure, the
buckling pattern, the resulting creases, single and multiple
folds, wave pattern shift, etc., are not amenable to analytical
prediction, location or magnitude of deformation. The formation
of these buckles is considered a random motion. Bladders are a
typical example that incorporate such a motion characteristic.

The Character of Shape

The configuration or shape of the fluid contailner is a
rather broad category because of the numerous possibilities of
shapes that can be evolved., Surfaces of revolution are a common
structural configuration for a container although space limita-
tions could introduce shapes that are of complex contour. Thus
two main categories can be included in the shape characteristic
of the fluid container:

A. Surface of Revolution
B. Complex Shape
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The aurfaces of revolution are:

a. Sphere

b. Torus

c. Ellipsoid
d. Cylinder

1. Flat Ends
2. Spherical Ends
z. Alliptical Ends
. Torispherical Ends
5. Conical Ends

e, .Cone

l. Flat Ends
2. Spherical Caps
2. Elliptical Caps
. Torispherical Caps

The position of the ends or caps, that 1s, concave or convex
outward on the cylinder or cone introduces other combinations of
configuration shape for the surface of revolution. It should be
noted that two different types of heads or caps can also be
employed on the same cylinder or cone.

The complex shape container is self-explanatory and needs
no further clarification.

Pressure

The positive expulsion devices must be capable of producing
a desired and/or required pressure head. The magnitude of the
generated pressures in many cases is an inherent characteristic
of the system employed. The following two classes of pressure
regimes are considered sufficient for the present study.

A. Low
B. High
Control

In the control of any system or device, two definite and
broad possibilities present themselves. They ares

A. Controlled
B. Uncontrolled
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The important variables to be controlled in expulsion
devices includes:

a. Mass Flow
b. Volume Flow
¢, Pressure

The charactéristics of such control for the devices can
include: : '

. Holding at a constant force in any position

. Holding at a constant position rather than
with constant force

. ILockling-in at any given position

. Broad adjustment in force

. Varlation in speed

. Initial response

Driving Medium

The driving medium, the energy required to motivate the
device to expel the fluild, 1s a study within itself and will
not be considered in great detall in the subject work. It should
be borne in mind, however, that the choice or availability of the
necessary energy can or will dictate the choice of a particular
expulslon device. For example, the integration of a gas
generator with an expulsion device or the power potential with
a nuclear reactor on board can even alter the type of expulsion
forces, (contact-force or field-force) that can be considered.

Table I can be employed to exploit various comblnations
of characteristics that result in numerous and specific devices.
To obtain an expulsion device by this procedure, we choose one
of each numbered variable for each lettered parameter. The
combination of such identifications makes avallable an expulsion
device from the characteristics selected. As an example, the
combination 1Ab, 2B, 3Aa, 4B, 5B, 6Aa, 7B, 8A and 9D, represents
a diaphragm construction for a liquid propellant state whose
contalner material is a homogeneous metal. The device can oper-
ate Intermittently with a translatory motion of the diaphragm
within a spherical tank and can expel the fluid at a high pres-
sure. The device can be controlled at all times and the power
to operate the diaphragm device is by means of stored energy
(pressurized gas).

EXPULSION DEVICE METHODS
The morphological classification that has been presented

thus far must now be examined from a more specialized point of
view. Many of the possibilities presented must be excluded
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from serious consideration because of their obvious impracti-
cality or self-contradictions. A large number of feasible
designs still remain, many of which are untested. Many other
designs are derived from a few baslc ones, usually by attempts
to obtain better efficiency and reliability, the results of
advancement in new materials and fabrication techniques, etc.
In practice, certaln expulsion devices may be strictly circum-
scribed by various dimensional, and material limitations.

Figure 1 presents an array of expulsion devices that have
been grouped and expanded into certain fundamental classes. An
expansion of this type of presentation gives the designer an
opportunity to exercise his ingenulty and judgment in various
combinations of the morphological matrix.
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IV. EXPULSION DEVICE CONFIGURATIONS

INTRODUCTION

An investigation and study of positive expulsion devices
disclose numerous types of concepts and principles some of which
have been categorized in Figure 1. These variocus categories are
enumerated below. Examples of some of the devices 1in each cate~
gory are examined in greater detail in the ensuing text.

a. Diaphragm-Type Configurations

b. Bladder-Type Configurations

¢. Controlled Deformation or Folding Configurations
d. Mechanical Systems

e. Orientation Systems

f. Surface Forces

g. Hybrid or Miscellaneous Systems

h. Chemical

i. Fleld Forces

An effort 18 made to 1list the advantages and disadvantages
of the numerous configurations depicted in the sketches and to
present some analytical design data that i1s applicable to a
specific configuration. In some instances, only qualitative
data could be presented and it was considered advantageous to
do so.

DIAPHRAGM-TYPE CONFIGURATIONS

Diaphragm-type configurations are dividing membranes installed
within an enclosed shape in such a manner that two fluid-tight
areas are formed. The cross-sectional shape of the diaphragm,
however, can be established during fabrication to meet specific
requirements. As a consequence, some of the resulting shapes are
defined below.

l. Convoluted Diaphragms

Convoluted diaphragms have one or more concentric convolu-
tions which are either pressed, formed or spun. Convolutions
increase the working stroke of a diaphragm and allows the diaphragm
to operate with material flexing rather than material elongation.

2. Dished Diaphragms
Dished diaphragms are either spun or formed in the shape

of a dish. The dish shape increases the allowable stroke which
can be almost twice the dish height without material stretching.
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3. Flat Diaphragms

Flat diaphragms are flat circles, usually made of a thin
flexible and stretchable material. These types of diaphragms
have limited stroke capabilities compared with convoluted or
dished diaphragms.

4, Rolling Diaphragms

A rolling diaphragm i1s a long stroke, deep convolution,
constant area diaphragm which is free positioning with complete
relaxation at any point in its stroke. The diaphragm is attached
to the piston head and as the diaphragm and piston are moved in
an axial direction, due to an applied pressure, the diaphragm
will roll off the piston side wall, and onto the cylinder
side wall, (or in a reverse process), with a smooth and continuous
frictionless motion.

5. Spherical Diaphragms

Spherical diaphragms are shaped in the form of a hemis-
phere and are essentially a reversing-type configuration during
operation. A snap-through type of buckling or instabllity is
introduced during the expulsion process when the diaphragm
reverses itself and deforms from one portion of the hemisphere
into the other.

Several typical illustrations of dliaphragms are shown in
Figures 2 and 3.

Some experimental tests were performed by the Bell Aerosystems
Company on a bathtub-type reversing diaphragm made from .016 in.
aluminum alloy (1100-0) to note its behavior and the folding and
unfolding of the wrinkles and buckles during the expulsion cycle.
Figure 4 is a photographic history of the metal diaphragm defor-
mation under the stimulus of a negative pressure being introduced
within the container., This is equivalent to the pressuring
gas inducing an external pressure under an actual service condition,

DOUBLE CONVOLUTED DIAPHRAGMS
The double convoluted diaphragm configuration, which is
illustrated in Figure 5 for a spherical container possesses the
following advantages and disadvantages:
Characteristics of Double Convoluted Diaphragms
Advantages

1. The hemispherical head or tank 1s the optimum shape
for employling a convoluted diaphragm.
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DISCHARGE DIAPHRAGM

GAS PRESSURE
Figure 5, VDouble Convoluted Diaphragm
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2. The circumferential corrugations or convolutes can
be designed so that the equivalent length fits the inside con-
tour of the outer shell. Stretching or elongation of the
diaphragm is thus minimized. .

3. The diaphragm is merely a flat orthotropic plate
which is relatively easy to make and handle.

4., Rectangular tanks employing surface of revolution
heads can employ these diaphragms. Convolutes within the head
area are analytically computed in a manner to produce an equiva-
lent length or surface equal to the internal surface area in the
deformed state.

5. Pressurizing gas is introduced between the diaphragus
and the resulting deflection does not induce any creases, folds
or rolling of the surfaces.

6. The two halves of the convoluted diaphragms can be
welded and assembled as a unit and thus constitute a preformed
or prefolded bladder in the flat.

7. Each of the two halves or volumes of the configura-
tion can be used for a bi-propellant syatem within a single tank
geometry.

Disadvantages

1. Installation will require circumferential or longi-
tudinal bolted-type flanges about the equator of the tank. This
induces a weight penalty.

2. Sealing of the diaphragm between the tank halves may
present a problem,

3. The diaphragms produce two tank volumes that must be
interconnected by a collector tube to insure expulsion from both
halves of tanks.

4, When a bi-propellant combination is employed, a 50-50
fuel and oxidizer combination is desirable but may not be so.
Equal volume separation by the diaphragm is thus not possible and
design difficulties are introduced; such as, tank is no longer a
symmetrical surface of revolution, one diaphragm must deflect
more than the other, pressure and mass ratios for propellants
must be regulated in desired proportions.

5. The device 1s orientation sensitive with respect to
acceleration forces.
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Analysis Data
Design Concepts

A qualitative approach for establishing the pattern or
shape of the corrugations for a convoluted diaphragm is presented
on the following pages. A circular convoluted diaphragm is. used
as an illustrative example although the same philosophy of
approach can be readily applied to other shapes that constitute
a surface of revolution,

A corrugated or convoluted circular dlaphragm supported
at its periphery and subjected to a pressure differential across
its surface will initially deflect primarily as a consequence of
bending strains. For small deflections, the influence of mem-
brane strains on the deflections are negligible. As the deflec-
tion increases with increase in differential pressure and become
relatively large with respect to the diaphragm thickness, signi-
ficant membrane strains are introduced. For thin gaged corruga-
tion diaphragms, the resistance to deformation in the meridional
direction will be much less than in the circumferential direction
as a result of meridional bending strains. In addition, as the
membrane is deflected and the corrugation waves are flattened,
resistance to meridional rotational deformations will be governed
by the early introduction of plastic "hinges" at the crowns and
crests of the corrugations where meridional bending moments are
greatest. As the diaphragm convolutions are stretched and
flattened further and the diaphragm approaches the general shape
of the inside contour of the container, both meridional and cir-
cumferential membrane strains will primarily govern further
deformations, depending on the initial configuration of the cor-
rugated diaphragm.

Based on this general simplified discussion of the
behavior of a corrugated diaphragm, it appears that the best
design procedure is to determine the general dilaphragm config-
uration in such a manner that the final shape (a sphere, for
illustrative purposes) is approached primarily as a consequence
of the relatively low resistance to meridional bending. Conse-
quently, the design of a corrugated diaphragm is initiated by
assuming the diaphragm to be a pure membrane, i.e. there is no
resistance to meridional bending moments. Such a diaphragm
would be stress-free if it were shaped in such a manner that
all circumferential fibers do not grow or contract when the
diaphragm is deflected from its initial position to the final
spherical position.

Consider two circumferential fibers of the diaphragm in
the expanded spherical form, as indicated in Figure 6, by the
points a and b. These fibers will not experience any membrane
strains 1f they were originally located at the same relative
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Figure 6. Strain-Free Deflection of Membrane
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positions on the vertical dashed line and also if all other con-
nected circumferential fibers were similarly originally oriented-
so as to be geometricall, compatible. If, for example, circum- -
ferential fiber, a, was initially located at point a', then, to
ensure a stress-free expanded condition, the fiber, b, must be
originally located at point b' and all intermediate fibers must
form a segment of the sphere, i.e. the curve a'-b', It should
be noted that a membrane stress-free condition will also be
attalned i1f the circumferential fiber at point b were initially
located at point b" and the correspondingly intermediate fibers
were to form the circular arc a'-b", Consequently, an ideal
initial shape for the membrane would be to shape it as segments
of the inside contour of the container, which for thé case under
consideration, is a sphere.

From the above considerations, it is obvious that there
are an infinite number of stress-free ideal membrane shapes that
may be formed. The procedure suggested for the design of a
diaphragm is to first shape the diaphragm based on the above con-
cept of a pure membrane and then to introduce the necessary modi-
fications if they are required. Such medifications may be based
on fabrication limitations, ullage requirements, differential
pressure limitations, expulsion efficiency, mechanical properties
of the material and undesirable buckling.

Ideal Diaphragm Conflgurations

The cross section of various ldeal diaphragm configura-
tions composed of spherical segments are shown in Figures 7
through 9, together with the details that were used in their con-
struction. A three convolution diaphragm was chosen for illus-
trative purposes. To restrict the many possible configurations,
the diaphragm configurations shown were devised such that they
rest on a diametral plane of the sphere. The diaphragm con-
figurations 1llustrated were devised by either 51? assuming
constant depth for the convolutions, Figure 7; (2) assuming
constant pitch for the convolutions, Figure 8; or (3) assuming
constant developed length of convolution, Figure 9. It will be
noted that the developed surface area of each ideal diaphragm
configuration is equal to the surface area of the corresponding
half sphere. In addition, each portion or section of the convo-
lution is coincident with the sphere in the extended configura-
tion. It should be noted that the selection of the magnitude
of one of the design parameters (depth, pitch or constant
developed length), dictates the magnitude of the other two param-
eters. If the magnitude of each of these design parameters is
decreased, the ullage volume decreases and in the limit it will,
for a pure membrane, approach zero as the membrane approached a
flat plate. This 1limiting configuration is of course only pos-
sible if the diaphragm was fabricated from sheet material
approaching zero thickness.
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Figure 10, Stress-Free Deflection of Diaphragm With

Finite Radii at Crowns
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Practical Deslign Considerations

All the ideal diaphragm configuration designs devised
on the concept of a pure membrane will experience no strains and
thus will require very low Ap (pressure differential) when
deflected to the desired spherical form. However, these ideal
configurations have cuaps at the crests of the waves which are
difficult to fabricate with finlte thickness material. In addi-
tion sharp folds are to be avolded because they will introduce
relatively large local plastic strains when fabricated and also
when the diaphragm is extended to the inaside contour of the
container, Employing a convolution with finite radii at the
crests of the waves will circumvent this difficulty. However,
with the presence of finite radil at the crests of the waves,
it is not possible to attain a strain-free condition as the
diaphragm is deflected from the original to the final spherical
position, This is due, in part, to the original horizontal slope
at the crests of the convolutions or corrugations which cannot
conform to the spherical shell form without introducing circum-
ferential strains.

To 1llustrate the effect of finite curvatures at the
crests of the waves, the diaphragm of Figure 7 was redrawn with
small radii at the crests of the waves and the result presented
in Figure 10. Also shown by the dashed curve in Figure 10 1is
the membrane stress-free deflection condition of the diaphragm
considered as a pure membrane. It will be noticed that as a
consequence of the finite radii at the crowns of the waves the
deflected membrane stress-free shape is not smooth but rather
contains points of zero slope corresponding to the crests of the
waves, In addition, the deflected shape is not in the desired
spherical form because of the reduction in developed length of
the corrugations when the radii at the crowns were introduced.
Consequently, for this corrugated membrane configuration and for
all other configurations which are in variance with the ideal
configuration, meridional and circumferential strains will be
introduced if the final internal container shell form is to be
attained. The space between the shell and the deflected form
can obviously be reduced by increasing the developed length of
the convolutions. When altering the ideal diaphragms by incor-
porating finite curvature at the crowns of the convolutions, -
the radii should be kept as small as practicable so as to mini-
mize the membrane strains.

Dynamic Effects
Diaphragms Perpendicular to Vehicle Acceleration

After some fuel has been expelled, it is possible for
the diaphragms to twist out of their planes so that lateral slosh
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type mode can be excited. The natural frequency of the mode will
depend on diaphragm stiffness as well as tank steady accelera-
tion. Pressurization will not be significant to the mode. Fuel
in upper and lower compartments will be moving in the same direc-
tion at the same time except for a phase shift due to the fact
that the upper and lower tanks will not have the same natural
frequency except at zero g. The upper and lower diaphragms will
then have corresponding points always moving toward and away
from each other approximately simultaneously. The two diaphragms
could pound together when the tanks are almost full. The
diaphragm stiffness will allow the mode to exist at zero g.

The difference in the upper and lower frequency l1ls due
to the fact that tank acceleration will add to the total elastic
restraining stiffness for the bottom tank and subtract from it
in the case of the upper volume.

Diaphragms Parallel to Vehicle Acceleration

If the tank is oriented so that the tank acceleration
lies in a plane parallel to the planes of the diaphragms then
the mode described in I.b will again be poasible except that
tank acceleration will not have any effect on the natural fre-
quency of the mode, the modal stiffness coming entirely from
the diaphragm.

Steady acceleration will make the pressure against
the bottom of the diaphragm larger than that at the top of the
diaphragm thus causing the center parts of the diaphragm to
deflect unevenly out of its normal plane. This probably would
not cause any difficulty.

REVERSING DIAPHRAGM

The reversing diaphragm shown schematically in Figure 11 has
the following characteristics:

Characteristics of Reversing Diaphragms
Advantages

1. Complete dispensing of material in the container
is possible,

2. The metal cup folded within itself is readily fabri-
cated on the principles of reverse drawing and the metallurgical
properties of alloys which permit the manufacture of long cans
of small diameter.
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Figure 11. Reversing Diaphragm
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3. The reversing diaphragm prineciple has been proven
in ejectors, separation bolts and actuators. :

Disadvantages

l. Process is not readily reversible and only one cycle
of operation is reliable.

2. The principle has been employed as a fast action
device., Extremely slow operation may induce local buckling
rather than the desired rolling.

3. The possibility exists of buckling of the shell that
could restrict further motion. Buckling would induce increased
stiffness and an increase in gas pressure to provide additional
expulsion,

DUAL REVERSING DIAPARAGMS

An extension of the reversing diaphragm to a dual reversing
diaphragm is shown in Figure 12. Some advantages and disadvan-
tages of such a device are listed below. These characteristics
are in addition to those listed for the single reversing con-
figuration.

Characteristics of Dual Reversing Diaphragms
Advantages

1. Required volumes of each bi-propellant can be readily
established.

Disadvantages

1. Control of mass ratio flow could be difficult because
buckling and rolling of the diaphragms may not produce the required
proportional collapse between the diaphragms.

BICONVEX DIAPHRAGM

The biconvex diaphragm configuration shown in Figure 13 is
representative of the common and conventional fuel pumps employed
in automotive power plants. The Literature Survey Lll presents
the design and construction of such a stainless steel diaphragm
reactor service pump actually put into service by the Oak Ridge
National Laboratory.

Although such devices have been employed as continuous oper-
ating pumps with flat diaphragms, the diaphragm oscillating
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Figure 13. Biconvex Diaphragm
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between the two halves of the biconvex heads, the incorporation
of a spherical cap diaphragm converts the unit into a single
cycle expulsion device.

Characteristics of Biconvex Diaphragms
Advantages

1. Can be used for repeated cycles when depth of -
diaphragm deformation to reverse position is small. §Thin is
principally employed in conventional diaphragm pumps.

Disadvantages

1. The biconvex cross-section requires an equatorial
ring and local shell thickness increase to tako care of dil-
continuity stresses,

2. Volume of device is relatively small.
CONTROLLED ROLLING DIAPHRAGM

A schematic of a controlled rolling diaphragm configuration
is shown in Figure lh The one indicated has a full 180-degree
convolution. In this configuration, when the piston moves down,
the diaphragm rolls off the cylinder wall and onto the piston
side wall. Almost the entire pressure load is supported by the
piston head and only a small increment of pressure is felt by
the diaphragm. Contained pressure holds the rolling diaphragm
against the walls of the cylinder and piston.

In a controlled rolling diaphragm, as it operates, it is
subjected to a change in circumference. When it rolls from the
smaller or inner diameter to the larger or outer diameter, its
circumference must increase. Thus a diaphragm with numerous
convolutions that behaves like a toroidal inversion configura-
tion must be designed to give low elongations. Thin gage
materials and relatively large diameters tend to alleviate the
severity of such elongations and associated stresses due to
roll-over,

Characteristics of Controlled Rolling Diaphragm
Advantages

1. The piston provides controlled rolling of the
diaphragm.

2. Piston sealing is not required.
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3. Device may operate for more than one cycle. The
limit would be the fatigue involved in the rolling of the
diaphragm.

4, A larger diameter of the cylinder reduces the cir-
cumferential stresses.

5. Very little pressure load is felt by the diaphragm.
Almost the entire pressure load is supported by the piston.

6. Contained pressure holds the rolling diaphragm against
the walls of the cylinder and piston.

7. Close machine tolerances on pistons and cylinders
are not .required.

8. The rolling diaphragm can tolerate minor accentri-
cities and cocking of the piston rod and cylinder vithout
affecting the operation of the unit.

9. The rolling diaphragm is a free positioning device
during normal operation.

10. Vibratory problems are not a major consideration.
Disadvantages

1. The long skirt on piston produces a "dead" volume.
2. Piston rod increases over-all length of device.

3. A homogeneous metallic material is not as advan-
tageous as a pliable or plastic material.

4, The use of a metallic diaphragm would require a
larger force input to the piston.

Feasibility Tests

Rolling diaphragms are commerclally available in pliable
fabrics impregnated with an elastometric sealant of synthetic
rubber., This type of material, however, is somewhat limited
for space vehicle applications. The use of a metal for the
diaphragm, however, would have numerous advantages, provided
the metal can be made to behave like an elastomer or other
Pliable material,

A small feasibility test program was initiated to study
the behavior of a metal under a rolling action similar to that
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experienced in a rolling diaphragm. The 1100-0 aluminum mate-
rial was chosen for these teats. This materlal is also ideally
suited for an end-item because of 1ts many favorable charac-
teristics such as propellant compatibility, radiation, ductility,
etc.

A simple parallel wood face slide was constructed with
one end of the 1100-0 material attached to the base of the Jig
and the other end attached to the slide. The aluminum strip
was 1 inch wide and .031 inch thick. The U-bend in the strip,
shown in Figure 15 together with the simple wooden jig, was made
to roll on itself, that is bend and unbend when a force was
applied in the direction of the arrow. The total depth of the
U-bend for this test was restricted to 0.25 inch, which is the
distance between the parallel slide faces.

At the completion of this simple demonstration, circular
cylindrical containers were fabricated to ascertain, by test,
the behavior of the rolling action along the circumference and
height of the cylinder. The container was spun from 1100-0
aluminum to the shape shown at the left in Figure 16. The
availability of the spinning form dictated the use of the head
enclosure on the cylinder. This head does not influence the
results of the rolling action, once a steady rolling is achieved.
The center two cylinders in Figure 16 show the inversion of the
shell that was accomplished by means of applying a load to a
circular bar, which 18 equivalent to a piston, to the head of
the aluminum shell. The cylinder was not restrained when the
load for inversion was applied.

The view at the left in Figure 16 represents a cut cross- -
section of a metallic rolling diaphragm after the rolling
process. This simple test demonstrated the feasibility of the
application of metal to a rolling diaphragm. .

Analysis Data

In the incorporation of a metallic rolling diaphragm as
an expulsion device, 1t is necessary to establish the forces
and stresses on the piston and on the diaphragm during the rol-
ling process to insure its operational success. The rolling
diaphragm concept is a deep convolution with a long stroke and
is free positioning along its stroke.

The operation of the homogeneous metalllic rolling diaphragm
is dependent on the ability of the metal to decrease circumferen-
tially without excessively elongating the material fibers as
the diaphragm rolls off the cylinder walls and piston. Prema-
ture fallure will result if the circumferential elongation cannot
be provided by the material. ’
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Figure 16,

Sheet Roll-and-Unroll Bending Jig

Metallic Rolling Diaphragm Deformation
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The work on the following pages presents preliminary studies
to determine the force required to move a rolling diaphragm and
the associated stresses encountered during the operation, also,
some preliminary test results are shown and compared with the
calculations. In the derivation of the required equations, the
following assumptions were employed:

l. The piston and cylinder are concentric throughout
the stroke.

2. The diaphragm comes into contact with the piston walls
during the operation.

. The buckling stabllity of the diaphragm shell (against
cylinder wall) has not been considered.

4, The ﬁeutral axis 1s also the centerline of the sheet
material and 1s a constant.

5. Strain energy due to axial forces is neglected.

6. Strain energy of bending and unbending during the
rolling process are assumed to be equal.

T. During rolling the material is assumed to bend through
a full angle of 180 degrees.

The basic approach used herein to obtain the piston force
required to roll the diaphragm into a deep convolution is based
on equating the work done by the external forces to the internal
(strain) energy of the system. The energies considered are the
strain energy of bending as the diaphragm rolls on the piston
wall and the strain energy of hoop compression which results
from the shortening of the circumference.

The two methods of analysis are presented on the follow-
ing pages. The essential differences between these two metkods
lies wholly with the shape of the stress-strain curve chosen.

The first case estimates the strain energy of bending and hoop
compression assuming the stress-strain curve to have ideal
plastic behavior. The second method is based on the use of the
nominal stress-strain curve of the material. The former approach
is considered to yleld more conservative results.

Analysis Based on Ideal Plastic Material

The bending moment per unit width for a wide beam can
be represented by (See Reference 89, page 269)

z

(1)

/*7:7_;_ a f‘:o.zva; t
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The strain energy of bending with a constant bending moment is
equal to the product of the moment and the total bend angle ¢,
radians. However, since the beam is straight as it rolls on
the piston, the total strain energy of bending is twice this
value., Therefore, for a full bend angle of 180 degrees the
energy 1is:

Up = 2TTH (2)
so that with the aid of Equation (1), for unit length,
Up= /.82 0t (3)

With the established relationship, (on the basis of
the neutral axis location at the center of the sheet thickness),

. L4 .
¢ 2 (el ,,) (u)
and with
/
€ <€,° —F— (5)
n‘{) +1
and, from the notation indicated on Figure 17
®-F+E (6)
or
= _t
s £ (7)

For a 180° bend in the sheet, the affected straight length of
beam is, employing Equation (7)

L, =T(E) ' (8)

However, noting that in the expression for Ub as represented
by Equation (3), bending and unbending takes place, the effec-
tive straight length is 2., or m¢/;,. In computing the
strain energy of hoop compression this same length will be
employed.

The radial displacement is illustrated in Figure 18
and 1s represented by

A= 2 (r+2) (9)
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Figure 18, Schematic and Notation of a Controlled
Rolling Diaphragm
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and hoop strain 1is

€ -;:;?rn) R)(r) (10)

(')*‘
The unit strain energy of hoop compression is 0, €, , and for
the element of length 2L, the strain energy becomes:

Up = (0-€,)(2 Lt) (11)
Employing Equation (8) for L, ,

the 2t6(EL)E, (12)
Uy ZE o€ (mes/ ) (13)

l

The piston vertical movement is also 2., and the external work
done, assuming motion is imparted by a uniform pressure, p, is

Wpiston = 7 p R® (2L.) (14)
Equati the external work to total strain energy,
Equations (3), n?13) and (14)
TeR eL,) - 2R (U +4,) (15)

and substituting Equations (3), (5), (8) and (13) one obtains
the general expression:

= (16
& 1 e} 2 |

It is to be noted that this expression is independent of mate-
rial. A more generalized expression can be obtained if one
employs the relationship for ¢, given by Equation (10).
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L/{e' /,../6 » 4 (17)
(74 02(? +/ , g_f_._)(?’:’
# GE)*/

Now the stress ratio(»€/%)/d: 1is merely a function of the
geometry of the rolling diaphragm, /’l%:‘ and /¢

Utilizing a value of G5 ~ 13,000 psi for 1100-0

aluminum it ical ultimate strength value for this material),
Equation 1% becomes

/S$/0 0 " SRO00

S TEY)
S s 2]
)/

This Equation (18) is represented graphically in Figure 19.

(18)

Analysis Based on Nominal Stress-Strain Curve

For pure bending of a bar with a rectangular cross
gsection of unit width, the bending moment can be expreased as:
(see Reference 107, page

A - —(e—f—&)— / oerede (19)
-&
and with the use of Equation (5) the moment expression becomes:
~ [ % .
A - ——% / F(g€)ede (20)
&l =

Equation (3) is now modified to include Equation (20)
80 that
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Us = % [2(9) 1) f F(a€) eae (=)

The strain energy of hoop compression i1s similar to that pre-
viously derived for the ideal ;.lastic case, Equation (13), with
the exception that actual (nominal) stress-strain function is

used,

U 2L t.'j?[nte)-'le (=)

Incorporating the values of Equation (8) and Equation (20) the
strain energy of hoop compression becomes g

R (23)

Equating the work done by the piston to the strain energy quan-
tities just derived one obtains, with the use of Equations (14)

ToR (L) =2TR{Y* 4) (24)

With the aid of Equations (5), (8), (21) and (23) and some
algebraic manipulations,

1;—"’ ¥ +)[Flaerca +2 [Lrige %  (25)

The integral expressions in Equation (25) are evaluated
grapho-analytically for 1100-0 aluminum material and the results
are depicted in Figures 20 and 21. The material stress-strain
that was employed in the evaluation of the integrand is depicted
in Figure 22.
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The total solution of Equation (25) 1s depicted in
Figure 23, This Figure 23 is analogous to Figure 19 and indi-
cates the variaution in #7%*/¢ associated with the two approaches
employed. Figure 19 ylelds higher values throughout the entire
range of the geometric values of ®/r and r/¢ .

Preliminary Test Results

Two specimens with dimensions as indicated in Table II
were tested in a standard tensile test machine and the load P,
(1bs) recorded.

In view of the limited tests performed it is not pos-
sible to arrive at a definite conclusion. Also the analytical
approach presented herein represents a preliminary attempt, and
as such, the curves are intended to be useful only in obtaining
initial estimates for design. With respect to Test 2 it 1is
worth noting that the piston diameter used was smaller than .in
Test 1. Consequently, the diaphragm rolled to a conical shape
which is a function of depth of piston displacement forming a
loose fit with the piston wall. This situation did not permit
& full rolling bend of 180 degrees to take place so that one
might conclude from this observation that the diaphragm can
indeed roll without hoop collapse even though the piston diameter
is insufficient to enforce the full bend radii assumed in the
analysis. The additional problem area resulting from the above
preliminary test indicates that a rolling radius stability -
problem is present. Although two different piston diameters
were employed in the test, the final v/¢ of the rolling
diaphragm was practically identical for both test specimens.

It seems that a specific minimum value of r/¢ is attained that
may vary only with material and the displacement of the piston.

TWO-SECTION CONTROLLED ROLLING DIAPHRAGM

The incorporation of a controlled rolling diaphragm for a
bi-propellant system is shown in Figure 24, This is merely a
modification of the controlled rolling diaphragm device indi-
cated in Figure 11. The characteristics mentioned for the
latter device are also applicable to this two-section unit.
An inherent characteristic or disadvantage of the two-section
device 1s the large "dead volume" that is present within the
piston volume. This diminishes the fuel volume capacity for
the larger size configurations, and makes it difficult to pro-
vide the required mass and/or volume ratios for the bi-
propellants.
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METAL DIAPHRAGM
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. Figure 24. Two Section Controlled Rolling Diaphragm
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TEST DATA ON A ROLLING DIAPHRAGN

TABLE II.
Geometry and Test Data
r R P
Spec. R D r t t = Test
1 1,188 2.376 .0302 .026 1.16 | 39.2 500 |
2 1.125 2.25 .025 .021 1.38 38.8 | 475
Theoretical Data
Ideal Strain Nominal Strain
Spec. Ptli P calec. %3- l’cnlc o
1 6810 658 4880 AT
2 6140 455 M}OO 326
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NULTI-CELL DIAPHRAGM CONFIGURATION
The multi-cell diaphragm configuration illustrated in Pigure
25 is similar to the biconvex diaphragm design of Figure 13.
The advantages and disadvantages of the device are given below.
Characteristics of Multi-Cell Piaphragm Configuration
Advantages

1. The multiplicity of the cells insures the reliability
of the unit.

2., The small motion or displacement of the diaphragm
minimizes the bending and stretching of the bladder material.

Disadvantages

]:. Excessive welding length is required thus requiring
greater quality control to insure against leakage.

2. Diaphragms are not replaceable once the device 1is
assembled by welding.
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BLADDER-TYPE CONFIGURATIONS

A bladder can be defined as a relatively thin flexible con-
talner or tank enclosed within a structural shell. Two types of
bladders become apparent: a collapsing bladder and an expanding
bladder, the designation referring to its geometric configuration
during operation.

1. Expanding Bladder

An expanding or pre-folded bladder is mounted within a
rigid container through an opening provided for its installation.
The fluid to be expelled is contained outside the collapsed
diaphragm. Positive expulsion 18 achieved by the introduction
of a pressurizing gas into the collapsed bladder causing the
bladder to expand ahd foreing the fluld outside the bladder to
flow out by means of a withdrawal line system.

2. Collapsing Bladder

The collapsing bladder 1s generally made to fit the
inside smooth contour of a rigld container or tank. In this
configuration the pressurizing gas is applied external to the
bladder causing the bladder to deflect and collapse and at the
same time forcing the fluid within the bladder to flow out.

INTRODUCTION

A relatively simple approach for a positive expulsion device
18 the use of bladders. In this system, the operational charac-
teristics of the device are dependent upon the initlal bladder
shape and the assoclated deformations, extensions, buckles,
structural collapse, etc., due to a pressure source that produces
the necessary collapse or extension of the device to expel the
desired fluid. An illustration of a typical collapsing and
expanding bladder is presented in Figure 26.

A traditional approach to a short-lived positive expulsion
system has been the use of plastic materials as bladders to con-
tain and expel the fluld. Such positive expulsion bladders were
designed and developed by the Bell Aerosystems Company for the

(Rascal) air-to-ground missile. Experiments were conducted
on a teflon bladder in the oxidizer tank (IRFNA) and a Buna-N

rubber over nylon cloth bladder in the fuel tank (JP-4). PFigures 27

and 28 are photographs of the prototype bladders employed in the
propellant tanks. The size of these bladders 1s clearly depicted
in these photographs when compared with the man. Plastics, however,

U —_——
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Discharge Tube

Expanding Bladder (Metal)

Figure 26. Typical Bladders
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Figure 27. Teflon Bladder for IRFNA Oxidizer

o -

- Figure 28. Buna-N Rubber Over Nylon Cloth
Bladder for JP-4 Fuel
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have limitations that restrict theilr use such as: degradation
of physical properties due to radiation, permeability to some

of the propellants or fluids, degradation of physical properties
on becoming saturated with the operating fluid and alsc due to
temperature environment.

The incorporation of metals for the construction of the
bladder can alleviate many of the aforementioned limitations
or disadvantages. The concept of the metal diaphragm or bladder
is not new. The feasibility of a collapsing alumlinum cylinder
for expulsion has been demonstrated 1n the past by the Bell
Aerosystems Company (Literature Survey L2 ).

BLADDER AND TANK GEOMETRY CONSIDERATIONS

Many analyses have been undertaken for the purpose of pre-
dicting the material and geometric behavior of metal bladders
and diaphragms during the expulsion cycle. The numerocus attempts
and results cof these studles clearly indicate the difficulty
encountered in trylng to synthesize the deflection and ultimate
or complete collapse of shells where local yielding not only
occurs but 1s greatly exceeded. Unpredictable wrinkles and their
locatlons, creases, cambers and folds offer resistance to further
deformations and collapse and thus add additional complexities
to analytical deslign solutions. It should be borne in mind that
for conventlonal shell design as applied to airframe vehicles
initial buckling i1s considered as a failure. For an expulsion
bladder configuration, however, the initlal buckling with its
associated deformations must be extended to include complete
collapse 1f the expulsion cycle 1s based on such a configuration.

In a general sense, the 1nlitlal conflguration or geometry
of the bladder establishes the pattern of collapse or expulsion.
Whether this deformation continues progressively until the
required expulsion efficiency is attained depends on the surface
contours that are initially constructed into the component. As
an example, a flat or single curvature surface will deflect or
deform more readily under normal pressure than a panel having
a compound curvature and of similar dimensions.

With metal expulsion bladder configurations, the required
excessive buckling with the associated local plastic deformations
must be further investigated before establishing a design.
General quantitative results for such extreme buckling phenomena
are nonexistent and design criteria may be established only
through testing of several configurations. There are, however,
certain qualitative deductions that can be made to establish
some '"figure-of-merit" among various designs. As an example, a
long cylinder under external pressure will collapse atv a lower
pressure than a short cylinder. A sphere will require greater
pressure than either one of the cylinders for a comparable size,
to buckle inward or collapse.
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The various buckle and deformation patterns introduce
undegirable increasing stiffness with a resulting possible
reduction in expulsion efficiency. Sharp creases or folds
during the ccollapse of the bladder can induce tears and actual
rupture of the component., The formation and distribution of
the irregularity and the magnitude of the deformations does not
seem amenable to an exact solution. However, there are means
that can diminish some of these undesirable characteristics of
bladder collapse.

In many cases, scoring 1s beneficial. Scorling metal con-
sists of permanently deforming the metal by stressing 1t beyond
its yield point in a localized and restricted region. Some
plastic flow of the metal occurs, but the reduction in the thick-
ness of the foll or sheet 1s generally negligible. Scoring will
result in smooth bends and minimizes tearing of the foll or sheet
material. Scoring provides controlled bending and deformations
that may make 1ts employment beneficial to the system.

Chemical milling of the materlal to vary thickness of the
expulsion bladder can be used to obtain certain advantages.
Initial buckling can thus be controlled in local areas, stresses
can be made more uniform, for example, head and cylinder portions
of tank, and required stiffening can be introduced in local areas
80 that a fold or bend can be initilated.

The possibility of controlling a homogeneous material bladder
or dilaphragm movement appears more promising when the unlt is
fabricated in the folded or collapsed conflguration. This
technique 1lnsures a prescribed manufactured fold or crease rather
than a random form experienced during actual collapse. In addition,
the operational cycle involves an inflation or expansion of the
prefolded device which 1s a desirable feature and eliminates the
possibllities of pin-hole leaks due to corner or handkerchlef-type
folds. The final shape 1s more predictable for an inflated shell
than that of a collapsed structure as a result of an external
pressure. Although the final expanded shape is determined by the
enveloplng or external structure, this limiting shape is always
approached by the inner container during the operational expulsion
cycle. On the other hand, the final shape of a shell under
external pressure, when complete collapse is attained, does not
necessarily result in a reproducible deformed configuration due
to variations and random dispersal of initial buckle patterns
and the resulting progressive resistance of the folds and creases
during deformation.

The single and multiple folds and their random patterns and
formation are an inherent characteristic of a collapsing bladder
configuration. These various and random type of folds or
excessively deep buckles are clearly illustrated in Figure 29,
for a nickel electroformed bladder configuration.
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Flgure 24, Collapse of a Nickel Bladder After
Expulsion 7Test

Figure 30. Local Double-Fold Type Fallure in
Nickel Bladder
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Figure 31.
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This metallic configuration is one of the studies conducted
at Bell Aerosystems Corporation to investigate and improve
bladder performance, The photograph in Figure 30 shows the
fallure in the metal as a result of a random double fold that
was developed during the first expulsion test. It should be
noted that this type of fold is not a characterlistic of metal
configurations but can and does occur in pliable or non-
mettalic materials.

Similar tests were performed on an aluminum configuration
(1100-0 material) and although this device sustained more than
one expulsion cycle, similar pin-hole leaks due to double folds
developed in the repeated fill and expel cycle tests. In the
aluminum bladder test, the pressure differential, A p, between
the pressurization gas and the expelled fluid was measured and is
depicted in Figure 3i. The low flexibility and stiffness of this
aluminum bladder indicates the small 4 p value attained during
the greater portion of the expulsion, This is a desirable character-
istic because it dictates the energy requirements for the expulsion
device., The contribution to the buckled configuration stiffness
by the creases, single and double folds is apparent in the rise in
4 p to overcome this situation by further collapse of the bladder.
It should be noted that a rather good expulsion efficiency was
attained in this aluminum bladder test.

ANALYSIS DATA
Effects of Creases & Bends in Bladders
Introduction

The walls of bladders employed in the positive expulsion
of 1liquids from containers are relatively thin and conseqQuently
will buckle under very small external pressure., It is most desirable
to keep the external buckling pressure as small as possible to
minimize the pressure differential across the bladder. During
the initial stages of collapse the buckle waves or bends are large
and sheet bending is no problem. However, as the bladder is
collapsed further to smaller volumes, bend radii decrease and a
double fold analogous to that which occurs i1n a handkerchief occurs.
The folding condition can be also llkened to the post buckling
crippling that occurs in thin cylinders and short formed columns
under compressive loads, It should however be noted that the
wrinkles in the bladder will occur at a rate in conformance with
the rate of expulsion of the contained incompressible fluid.

The double fold essentially occurs at localized polints
in the bladder. When the bladder is fully collapsed the inside
radius of the first and second folds are very small. This folded



L

o

. BELL AEROSYSTEMS COMPANY 7

DIVISION OF BELL AEROSPACE CORPORATION -7-129-933003

configuration introduces large bending strains at the outer fibers
of the sheet which, for metallic sheet material will be in the
plastic range. Repeated folding and unfolding of the sheet to the
double bend configuration results in fracture by fatigue at the
point of the double fold and the creation of an intolerable pin
hole there. The object of this study 18 to determine the number
of bladder collapse cycles that can be sustalned before this type
of failure occurs and to examine design features which may lncrease
the number of cycles.

The manner in which the double fold 1ls developed and its
severity depends on the geometry of the bladder contour and the
mechanics of its formulation will not be treater here. For
analyslis purposes, the double fold condition will be assumed to
be similar to that which occurs to a flat wide sheet when folded,
by bending moments only, 180° on itself and then folded a second
time such that the second fold is perpendicular to the first fold.
The first and second fold configurations are deplcted dlagrammat-
lcally in Figure 32,

Experimental observations reveal that the magnitude of
the inside radius which occurs after the first fold, is finite, 1i.e.
the inslide bend radius cannot be reduced by mechanical means to
zero by the application of pure bending moments. However, during
the application of bending moments at right angles to the first
fold, a second fold occurs by local instability or flattening
which 1s analogous to the flattening which very long cylinders
experience at bending instability. Hence, the second fold is
seen to be accompanied by compressive pressures which tend to
reduce the inside radius of the first fold to zero. The 1inside
crease at the second fold appears to be sharp and as the second
fold is closed the inside radius of the second fold definitely
approaches zero.,

In this discussion, the plastic strains which occur at the
bends are approximated and then used in conjunction with the low
cycle fatigue characteristics of matallic materials to predict the
number of folding and unfolding cycles that can be sustained.

Plastic Analysis of Sheet Bending

The mode of failure precipitated as a consequence of the
folding of wide sheets 1s that of local cracking at the surfaces.
Cracking or local material fracture may occur during the folding
operation or unfolding operation and depends on the state of stress
and plastic strains that are induced. A method for predicting
failure by fatigue 18 presented in the next section. To do this,
however, it is necessary to determine the magnitude of the plastic
strains that are induced during the folding and unfolding operation.
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The bending of wide plates has been treated in References
89 through 96. A theoretical analysis of a wide sheet in pure
bending has been presented in References 89 and 90, and was based
on the following assumptions:

s 1. The elastic region is small.

! 2. The material is ideally plastic, i.e, i1t does not
: | strain harden,

3. A condition of plane straln exists,

4, The plate is deformed by equal and opposite couples
into a hollow circular cylinder,

o 5. The deflections are large,

6. The distortion-energy condition of plastic flow
| i1s valic,

7. The compression and tension flow stresses are equal,
! \ i.,e, the yield strength in tension and compression
are equal.

, From the results of the analysis in the references cited
‘ it was found that the neutral axis location is given by the
expression

- /“‘e d.é : (26)

where a_ = inside bend radius and b = outside bend radius, It is
of integest to note that the neutral axis location approaches the
concave surface of the bend as the inside radius decreases, The
stress distribution changes with the severity of the bend but the
plastic bending moment is a constant and given by (Reference 88),

pre 2ZL (27)

' On the basis of plane strain, it is found that a two to one bilaxial
state of stress 1s present at both inner and outer surfaces, In
addition, due to the small bend radil, compressive stresses are
; induced through the thickness of the plate with the maximum com-
' pressive stress located at the neutral axis. For very small
values of inside radius, a,, this maximum compressive stress 1is
} relatively large and fibers near the inside surface experience
a triaxial state of compressive stresses,



. BELL AEROSYSTEMS cCOMPANY 80

DIVISION OF BELL AEROSPACE CORPORATION 7129_933003

The magnitude of the plastic strains are governed by the
severity of the bend as measured by the inside bend radius and
sheet thickness., Since for the case of pure bending planes
originally plane always remain plane and sheet thickness remains
constant (Reference 89), the strains can be determined by purely
geometric considerations together with the assumption of an
incompressible material. Such considerations result in the
following expression for equal, but of opposite sign, nominal
circumferential strains in the inner and outer surface fibers.

ea-—e‘t

/aaé;yﬁc) (28)

The variation with agp/t, of the plastic inner and outer strains
as given by Equation (28) is shown in Figure 33,

Prediction of Failure

Failure occurs in a bladder when a pin hole develops in
the sheet as a consequence of local fracture or cracking when the
cohesive strength of the material i1s exceeded. A crack may develop
on the outside surface of the sheet during bending or on the inside
surface during unfolding depending on the ductility and strain
hardening characteristics of the material under the existing state
of stress., For a ductile but strain hardenable material loecal
fractures will occur after a certain number of repeated folding
and unfolding cycles as a consequence of the depletion of the
material ductility due to plastic strain cycling. Since the
initial and final geometric configurations of the sheet are
essentially predetermined, failure by repeated folding cycles
will occur by the low cycle fatigue process. Consequently the
prediction of failure can be accomplished with the use of data
obtained from constant amplitude plastic strain cycling tests.

An empirical relationship which satisfactorily expresses
the low cycle fatigue characteristics of metallic materials is
given by (See References 97 through 100)

N hep K (29)

where N is the number of cycles to failure, A4€s is the true
plastic strain reversal that occurs during each cycle and n and
k are material constants., For many metallic materials it has
been shown that the exponent, n, which can be considered as a
measure of the strain hardening characteristics of the material,
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is approximately equal to .5. The constant k is related to the
ductility of the material and will be approximated here as follows,

The ductility of a material is measured quantitatively by
the true elongation at fracture, say €,. which is obtained from
a uniaxial stress test sheet or bar specimen, and can be con-
sidered to occur at N = 1/2, Substituting N = 1/2 and A€, €pum
into Equation (29) gives

kv .7‘76-/04 (30)

Thus Equation (29) reduces to
N D€ . 707 €pun (31)

The true strain can be expressed in terms of the reduction in
area obtained from a uniaxial stress tensile test by noting that

oot L S+ o e - o L (32)

where Ap = reduction in area and is given by Ap -&4,-/)//4, Hence
Equation (31) with the aid of Equation (32) becomes:

/V.ﬁ (, ., 707’4, /7__./ (33)

o

It is now assumed that 4€, equals the true inner or
outer strain &, or €4 , developed in the sheet during the
folding or bending process., Hence from Equation (28) and the
definition of true strain we have

. ) - 2 (/# /¢, (34)
AG)'Q A("l ) A—/KT;M-L/.)

Substituting 4 €. as given by Equation (34) into Equation (33)
results in the expression:
ad

2(/7a./¢.) - / (35)
/e (Qa,/fe.) (r-Ae) 77




N N s

. BELL AEROSYSTEMS COMPANY 83

DIVISION OF BELL AEZROSPACE CORPORATION 7129-933003

Equation (35) essentially gives the minimum ductility,
as measured by reduction in area, ARr, required to sustain N fold-
ing and unfolding cycles to a bend geometry defined by the ratio
ao/%o. The variation of minimum required ductility with N and
ao/to 18 given in Figure 34,

These results are valid for the single fold but can be
used to approximate the 1ife for a double fold if the ratio
ao/to 18 set equal to ay/2t,.

The ductility of various metallic materials suitable for
bladder applications is compiled in Table III. A comparison
between the minimum ductility required to sustain N folding and
unfolding cycles for a /%o = 0 and 0.4 and the room temperature
ductility of several o? the listed materials is shown in Figure 35.
Comparisons of this type, 1.e, between required and available
material ductility, indicate that with the exception of pure tin
most materials will fail after the application of relatively few
cycles when ag/to = O (which 1s of prime interest here), For
example, the results of Figure 35 show that nickel with ductili-
ties in the range of from 60 to 75% area reduction will sustain
from 1/2 to 2 cycles, respectively. From a required ductility
standpoint, pure tin appears to be -an excellent material for
bladder repeatedly subject to the double fold condition, However,
it can be demonstrated that pure tin in thin sheet form has a very
low tear (or tensile) strength and consequently from this stand-
point 1s very restricted as a bladder material.

In an effort to increase the number of folding and unfold-
ing cycles, multi-layered sheet is considered in the next section.

Multilayer Sheet Construction

From an examination of the results presented thus far, it
is quite conclusive that the number of folding and unfolding
cycles to failure depends primarily on the ductility of the
material and the ratio of inside bend radius to sheet thickness.
Based on these conclusions, a bonded multilayered metallic sheet
appears desirable for several reasons. Such a sheet would pre-
sumably sustain more cycles than a corresponding single sheet
material if the outer layers were of a very ductile material
with little or some strength and if the inside or .core material
were ductile but of sufficient strength to hold the composite
sheet together as well as sustain imposed loads. For example,

a promising multilayer construction would be to use pure tin,
which has a very high ductility but relatively low strength, for
the outer or face layers and such materials as pure nickel or
aluminum for the core., For this type of configuration, the core
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Comparison of Ductility of Various
Materials with Required Ductility

Figure