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FOREWORD

The Advanced Valve Technology Compilation was prepared by TRW Systems Group,
Redondo Beach, California. The compilation represents the results of work
undertaken on a series of programs having the main objective of advancing
the art of valve technology used on liquid chemical propulsion spacecraft
engines. The series of program efforts began in 1962 and continued to 1970,
and were performed for the Chief, Liquid Propulsion Technology, Code RPL,
Headquarters, National Aeronautics and Space Administration, Washington,

D. C. Mr. Frank E. Compitello was the Headquarters Project Manager. The
program was administered under the technical direction of Mr. Louis R. Toth
of the Jet Propulsion Laboratory, Pasadena, California.

The compilation was prepared within the TRW Science and Technology Division.
Mr. R. J. Salvinski of the Applied Technology Department was responsible
for the preparation. The compilation represents several years of technical
effort, including consultation and efforts on the part of many NASA and Air
Force agencies, universities, and industrial companies. The TRW technical
staff responsible for the results of the work presented in the compilation
are listed below.

J. Alter D. Hill S. N. Prescott
A. Ambruso G. W. Howell J. L. Reger
C. Armstrong L. J. Hynek L. Rosales
R. J. Berg S. Lieberman " Dr. A. Rosen
Dr. P. Bhuta R. Lovejoy C. Salts
K. A. Bloom J. E. Magallanes Dr. R. Sayano
B. P. Brady M. J. Makowski W. A. Schaal
Dr. H. Burge C. Mangion J. R. Smirra
Dr. J. M. Denney Dr. H. T. Mann Dr. V. Srinivasan
N. H. Doshi F. L. Merritt J. L. Vogl
R. G. Downing W. Miller T. M. Weathers
0. 0. Fiet P. Mitchell M. Weiner
M. H. Goodrow Dr. J. Neff D. Yates
Dr. A. Grenall D. L. Perkins L. D. Young
R. L. Hammel R. Porter
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1.0 INTRODUCTION

1.1 BACKGROUND

The first rocket propelled aircraft, as were the first rocket propelled
missiles, simple in design, yet advanced in concept. The valves and controls
used in these rocket engines were simple, reliable, and few in number. As
airplanes were developed, they became more complex and valve requirements
became more stringent, which resulted in more complicated components. How-
ever, this evolution took place over a long period of time, which permitted
an orderly development of the valves in keeping with the development of the
aircraft. In the event of a valve malfunction during flight, alternatives
were usually available to the pilot; thus, catastrophic failures because of
malfunction were few compared with the number of missions carried out.

With the advent of the ICBM, the industry was confronted with vastly different
and far more severe requirements. Permissible leakage was reduced, even
though more difficult-to-seal media such as helium were being used. Cryo-
genic propellant used in conjunction with gaseous pressurization systems
greatly extended the band of operating temperatures, ranging in some cases
from -423° to +300°F. Higher acceleration and vibration levels were en-
countered, and aerodynamic heating imposed new requirements on designers.
Because of the extremely high cost of missiles, great emphasis was placed
on reliability to reduce the possibility of failure. Greater efforts were
made to reduce weight and power requirements of the components. This, it
became necessary to develop whole new families of valves and controls to
satisfy the critical needs of missiles.

The developments were very costly, and did not proceed at a rapid enough
rate to prevent numerous failures of the early missiles. In addition to
the inflight catastrophic failures, preflight failures added tremendously
to the expense of the programs and caused serious delays.

A report on malfunctions of airborne valves, regulators, and disconnects
covering the period of 1 January to 30 September 1959 showed a total of 431
failures of varying degrees of severity in these three categories alone
(Reference 1). New processes had to be developed to produce the necessary
hardware, and on occasion apparently simple problems proved to be major
stumbling blocks. Fittings were difficult to seal, especially when used
over wide temperature ranges. Removal of contaminants such as oil vapors,
water, air, and solids proved to be especially difficult. However, most

of the problems were solved, or at least greatly mitigated, through the
large expenditure of time and money.

Space vehicle requirements imposed an additional increment of performance

and reliability upon components. Missile valves were required to operate

for a maximum time of five minutes. Space valves were required which could
operate for as long as two years and are presently planned to operate for

10 to 15 years, and withstand the rigors of high vacuum, radiation, space
debris, temperatures extremes, and highly reactive propellants. These
environments, in general, deteriorate materials; hence, functional performance
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is degraded. The very low pressures of space can cause evaporation and
sublimation of materials to the point where the normal function is impaired
or destroyed. For instance, liquids would boil away completely in a short
time. The more volatile constituents of elastomers will escape, effecting
a change in the mechanical properties of materials. Friction coefficients
increase with the removal of the gas film that is always present on parts
in the earth's atmosphere, and the loss of the electrical insulating
properties of air tends to lead to the electric breakdown of insulators.

The effects of radiation on materials in vacuum have not been completely
known, and it is known that certain polymers (e.g., Teflon) are adversely
affected in the presence of oxygen to the point where its use has been
prohibited on some projects, '

Space debris has been a subject of much concern, since it can cause
deleterious effects on spacecraft performance ranging from total mechanical
failure from a puncture to a less severe performance degradation such as
upset by thermal balance by erosion of surfaces.

Such temperature extremes may range from near absolute zero to several
hundred degrees, it is necessary to have accurate information on the
probable temperatures to be encountered and to provide for proper operation
of the equipment.

The problems flowing extremely reactive fuels and oxidizers and maintaining
zero leakage, low weight and high reliability imposed severe requirements
in advancing the state of the art of propulsion valves.

Not only did the technology of rocket controls need improvement, but the
associated disciplines such as instrumentation and measurement, materials,
and the definition of criteria needed improvement.

1.2 PURPOSE AND SCOPE

The purpose of the Advanced Valve Technology Compilation is to document

in a single source the results of the efforts expended during the past
several years on advancing the state of the art of valves and controls

used on liquid chemical rocket engines for manned and unmanned space
exploration vehicles. The valves studied were those used with earth and
space storables and cryogenic propellants at pressures to 1000 psia and
operate for periods of up to ten years. The ten year requirement was
considered in conjunction with missions beyond Jupiter to the outer planets,
Saturn, Uranus, Neptune and Pluto. Considerations were given to electrical,
pneumatic (hot and cold gas) and hydraulic actuated valves and actuator
concepts.

Functional requirements for valves and actuators include zero leakage,
service life (1,000 to 10,000 cycles), low weight, minimum size, minimum
pressure drop and minimum power consumption. Envirommental parametric
requirement include zero gravity, radiation, shock and vibration, sterili-
zation (300°F temperature soak, and/or ethylene oxide sterilant), thermal
shock, thermal cycling, vacuum and other effects anticipated by operating
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for periods of two, five and ten years in the space and planetary environ-
ments. Thrust levels used for specific valve and control applications
were 50 1b, 200 1b and 1000 1b.

Two broad classes of valve and controls technology are emerging which find
application to controlling the flow of gaseous pressurants and liquid
propellants. The two classes flow are: 1) Mechanical Controls (moving
parts and 2) Nonmechanical Controls (no moving parts).

The first class includes those valves represented by mechanical elements
such as diaphragms, seals, hydraulic, pneumatic and electrical actuators.
The second class represents a group of fluid controls that have no sliding
or moving parts and include fluidics and electric and magnetic fluid
interaction devices.

The valve compilation is produced in two volumes, Volume I Mechanical
Controls and Volume II Nonmechanical Controls. The compilation is divided
into eight sections which make up the two volumes.

Volume I - Mechanical Controls

Introduction

Opefational, Functional and Environmental Considerations
Materials

Valves

Leakage and Seal Technology

Valve Actuators

N N B RN
o O o o o © o

Instrumentation and Measurement
Volume II - Nonmechanical Controls

8.0 Fluidics

The major source of the material used in compiling these volumes were taken
from the following references:

TRW Systems Group, Redondo Beach, California, Contract NAS 7-107 and 7-436

1. Advanced Valve Technology for Spacecraft Engines, Final Report No.
8651-6016-RU000, March 1963, Contract NAS 7-107.

2. Advanced Valve Technology for Spacecraft Engines, Final Report No.
8651-6032-SU000, Volume I, Valve Study and 8651-6033-5U000, Volume II,
New Concepts, July 1964, Contract NAS 7-107.

3. Advanced Valve Technology for Spacecraft Engines, Final Report No.
8651-6042-SU000, August 1965, Contract NAS 7-107.

4. Advanced Valve Technology, Interim Report No. 06641-6004-R000,
November 1966, Contract NAS 7-436.
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5. Advanced Valve Technology, Interim Report No. 06641-6014-R000, Volume I,

oo

Spacecraft Valve Technology, Volume II, Materials Compatibility and

Liquid Propellant Study, November 1967, Contract NAS-7-436, i
6. Advanced Valve Technology, Interim Report No. 06641-6023-R000, Volume I, -

Mechanical Controls, Volume II, Nonmechanical Controls, January 1969,

Contract NAS 7-436, e

@

Other studies which included the definition of the environments and the
investigation of fundamental mechanism of leakage heavily used in the work -
reported above were taken from the following reports: %g
1. Aerojet-General Corporation, Azusa, California, Contract NAS 7-98 B

"Engine Operating Problems in Space," Vol. I "The Space Environment," =

by D. Christensen; Vol. II "Environmental Effects on Engines and

Components,'" by W. W. Howard and J. M. Bauer; and Vol. III "Improve- )

ment of System Reliability,' by G. K. Cornelius, W. W. Howard and Ed

J. D. O'Donnell. Report No. 2824, April 1964. -
2. General Electric Company, Schenectady, New York, Contract NAS 7-102 »

"Study of Dynamic and Static Seals for Liquid Rocket Engines," Vol. 1 =

"Description of Program and Results of Evaluation of Currently Available
Sealing Methods," Vol. 2 "Studies of Special Topics in Sealing,' Vol. 3A
"Bibliography of ASTIA Literature on Seals,'" and Vol. 3B "Bibliography "
of Open Literature of Seals," by R. C. Elwell, et al., 26 February 1962
- 25 February 1963; also Vol. 2 "Studies of Special Topics in Sealing,"

Final Report for Period 26 February 1963 to 30 November 1963 and 'Study et
of Dynamic and Static Seals for Liquid Rocket Engines," Final Report a
for Period 1 January 1965 to 1 September 1965. o
3. General Electric Company, Schenectady, New York, Contract NAS 8-4012 -

"Design Criteria for Zero-Leakage Connectors for Launch Vehicles,"
Final Report, Vol. 1 "Summary, Conclusions and Design Examples," Vol. 2 -
""Leakage Flow," Vol. 3 "Sealing Action at the Seal Interface," Vol. 4
'"Design of Connectors," Vol. 5 "Pressure Energized Seals," and Vol. 6
"Environmental Effects," by T. P. Goodman, et al., March 1962 through
February 1963.
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2.0 OPERATIONAL, FUNCTIONAL AND
ENVIRONMENTAL CONSIDERATIONS

2.1 INTRODUCTION

The design and utilization of flow control components in spacecraft
necessitates a wide variety of operational and environmental considera-
tions relative to each intended application. Of particular concern are
the design constraints imposed by the system, i.e., the operational,
functional, and environmental factors which affect component operation.

The bulk of this section is taken from the report reference 'Advanced Valve
Technology for Spacecraft Engines, TRW Report No. 8651-6016-RU-000, March
1963. Although the information is applicable much of the contents in this
section requires updating and in certain areas such as environments new
information has been generated as a result of flight experience. However,
the information is presented to maintain continuity of the overall objec-
tives of the program and which provided an important base for developing
technology areas.

2.2 OPERATIONAL CONSIDERATIONS

2.2.1 Fluid Operating Temperatures

The operating temperatures discussed under this heading refer to the tem-
peratures of the flowing media and are considered independently of temper-
ature effects from space environments.

2.2.1.1 Cryogenic and Low Temperatures (-100°F to -423°F) - The effects
cryogenic fluid temperatures on valves and valve materials may be summa-
rized as follows:

1. Dimensional changes in subcomponents, such as seats and seals.

2. Greatly increased viscosity in lubricants with conventional
lubricants reaching the solid state.

3. Change in the structural properties of materials with some
properties being enhanced and some being degraded.

4. Contamination resulting from the solidification of gases.
Carbon dioxide solidifies at -110°F, and air or nitrogen
becomes solid at approximately -350°F.

2.2.1.2 Moderate temperatures (-100°F to +400°F) - If devices such as gas
generators are excluded from consideration, the temperature range of the
various flow media encountered on spacecraft using storable propellants
may vary from approximately -100°F to +400°F. These flow media include
pressurant gases which may be heated by engine exhaust to obtain an in-
crease in the specific volume, which serves to reduce the weight of gas
required for pressurizing applications.

Valves have been successfully operated in missile applications for several
years in temperature ranges of -423°F to +450°F. Because of the extensive
development work that has been accomplished in this field, valves operating
within this temperature range are considered within the state of the art.
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2.2.1.3 High Temperatures (400°F - 2000°F) - Requirements for valves to
operate in the range of 400°F to 2000°F arise from the use of products of
combustion, obtained either from rocket engine combustion chamber bleed or
from auxiliary gas generators. The gases may be used to operate mechanical
devices such as pumps or may be used as tank pressurants in fluid transfer
systems. The effects produced by these hot gases vary with the materials
that are being used and with the duration of the exposure, The significant
effects are as follows:

1. All metals experience a reduction in strength as the temperature
is varied. Additional material must therefore be provided for
operation at high temperature, thus incurring a weight penalty,

2. Extreme changes in temperature can cause relatively large
changes in dimensions, which may be critical for a given part,
If severe gradients exist across the valve, seizure of movable
parts can occur because of differential expansion.

3. Products of combustion may contain large quantitite of par-
ticulate contamination. These contaminants, in conjunction
with the gases which also may be corrosive in nature, can
produce severe erosion,

2.2.2 Fluid Operating Pressure

The internal pressure at which a valve is required to operate will govern
several aspects of the design of a given component. For example, gas
pressures of 300 to 600 psia are normally required for a pressure operated
propellant rocket engine feed system. For a turbopump fed system gas
pressures as low as 25 to 85 psia are usually required. Gases are typically
stored at 5000 psi and regulated to from 150 to 660 psi to pressurize

liquid propellants. Gas storage pressures of 3000 psi are regulated from

5 to 50 psi for a typical attitude control system. Typical design consid-
erations relative to these conditions include:

1. When the operating pressure is sufficiently high to require
significant actuating forces, a balanced poppet design may
be required.

2. In addition to internal pressure, external or ambient pressure
must be considered relative to seals and housing structures if
the valve or system is to be operated in atmospheres such as
those of Venus (16 atmospheres) or Jupiter (several thousand
psi). For these operating conditions the initial system
pressure would have to be higher by the increment of the
planetary ambient pressure to permit overboard discharge of
a gas, as is done with an altitude control valve.

3. In the event that system pressure is depleted prior to entry
into a high-pressure planetary atmosphere, the structural design
of the tanks, valves, tubing, etc. would have to be such that
components would not be collapsed because of the high external
ambient pressure. Care must be taken to insure that seals used
on the various components are effective in both directions of
pressure application if seepage of a planetary atmosphere into
any part of the system would be objectionable.
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2.2.3 Acceleration, Vibration and Shock

2.2.3.1 Launch Loads - Acceleration is usually considered to be more severe
in the launch phase than for the space flight condition. Acceleration levels
measured on a typical rocket engine dome range from 10 to 30 g with the
maximum occurring between 600 to 1600 hertz. Valves attached to the com-
bustion chamber of the launch missile may experience up to four times this

Ll

iR

load through amplification in the mount. Valves located in the tankage area
may experience from 5 to 20 g.

=

= During the first few seconds of engine firing, severe excitation of most of

& the valves located at some distance from the rocket engine occurs due to
acoustical noise.

= 2.2.3.2 Space Flight Loads - Vibration and shock may be more serious for
the space flight phase within varying degrees depending on the orbit or

= space mission, such as lunar landing. At present, vibration and shock

= requirements are usually most severe under rocket engine ground test conditions.
Acceleration is normally considered more pronounced in the launch phase than

8 for the space flight condition. It should be noted, however, that a valve

=] used on the space vehicle will not be operating at the time of the earth

) launch, but will be operative in the space orbit and under this condition

%% the valve is more susceptible to adverse effects from the acceleration.

L=
2.2.3.3 Reentry and Recovery Loads - Accelerations and dynamic pressures

(=] up to 10 times the launch values can be experienced by spacecraft during

= reentry. Shock loads imposed by parachute recovery of equipment would also

i} have to be considered, although ascent loads usually predominate,

%% Expected values for deceleration during planetary entry are given in

- Table 2-1.

B 2.2.3.4 Other Loads - An important shock source could be the impact load

= on the valve or spacecraft from meteorites, and consideration of this

possibility should be included in the design analysis. Additional informa-
tion on meteorites is given in Section 2.3,

E
o

Representative values of acceleration, vibration and shock for space vehicles
are given in Table 2-2.

I e
s Table 2-1. Estimated Decelerations Upon Planetary Entry
= Direct Entry at Direct Entry at Entry by Decay From
Planet Escape Velocity Orbital Velocity Satellite Orbit
1
s 0=5°  0=20° 0=90° [ 6=5° ©=20° ©=90°
© Venus | 28.6 112 326 | 14.3 56 163 8.9
%ﬁ Earth 28.3 111 324 14.2 55.5 162
Mars 1.6 6.3 18.3 0.8 3.2 9.2 9.2

i

NOTES: 1. 0 is the reentry angle with the horizontal
2. Decelerations are given in earth g's.
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2.2.4 Contamination

2.2.4,1 Summary - There are normally two sources of contamination, 'built-in"
and system generated., The built-in contamination is caused during the manu-
facture and handling of the parts and at installation of the components in

the system. Also, contamination may be introduced by the propellants and
pressurants. Generated contamination is contamination created within the
system, and is caused by wear and chemical action of the propellants on the
materials. Also, freezing of small amounts of water or other constituents
mixed with the propellants can cause serious problems. Internal spalling
which results from meteoroid impact can also be a source of contamination.

2,2,4.2 Filter Contamination - Filters are normally used to protect the
mechanical function of the valve from contamination and are usually found

in the line and sometimes in the valve itself. Filters, however, can be a
contamination source in that the filter industry has not yet solved the
problem of producing a clean filter. Also, filters cannot protect the
moving parts from the wear particles created by the parts. The valve seats
themselves will contain wear particles created by bearings, actuators, etc.,
upstream of the seats. Extensive test programs recently conducted on filters
of various types have indicated that many filters contained built-in dirt or
contamination particles that were in excess of the absolute rating of the
filter. It is necessary, therefore, to be aware of the fact that it is
possible for a filter to be a contaminant generator and thus defeat the

very purpose for which the filter was installed., Cognizant personnel should
also be aware of SAE document, ARP 599, which defines the various procedures
in cleaning and inspecting filters.

2.2.5 Gaseous Flow Media

Commercial gases commonly used in spacecraft for pressurization and compon-
ént actuation are hydrogen, helium, nitrogen, oxygen and argon. In addition
to these, boiloff vapors from propellants such as N,0, and F, may be used,
and combustion product gases from engines and squibs %ind applications.
Typical operational considerations relative to gases include particulate

or vapor contaminants, chemical impurities, and ice crystals.

It is essential that the commercial gases be free of contaminants such as
fine rust particles because of the erosive effects these particles may have
upon component parts in the gas stream, e.g., valve seats. This is especially
true of hydrogen and helium because of the very high velocities that are
attained under sonic conditions. Normal care in maintaining system cleanli-
ness and use of adequate filters will obviate problems with such particulate
contamination. Chemical impurities in the gases, such as water vapor, carbon
dioxide and air can create contamination problems that are more difficult to
identify and correct. As 1s the case with liquid flow media, care must be
taken to avoid contamination of the gases with traces of other gases, such

as air or carbon dioxide. In some space applications, gases are cooled in
heat exchangers operating at cryogenic temperatures, to facilitate loading
and storage. Ice crystals formed from water vapor or CO, flakes can inter-
fere with the process by clogging filters and orifices, Significant amounts
of contamination can also cause erroneous readings on flow meters that are
calibrated on the basis of a pure gas as the flowing medium.
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Among the problems peculiar to individual gases are the following:

1. Hydrogen and helium are extremely difficult to seal and
will leak through exceedingly fine openings in threaded
connectors, body seals, and valve seats. The erosive
effects of these gases on seats in the nearly closed
position can be very significant.

2. Boiloff gases from the various propellants such as N,0
. - . 4
and fluorine may be both corrosive and toxic, and
adequate provisions must be made to insure compatibility
of the materials in contact with the vapors and to prevent
hazard to personnel. Section 3.0 of this report presents
detailed data on fluid compatibility.

3. Products of combustion contain sizable particulate matter,
and the gases may or may not be corrosive. However,
devices that use these gases, e.g., turbine-driven power
supplies, are normally designed to cope with this type of
contamination,

2.2.6 Liquid Propellants

2.2.6.1 Newtonian Fluids - A more difficult problem usually exists with

a liquid flow medium than with a gas, because of more stringent compatibility
problems with the valve materials, especially the seals. Difficulty can
arise because of chemical reactions, as in the case of storables, or because
of temperature extremes as in the case of cryogenic fluids.

Purity of the liquid flow media must be maintained to avoid problems. This

is of special significance in the case of cryogenic fluids that may become
contaminated with gases whose melting point is above the temperature of the
cryogenic fluid. For example, CO, solidifies at -110°F, which is well above
the boiling point of LOX at atmospheric pressures (-297°F). Excess CO, in
liquid oxygen has been known to clog filters in transfer systems, which poses

a difficult problem for diagnosis, since the filter will appear to be perfectly
clean when it is warmed up and dismantled for inspection. The same condition
could be experienced in a liquid hydrogen system, with the added possibility

of having solid air as a contaminant in addition to CO,.

A detailed discussion of the compatibility of these various propellants with
valve materials is presented in Section 3.0 of this report.

2.2.6.2 Gels - A liquid propellant which has been conditioned so that it
exhibits non-Newtonian properties is normally called a gel. For spacecraft
propulsion the gels are classified into two types: nonmetallized and
metallized. In a nonmetallized gel the additives used to cause gelling
(carbon black, silica, etc.) do not normally modify the chemical character-
istics of the propellant, whereas a metallized gel is generally prepared
with propellant mixed with metal having an average particle size range of

5 to 50 microns and it has been necessary to gel the mixture in order to
suspend the metal in the propellant. The gels are characterized by thixo-
tropic properties, i.e., the viscosity decreases with increasing shear rate
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and stress decreases with time at constant shear, As the gel flows through
lines and components, the shear becomes greater, the viscosity becomes less
and the gel behaves more like a low viscosity liquid.

m it

With gelled propellants, pressure drops through lines and elements are larger
than those of comparable liquids and are unpredictable, i.e., the viscosity

= keeps varying. Throttling can cause evaporation of the liquid phase of the
= gel, which leaves a solid matrix as a residue that can hinder and restrict
the flow. The abrasive action of metal particles can cause erosion of
=] nozzles, passages, and valve seats. The compatibility of gelled propellants
= with the materials of construction is generally comparable to the base liquid
propellant, -
E% 2.2.7 Leakage
- Leakage is a primary problem in most valves, and a difficult one to solve,
= Soft seats give better leakage control than hard seats where fluid compati-
=] bility and temperature limits are suitable, but hard seats must be used in
cases where fluid media and operating temperature would cause problems.
£
= The detrimental effects associated with leakage include the following:
& 1. Loss of propellants and pressurants
— 2. Corrosive effect on materials
3. Interference with experiments
B
4, Fire and explosion hazard
5. Toxic properties of propellants
=
Eg The loss of propellants may or may not be a serious problem, depending upon
the system and mission duration. The corrosive effects resulting from pro-
- pellant loss may be a more severe problem than would be the reduction in
H total thrust. A significant leak could envelop components within the space-
= craft with corrosive vapors and cause failure of the mission. Such an
envelope could cause interference with experiments and perhaps degrade
=] materials and equipment. For manned missions and ground handling, possible
= danger from toxic vapors would have to be considered.
= In addition to macroscopic leakage, seepage permitted by permeability of
= materials must be considered.
. In general, leakage requirements for unmanned missions, obtained from
B interviews with the prime manufacturers, vary from 1 cc/day to zero for
[ Ny04 to from 30 cc/hr to 0.5 cc/hr for gases. Zero leakage is defined
in Section 5.0.
= -
w 2,2.8 Sterilization
== One important consideration in those space vehicles and probes with even
25 a remote possibility of extraterrestrial impact is that of complete
) biological sterilization.
B
L=}
E-i
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Sterilization is required since, to the best of our present knowledge,
micro-organisms from earth not only might survive on other planetary
surfaces, but they might find nutrient there, thrive and multiply. Thus,
with these planets, there is concern with the problem of possible infection,
as well as pollution.

Generally, the penetrating radiations of outer space are not of sufficient
intensity to assure sterility. The ultraviolet radiation is intense enough,
but is so easily shielded that only organisms uncovered on the surface of
the space vehicle would be exposed. Cold, even down to a slight fraction

of a degree above absolute zero, has no lethal effect (Reference 1). Heat
is lethal, even if the resistance of organisms in an evacuated dehydrated .
state is greater than was supposed (Reference 2), but the temperature within
space vehicles is carefully controlled at more or less room temperature so
that instruments will perform satisfactorily. Vacuum has not resulted in

a deleterious effect on all micro-organisms. As for the hazards in landing
on an extraterrestrial body, the momentary heat and pressure of a high-
velocity landing on a hard surface should not exceed those achieved for
brief fractions of a second in explosions, which bacteria have survived,

nor can it be assumed that the atmosphere of Mars or Venus will consume a
space vehicle coming in at a high speed, as micro-meteorites are heated and
consumed in earth's atmosphere. In short, only by seeing that the space
vehicles are sterile as they leave earth can it be assured that living earth
forms will not be transported to other celestial bodies.

2.2,8.1 Methods of Sterilization - The possible methods of sterilization
include heat, chemical, and radiation. In choosing the optimum method one
must consider the materials of construction, the methods of fabrication and
assembly, and the handling necessary following fabrication and assembly.

The presently accepted heat sterilization methods consist of soaking the
components, subassemblies, or perhaps the entire vehicle at temperatures of
300°F for 60 hours - 6 cycles. The principal advantage of heat is its
ability to permeate hermetic seals, container walls, and encapsulated com-
ponents or assemblies. This allows sterilization of commercial components
such as valves, actuators, motors, solenoids, capacitors, resistors, and
transformers. It has been demonstrated that such components are not internally
sterile and could be a source of extraterrestrial contamination should they
fracture upon impact. Other advantages of heat sterilization are the absence
of personnel hazards and the availability of the necessary facilities and
technology.

Disadvantages of the heat sterilization method include the degradation in
performance and reliability of valves, some electronic components and
assemblies, materials, propellants, and pressurized propellant storage
systems. An additional disadvantage, and one less susceptible to solution,
arises from the difficulties that would be incurred in sterilizing cryogenic
propellants., Bacteria and spores are not killed by cryogenic temperatures,
and as it may be possible to impact the earth's moon with residual propellants
on board, contamination of the moon could result, Producing sterile cryogenic
propellants would require extra steps in the manufacturing process (e.g.,
heating the gas in a sterilizing heat exchanger prior to liquefaction).
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Such a process would be difficult and expensive, at best; perhaps impossible
in the case of liquid hydrogen. If sterilization of the vehicle is to be
effective, a means must be found to sterilize those cryogenic propellants

in which bacteria and spores could survive.

The effectiveness of chemical sterilizers is limited in that they must
contact the surfaces to be sterilized. This rules out their usage in
sterilizing hermetically sealed components, valves or subassemblies as well
as in cases of bulk contamination of a solid such as encapsulated electronic
modules where heat may be the only effective sterilizer. Of the chemicals,
gaseous sterilizers, such as ethylene oxide mixtures, readily lend them-
selves to surface sterilization (References 3, 4 and 5). '

The ease of handling, storage, applications, and above all the ability to
sterilize a probe or a spacecraft mounted on the booster vehicle immediately
prior to launch are among the advantages of a gaseous sterilizer. Compati-
bility of ethylene oxide mixtures with most materials and components
(Reference 6) has led to its general acceptance. Limited compatibility
data for various engineering materials are shown in Tables 2-3 through 2-5.

The use of hard radiation as a sterilizer is limited due to the radiation
sensitivity of various materials and components as well as the handling and
facilities requirements (Reference 7). '

Applying the previous discussion to a propulsion system, it is evident that
a combination of sterilization techniques would be necessary. These
sterilization techniques would impose certain design requirements.

Three alternative methods exist for insuring sterilization of a complete
propulsion system including the associated valving. These are:

1. Terminal heat sterilization of a complete system without
fuel and oxidizer, which were added subsequently under
aseptic conditions.

2. Terminal heat sterilization of a completely fueled system.

3. Subassembly sterilization using various techniques and
subsequent assembly and propellant loading under aseptic
conditions.

In the first two cases, while valves, with the possible exception of squibs,
do not pose any unusual problems outside of insuring the valves can with-
stand a heat sterilization cycle, the following problem areas exist:

For liquid propellant systems:

e Insuring that no leaks occur due to differential expansion
at sealing points and valves.

e Venting the increased tank pressure due to the increased
temperature during sterilization or over-designing the
tankage to accommodate this increase. Both methods impose
a payload penalty.
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® Accounting for the decrease in the strength of the structural
materials at the higher temperature.

The third method of sterilization of a propellant system, involving the
sterilization of subassemblies and final assembly under aseptic conditions,
requires the sterilization, by heat, of all the subassemblies or components
with surfaces not accessible to a chemical sterilizer. Those components
such as flared tubing, nuts and bolts in which before assembly all surfaces
are exposed are are internally aseptic, may be sterilized by either heat

or chemical sterilizers. Storage and final assembly procedures must be
“devised to insure the maintenance of these aseptic conditions until the
assembly is hermetically sealed to prevent internal recontamination.

After installation of the system in the space vehicle, surface resterilization
may be effected by the use of a gaseous sterilizer such as ethylene oxide.

Certainly separate sterilization of subsystems with subsequent sterile
assembly implies more complicated ground equipment and ground operations

than does terminal sterilization. However, the reliability and performance

to be gained by the use of highly developed propulsion systems and propellants
makes the former method worthy of strong consideration,

Table 2-3. Properties of Elastomers Exposed to 12%
Ethylene Oxide - 88% Freon 12 for 24 Hrs.

Hardness Shore "A™ Tensile Strength, psi Ultimate Elongation I

Elastomer Unexposed] Exposed

Neoprene . 68
Parco 363-70

LS§-53, TH 66 67
TH1057

Buna N, not not
Precision measured | measured
758-70

Viton A
AMS 3303

Silicone
Rubber
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Table 2-4.

% Weight Change

Properties of Lexan,
to 12% Ethylene Oxide - 88% Freon

Elastic Modulus, Control

% Weight Change
% Volume Change

Exposed Specimens

Hardness, Shore D, Control

DC 4 Silicone Grease

% Weight Change

Table 2-5,

Specimen

MIL-A-8625, Type I
Anodized Al

MIL-A-8625, Type Il
Anodized Al

Molybdenum disulfide
lubricant on MIL-A-8625,
Type I Anodized Al

Molybdenum disulfide
lubricant on MIL-A-8625,
Type II Anodized Al

AZ 31 B Magnesium

Dow 17 lite on AZ 31B
Magnesium

Dow 17 heavy on AZ 31B
Magnesium

DU lead Teflon coating
on steel

Rokide on 321 CRES

Rokide on Molybdenum

+3.3
3.81 x 10° psi
3.61 x 10° psi

Exposed Specimens

Effect of Exposure to 12% Ethylene Oxide - 88% Freon
12 for 24 Hours on Metals and Metal Coatings.

Kel-F and DC 4 Grease Exposed
12 for 24 Hours.

+0.04

0.00

-0.06

+0.01

0.00

+0.02
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Unexposed

No removal
of film

No removal
of film

No removal
of coating

Exposed

No removal
of film

No removal
of film

No removal
of coating




2.3 FUNCTIONAL PARAMETERS

2.3.1 Response Time

The response time of a typical solenoid valve is affected by the mass of
the moving parts, pressure differential, armature travel, coil winding,
applied current, and friction of the moving parts. An examination of these
variables suggests that a requirement for higher response time than is
actually necessary will incur penalties in cost and weight, i.e., the size
of the coil and the power required to operate the valve would be larger.
Furthermore, high response produces high seat and poppet loads, since a
suddenly applied load will produce a much higher stress than if the load
had been applied gradually. A valve having a higher poppet velocity will
incur high seat stresses which tend to reduce the life expectancy of the
unit.

The speed with which a modulating valve can respond to a signal will be
governed by the available actuator force, mass of moving parts, spring
force, friction forces, and forces due to the dynamic effects of the
flowing medium. In addition to these factors, the signal transport time
must be included in the case of a valve having pneumatic actuation if the
sensing point is remote from the valve and the signal is transmitted by
pneumatic lines,

The response of a regulator or a vent valve must be sufficiently fast to
compensate for the most rapid change that could occur in the system.
Normally, a vent or regulator valve is subjected to relatively slow changes
in demand. However, at the instant of application of inlet pressure to a
regulator, a high speed transient may be imposed, especially if the down-
stream ullage is very small. Similarly, a vent valve could be subjected

to a transient condition if a sudden application of pressure could be
effected in a small ullage. The response of the valves would therefore
have to be equal to the rise time of these pressure applications.

Typical response requirements are 5 to 50 milliseconds for liquid bipro-

pellant shutoff valves and 12 to 200 milliseconds for gaseous shutoff valves.

A response time of 1 to 2 milliseconds is not uncommon for valves used in
low thrust pulse width modulated engine systems.

2.3.2 Weight .

One method of increasing the useful payload per given launch vehicle for
equivalent launch cost is by reducing the weight of the components in a
payload, such as valves, lines, brackets, flanges, fittings, etc,

One attempt to provide a basis for the design and manufacture of subcompon-
ents on space payloads is presented here. The basis is the dollars per
pound of payload for the mission (e.g., earth orbit, lunar orbit, lunar
landing, Venus flyby). For example, if an engineer designing a gas .
regulator or valve for an earth-orbited satellite could, by an add%tlonal
machining process, reduce the valve weight by one pound, the additional
machining process would be worth approximately $150 to $200 because this
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is the additional launch vehicle cost to place that amount into orbit.
Similarly, if the payload were placed into lunar orbit or a Venus or Mars
flyby, then this same machining process would be worth considerably more.

2.3.3 Power Requirements

Present sources of power available for operation of components include the
following:

e Batteries and Fuel Cells
e Solar Cells
e Compressed Gas
e Hydraulic Accumulators
a) Liquid gas combination
b) Liquid compressibility devices
e Mechanical Springs

e Chemical devices (gas generators and squibs)

Each source of power has its advantages and limitations, and the choice
of system depends upon the specific requirements. Batteries have a
relatively short life, do not operate well at low temperature or under
heavy loads, and are essentially low-voltage devices. Solar cells depend
upon constant input from the sun and thus are used in conjunction with
batteries to provide power.

A limited amount of energy may be stored in pressure vessels as compressed
gas, or a combination of gas and liquid can be used, as in a conventional
hydraulic accumulator. Cocked mechanical or liquid springs may also be
used as a source of energy. Finally, chemical devices such as squibs are
useful for some applications.

Efforts are required to determine means of reducing electrical power
requirements for spacecraft applications. It is quite probable that improve-
ments could be obtained in the efficiency of solenoid actuators by taking
measures that are available but not generally considered because of the
added cost that would be incurred. However, as is shown in Section 2.3.2,
it may be well worthwhile to pay more for a lighter component through
additional machining steps to reduce the total payload weight, as the
extra cost of the machining may be insignificant compared to launch costs
per pound of the total system. Therefore, a reduction in total power
requirements, which would result in a reduction in weight through use of
lighter equipment, appears to have a very attractive potential., Specific
areas to be investigated include the following:
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1. Electrical and Magnetic

a) Use of silver, aluminum or beryllium wire
b) Use of higher permeability material in flux path
¢) Variation in coil shape, wire shape, flux path size

d) Improvement of insulation - reduction of bulk.

2. General

Care in specifying the operating temperature is required

to achieve optimum efficiency and lowest weight. Military
specification values should not be used if the temperature
range of the specification is greatly different than the
expected operating range of the actuator. For example, a
specification requiring a range of -65°F to 160°F will
impose a needless weight requirement if the actual operating
temperature will be significantly below the upper limit of
160°F, because a smaller unit can be constructed for a given
force requirement if the operating temperature is reduced.

2.3.4 Operating Life

Operating life can vary from one cycle for a pierce diaphragm valve to
many hundreds of thousands of cycles for a solenoid valve. Many factors
and combinations of factors affect the life expectancy of a valve, among
which are operating temperature, operating pressure, rate of cycling,
number of cycles, loads on members, materials of construction, and exposure
to space environments.

Pressure will govern seat loads required, and operating temperature in the
higher ranges has a very direct bearing on the life of the valve. The
rate of cycling may be important if the temperature rise as a result of
the operation becomes significant. As with any piece of mechanical equip-
ment, the higher the structural loads, the shorter the life.

Exposure to the space environments will tend to shorten the life of valves
because of the deleterious effects of vacuum, radiation and erosion from
space debris. The degree to which this occurs depends upon the design of
the valve and the location and length of time in the environment.

The survey of prime manufacturers indicated life requirements varying from
several hours in the space environment and one cycle of operation to three
years in space and 500,000 cycles. The requirements for a particular
application must be carefully analyzed and the appropriate compromises oT
"tradeoffs" must be made to permit specification of an optimum life require-

ment for a component.

2-14

l\ I
1l o

il 1

" r‘w”

Bl

1

i

?
]

g
[

ey

L3
it il

:

Al

‘i W
il

i
1]

34

E g ver
il i

]

e

i,

C

[

ik

P

e ey

i i

iy

i}

i

el

{

.(
i

[



-

Wil

e

Gl

wim

il o

m

=

Com e

w1

Ll

D

2.4 SPACE ENVIRONMENT CONSIDERATIONS

A space environment includes vacuum, on board and solar radiation, zero
gravity, and meteoroidal impact conditions. The problems inherent to
these environments are discussed in the following sectionms.

2.4.1 Vacuum

Interplanetary space consists of a low-density gas mixture consisting
primarily of hydrogen and helium. The estimated gas pressure in inter-
planetary space is about 10-16 mm Hg, and in interstellar space, pressures
lower than 10-25 mm Hg may be encountered. The lowest pressure that has
been produced in the laboratory is about 10-14 mm Hg; however, pressures
of 10-9 to 10710 mm Hg are currently considered practicable for the best
vacuum pumps available.

In order to maintain an orbit in the gravitational fields of the planets,
the space vehicle must be traveling at some determined velocity, and as a
result, the pressure near the spacecraft will be different than the static
pressure of space. Also, streams of molecules will emanate from the sun
and thereby influence the space vacuum. Gas molecules leaving the surface
of the space vehicle will for the most part escape into space, but some
may collide with other gas molecules and return.

A vacuum environment may affect the functional characteristics of valves
and their related equipment in the following areas:

e Sublimation and evaporation of materials

e Cold welding

e Friction and wear

e Strength of materials
2.4.1.1 Sublimation and Evaporation of Materials - The effects of high

vacuum on the sublimation rates of metals can be calculated from the
Langmuir Equation, assuming that none of the molecules leaving the surface

return to it.
P M
¢ = 1717 J;

. . -2
= rate of loss per unit area of exposed surface in g.cm sec

where: G
P = vapor pressure at temperature T in mm Hg

M = molecular weight of the metal in the gas phase

T = absolute temperature (°K)

The higher the vapor pressure of the material, the higher the rate of
sublimation. A plot of vapor pressure against temperature is presented in

Figure 2-1, Cadmium, which is often used for plating of parts, is a poor
material to use in space vacuum. Metals that sublimate from a warm surface

will have a tendency to plate on a cooler surface, possibly causing electrical
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Figure 2-1. Temperature Vs. Vapor Pressure

short circuiting, change of surface emmissivities, or change of optical
properties of mirrors and lenses. Sublimation can be retarded by selection
of surface coatings with low-vapor pressures or inorganic coatings such as
oxides, which often have lower vapor pressures than the metals from which
they are formed,

The Langmuir Equation is not applicable to the organic materials of interest
to the valve designer; therefore, experimental studies of weight loss of
organic materials are necessary.

In recent years considerable study has been devoted to the investigation
of the mechanisms and kinetics of the degradation of polymers. Such ~
degradation or breakdown can be caused by various factors, including heat,
light, and nuclear radiation, as well as various substances, such as oxi-
dizing agents (Reference 8). Results of these studies indicate:

® Polymers of relatively high molecular weight useful in spacecraft

applications do not evaporate or vaporize in a vacuum, but when
supplied with sufficient thermal energy, decompose or depolymerize
by one of several possible mechanisms. That is to say, these
polymers have such low vapor pressures that the thermal energy
required to cause evaporation exceeds that required to break
chemical bonds of the polymer. Thus, many polymers of engineering
importance do not sublime or evaporate in high vacuum environments
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and will probably not decompose at the moderate interior
temperatures anticipated in many spacecraft applications.
Furthermore, since in a high vacuum environment many
deleterious contaminants such as oxygen and moisture will
not be present, at least in the quantities found in the
earth's atmosphere; it might be further concluded that the
thermal stability of these polymers should be at least as
good in high vacuum as at earth ambient conditions.

The very pure polymers necessary for scientific investigation
and research are not those commonly used in engineering
applications. Most commonly used polymeric materials are
commercially formulated products. Investigation of these
products in vacuum environment has revealed varying results.
From these data it becomes immediately evident that the

purity variations of molecular weight and formulation addi-
tives significantly influence the weight-loss characteristics
of a plastic. Low molecular weight, high vapor pressure
fractions of the polymer may be expected to evaporate from

the surface of the material. Also, a wide variety of addi-
tives may be expected in many instances to evaporate from

the surface. Common additives include diluents, plasticizers,
dyes, antioxidants, flexibilizers, flame retardants, acceler-
ators and catalysts. For most plastics of engineering interest,
the quantities and vapor pressures of these materials and other
contaminants such as adsorbed and absorbed gases, moisture,
solvents, cleaners, and mold releases will be primarily respon-
sible for the weight loss or outgassing which is detected in
engineering studies. Additional factors which may influence
the weight loss of materials in vacuum are the degree of cure
of the material and any by-products of the polymerization
reaction. If the material is inadequately or improperly cured,
fragments of low molecular weight and high vapor pressure may
remain uncombined in the product. These will evaporate when
the material is subjected to a vacuum environment, The same
effect may be anticipated for reaction by-products, such as
water in many condensation polymerization reactions.

It is obvious that property changes may be expected to occur

as a result of the loss of these various additives and contam-
inants. First, there is the loss or degradation of that pro-
perty for which the additive was initially placed into the
formulation. For example, the loss of a flexibilizer by
evaporation in a vacuum environment will produce a more rigid,
perhaps brittle, plastic with a corresponding decrease in
elongation and impact strength and increased tensile and
flexural strength. On the other hand, loss of a dye may result
merely in a color change, which may not be significant.

The loss of an antioxidant or fire retardant may not result in
any serious property degradation since these factors are not
generally considered to be serious problems in space applications.
On the other hand, the loss of a radiation-resistant (anti-rad)
compound may result in a very definite change in the ability of
the material to withstand the space radiations.
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e The loss of accelerators or catalysts from materials may result
in a beneficial effect. These materials are generally of high
reactivity added initially to initiate and/or accelerate the
polymerization of the material and are also capable of serving
to accelerate any depolymerization or degradation reaction.
Consequently, the loss of these materials could prove to be
quite beneficial in many instances.

In addition to degrading that property for which an additive may have been
used in the formulation, other property changes may be produced and must

be considered. For example, the loss of these materials may change signifi-
cantly the electrical properties of the polymer, such as dielectric strength,
dielectric constant, dissipation factor, and resistivity. Because of the
loss of contaminants, moisture, and absorbed gases, many polymers, such as
Teflon, used as seals in a valve may experience an increase in their perme-
ability to the propellant.

Based on the postulates that the thermal stability of the basic pure polymers
is at least as good in vacuum as in air and that the molecular weights of
these polymers are too great to allow evaporation, the rate at which the
various materials {additives and contaminants) will evaporate from the
plastic is dependent upon at least two factors: the vapor pressures of
these various constituents and their diffusion rates through the plastic

to its surface. It is to be expected that the weight-loss rate of materials
in vacuum will be initially high during the time that surface ''contaminants"
evaporate and then should steadily decrease to the rate determined by the
diffusion rates of these '"contaminants" to the surface.

2.4.1.2 Cold Welding - '"Cold welding" or pressure bonding, as the term
implies, refers to the joining of two solid objects without the presence

of a gross liquid or melt phase at the interface. If the bulk temperatures
of the objects in question are near ambient, the problem is of great concern
to the spacecraft designer utilizing components or subsystems relying on the
process of mechanical motion at some specific time in the space environment.

Examinations of the controlling factors in considering such a rate phenomenon
reveals at least the following for consideration:
e The atomic species and interatomic bonds

e The surface energy .

Clearly the greatest difficulty lies in qualitatively and quantitatively
describing the variables associated with the surface energy condition.

Three of the most obvious are:

e The absolute temperature - for both the bulk and
differential volumes at the surface
e Contamination of the surface

e Crystalline perfection of the surface.
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Since under the stated conditions in the earth atmosphere ''solid state
bonding' does not occur in the same time scale the designer is to be
concerned with, the role of surface contaminants is indeed important.
Likewise, it is quite clear that if clean surfaces are established in
space, they will remain so.

Thus, two rate processes must be quantitatively described to reliably
predict either joining or nonjoining of two surfaces by solid state bonding:
First, if contaminated surfaces are placed in the space environment, how
rapidly and by what mechanisms may the contaminations be removed? Second,
if the contaminants are removed, will the two surfaces in question form a
bond of sufficient strength, during the contact period, to be of consequence?

Absorbed contaminants are conventionally described as physisorbed or chemi-
sorbed on the surface. Physisorption does not involve the species in
question by any strong chemical bond and only rather long-range but rela-
tively weak Van der Waal type forces are involved. Chemisorption does
involve strong atomic bonds. The difference in energy between the two
types of bonding is very significant - Van der Waal bonds have energies
of less than one electron-volt and chemical bonds involve energies of a
few electron-volts. The exact role played by contaminants is not clear
or necessarily simple. In some cases, the most important role may be
satisfaction of available surface bonds. In other instances, an equally
important role might be the presentation of an inert barrier serving to
retard or prohibit diffusion across the interface.

With this very simple background, examination of desorption mechanisms to
be found in space is possible.

e Mechanical Motion

A high efficient means of breaking down or providing sufficient
energy to the surface to be desorbed is mechanical motion. What
happens to the contaminants upon this additional energy could be
one of several processes or combinations thereof. Microscopic
plastic deformation can produce short-time, high-surface tempera-
tures without a detectable change in bulk temperatures. Continuous
mechanical motion is a different situation than one-time contact.
However, in both cases small volumes at the interface will develop
high instantaneous surface temperatures resulting in desorption.

e Ultraviolet and/or Low Energy Electron Desorption

Radiation of suitable character to interact at the surface has
been demonstrated (Reference 9) as a suitable mechanism for
producing clean surfaces. If two surfaces are in static contact
with each other in the contaminated condition, such desorption
mechanisms would not operate since the penetrating power of such
radiation limits desorption to exposed surfaces.
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2.4.1.3 Sublimation - Sublimation, dissociation, and chemical reaction
are all removal mechanisms, Each process is temperature dependent and
usually one is the dominant rate-controlling process. The limitation on
the assessment of the loss rate of contaminants in the use of bulk thermo-
dynamic criteria applies to very thin layers. The problem is further
complicated by lack of any reasonable estimates of the initial thicknesses
of surface contaminants associated with engineering surfaces,

Any rationalization of loss rates in a specific experiment will have a
significant geometrical factor. Solid-angle considerations must then be
taken into account. The question of two-dimensional mobility and surface
diffusion clearly is significant in determining the loss rate process for
the contaminants in many instances,

Examination of the bonding processes between two clean surfaces indicates
bulk diffusion* to be the most probable. Before this is discussed in more
detail, one other possibility will be considered. This will be termed
coherent bonding. Coherent bonding would involve no diffusion. The joining
would be effected by attachment of surface bonds by both interfaces which
were previously involved in the first monolayer. If the first monolayer
bond strength is not pure Van der Waal, then the bond strength could be
significant, For coherent bonding, a number of surface conditions must be
considered in determining how many individual bonds contribute to the gross
bond strength, Consideration of the degree of registry required for appre-
ciable bond formation shows that only lattices with metallic bonds could
conceivably establish at least an initial joining of this sort. Lattices
consisting of covalent or iocnic bonds would require such a precise degree
of registry as to make such a bond highly improbable (Reference 10).

Coherent bonding of this nature would be nearly instantaneous. However,
three-dimensional atomic mobility of few atom distances could likewise be
almost instantaneous compared with the time span of a few seconds to minutes
representative of the most rapid experiments which have been reported.
Contemporary experiments do not permit distinguishing between the two
mechanisms.

Of significance is that neither short-time diffusion bonds nor coherent
bonds have occurred for metallic elements placed in contact in which the
metals in question were immiscible with each other as determined from the
appropriate phase diagram. Also all couples in which adhesion has been
demonstrated have had either complete or partial solid solution exhibited
in their phase diagrams.

A few experimental observations which have been performed in vacuo are
summarized as follows:

*Bulk diffusion is considered only to involve three-dimensional atomic
mobility, at least at small microscopic sites at the interface, not
necessarily gross diffusion,
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OFHC copper (Reference 11) fractured at a bulk temperature of 200°C could
be rejoined under high compressive pressures to strengths of approximately
95 percent of the original in repeated operations. Bonding was achieved
in seconds in some cases. GCross plastic deformation was incurred during
the compressive cycle of rejoining the surface.

Other materials tested by the same investigator with similar techniques
were 1018 steel and 52100 steel; only 1018 steel showed measurable rebonding.
Steel by another investigator also showed adhesion (Reference 12).

Copper was also the subject of investigation in other studies in which
the copper in question was the needles of Project Westford. Subjection
to ultra-high vacuum resulted in partial cold welding of the needles.

The primary investigations supporting a solubility-immiscibility hypothesis
were performed by Spalvins and Keller, in which adhesion was found only where
solubility of some degree was indicated by the phase diagrams. Conversely,
no joining was noted in the remaining couples, which showed no solubility

or, in one instance, had covalent bonds.

Complete Adhesion No Adhesion
FE-AL Cu-Mo
Ag-Cu Ag-Mo
Nj-Cu Ag-Fe
Ni-Mo Ag-Ni

Ge-Ge (single crystal)

Because of the uncertainty in predicting rate processes, practical techniques
to minimize the possibility of cold welding can only be generalized.

Reliance on maintaining a contaminated surface may be suitable or mandatory
in some instances. This could be in the form of strictly natural chemisorbed
layers or preferentially treated solid lubricants, oils, or greases. With
exception of the naturally occurring contaminants, other forms could be
placed on the surface to permit and justify to a greater extent use of bulk
thermodynamic properties in predicting loss rates.

Cold welding is no different than common fusion welding or brazing of metal
parts. The oxides of the metals joined are removed by heat or acids. The
melt phase of the metals to be joined are not important in the joining
mechanism except to provide complete area of contact at the interface. The
heat does, however, remove the protective oxides producing clean surfaces.
As a rule, any weldable materials using conventional welding techniques are
potential candidates for cold welding.
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2.4.1.4 Friction and Wear - The tendency of a vacuum to permit clean
surfaces (surface contamination removed) will, as a result, increase the
friction forces between metals in sliding contact. After initial sliding
has begun, the oxide film is broken, and because of the absence of an
oxidizing atmosphere, these oxide layers are not reformed and consequently
many more metallic junctions are formed at the interface. Since adhesive
friction is considered to be the result of shearing of these cold welded
metallic junctions, any methods that can be devised to prevent the junction
formations will be helpful in reducing friction.

If the oxide films are completely removed from the metal surfaces, the
metal can weld together and sliding is impossible. Any amount of gases or
vapors produces some contamination to a surface whereby the friction will
decrease. For valve closures exposed to vacuum, leakage through the seat
interface would alleviate cold welding and decrease the friction on seats
which are in sliding contact, such as the ball-type configuration.

Wear is aggravated when the oxide layers are removed between surfaces in
sliding contact. The wear debris formed between metallic surfaces in
contact also change in size, depending on the atmosphere the wear surfaces
are exposed to. With the absence of an atmosphere, the wear particle size
is believed to be a maximum. The surfaces in contact and exposed to the
vacuum of space, such as a valve closure or valve actuator part, may
experience larger wear debris than is found when they are operated in the
earth's atmosphere. Because of a change in wear particle size, a change in
leakage in the ''last" valve in the system (shutoff valve) may occur, or

seizure may develop between the surfaces of the moving parts of an actuator.

2.4.1.5 Strength of Materials - The absence of an oxidizing atmosphere and
the loss of the initial oxide films on the surface of structural parts may
influence the fatigue strength of the parts.

Investigators have shown that the fatigue life of many metals increased
substantially when the metals were tested in a vacuum, as compared to when
they were tested in air. A flexure pivot is an interesting application

to a mechanism that requires a bearing or hinge supports. A flexure pivot
is basically a thin, flat beam which will bend easily under a load and
thereby act as a hinge point. An increase in fatigue properties of metals
in a vacuum supports this means of providing a pivot joint and also elimi-
nates the need for lubricants.

The tensile strength of fine metal wires in a vacuum is slightly greater
than in air, but in general the strength of metals in a vacuum does not
differ significantly.

e The Effects of Vacuum on Electrical Components

For many electrical components the effect of vacuum must be
considered. A motor that operates satisfactorily in air may
not perform its task in vacuum. A switch may short-circuit
in vacuum because of the change of the dielectric. A motor
or solenoid winding, when exposed to vacuum, may fail because
of the loss of insulation. Capacitors may change in value
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if the insulation materials used in their construction lose
moisture or other contaminants entrapped during their manu-
facture. Preliminary studies have indicated changes in the
electrical characteristics of some components (Reference 13).

Additional problems may be presented when the components must
operate in the atmosphere of another planet, A component may
- have to meet test procedures in air, but in addition, work in
= the vacuum of space and then again operate satisfactorily in

® the atmosphere of Mars, Venus, or Jupiter.

Some of the various environmental problems may be eliminated,
for instance, by providing the solenoid actuator for a valve
with its own atmosphere, such as the propellants. An actuator
buried in the propellant would not be exposed to vacuum, but
care should be taken to ensure that the materials exposed to
the propellants are compatible.
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2.4.2 Radiation
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2.4.2.1 Introduction - The usual division of the space radiation environment
is into four zones, described as follows:

i

The Inner Radiation Zone

The Outer Radiation Zone

\ il

The Auroral Zone

The Interplanetary Zone

The characteristics of each of these zones will be discussed below in terms
of the type and energy spectrum of the radiation present, as well as the

temporal and spacial variations of this radiation. A few brief definitions
of the units employed in the following calculations will first be presented.
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2.4.2.2 Definitions

1

- Flux - The omnidirectional flux of particles at any point in

space is the number of particles of a particular type that would traverse

a test sphere of 1 cm? cross sectional area in omne second. It has the

units of particles/cm2 sec. The unidirectional flux is the flux arriving

at the test sphere per unit solid angle from any particular direction and

has the units of particles/cm® sec steradian. If the incident radiation

is isotropic, the unidirectional flux equals the omnidirectional flux

divided by 47. Under this same assumption, the flux of particles incident
from one hemisphere on a plane surface is one-fourth the omnidirectional flux.

!

i

i

The results of laborator% radiation damage experiments are usually quoted
in units of particles/cm required to produce some effect in a given sample.
This unit should not be confused with the omnidirectional flux, however,
since the laboratory measurements are almost always made with a unidirec-
tional beam of particles. Thus, to obtain the omnidirectional flux
corresponding to this laboratory flux, the laboratory flux should be
multiplied by four.

o

| \ii\
I
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Dosage Units - There are four units generally used to describe the
amount of energy lost in a material by incident radiation. The roentgen
(r) is defined precisely as the quantity of gamma radiation that will
produce one electrostatic unit of electrical charge in 1 cc of dry air
at standard conditions of temperature and pressure. This corresponds to
the absorption of 87.7 ergs of energy per gram of air. A more useful unit,
the roentgen-equivalent-physical(rep), which is independent of the type of
radiation, refers to tissue damage and is defined_as the radiation dose
which produces an energy absorption of 93 ergs/cm3 in aqueous tissue,

Still more useful is the rad which is independent of the material being
irradiated and the type of radiation and is the radiation dose which pro-
duces an energy absorption of 100 ergs/cm3. The roentgen-equivalent-man
(rem) is useful in discussing biological effects and will not be considered
here,

Geomagnetic Coordinates - Since the trapping of charged particles
and the behavior of extraterrestrial particles in the earth's vicinity is
characterized by the shape and strength of the earth's magnetic field, it
is quite convenient to plot the radiation intensities in geomagnetic rather
than geographic coordinates. The origins of these coordinate systems
coincide, but the geomagnetic axis is tilted by 11.5 degrees with respect
to the axis of rotation of the earth. Since isointensity contour maps
presented herein, as well as the sample vehicle trajectories, are in geo-
magnetic coordinates, it will be necessary to consider the differences
between the two systems when the radiation in an actual trajectory is
being predicted.

2.4.2.3 The Inner Radiation Zone - Until recently the inner radiation
zone was primarily characterized by a high proton flux. However, the high
altitude nuclear test bomb blast of July 9, 1962 above Johnston Island
resulted in the trapping of a large number of fission electrons in this
zone. Measurements of these fission electrons indicate a peak omnidirec-
tional intensity of 10° electrons/cm® sec extending from an altitude of
1300 km to an altitude of 5500 km (Reference 14). The differential spectrum
of fission electrons, shown in Figure 2-2, can be approximated by N exp
[-0.575 E - 0.055 E2] for the range 1< E< 7 Mev, N, being the norma?izing
factor. Approximately half of these fission electrons have energies below
1 Mev. The figure of 10° electrons/cm? sec quoted above represents the
total number of electrons of all energies that are trapped based on the
assumption that a fission spectrum does indeed exist. The isointensity
contours of this artificial electron belt based on this assumption are
shown in the bottom half of Figure 2-3. There have not yet been any
measurements of the temporal decay of the fission electrons in the inner
zone. (For the sixty days following July 7, no decrease was observed),

The proton isointensity contours for E >40 Mev are shown in the top half

of Figure 2-3, The spectral distribution of these protons is based on

data analyzed by Freden and White (References 15 and 16) , Naugle and Kniffen
(Reference 17), and Heckman and Armstrong (Reference 18) from vehicles
skirting the edge of the inner radiation zone, which is shown in Figure 2-4,
The most reasonable assumption that can be made at this time is that the
spectral distribution in the heart of the inner zone is given by the spec-
tral observed on the fringes. The distribution is well approximated by an
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integral spectrum of the shape

E-O.S

k for E > 20 Mev

k'ETSD for >20 >E > 8 Mev

Observations during magnetically quiet days indicate that changes in intensity
in the inner radiation zone are of the order of several percent. However,
time variations involving as much as a factor of 3 increase in intensities
have been observed to occur in temporal correlation with major solar events
and/or major geomagnetic storms (Reference 19). On the other hand, the
geomagnetic field acts as an excellent shield in deflecting solar protons

from the inner radiation zone, since protons of energies less than 6.8 Bev

are excluded from the equatorial plane at altitudes below 1.25 Re (earth
radii).

2.4.2.4 The Outer Radiation Zone - The outer radiation zone is characterized
by the absence of high intensities (>100 particles/cm? sec) of geomagnetically
trapped protons with energies greater than 10 Mev. The trapped radiation
consists principally of electrons and soft protons (E<10 Mev). 1In the
equatorial plane the outer zone begins at 2.3 Re and extends to 8 to 10 Re,

In a meridian plane the outer zone boundary dips down to lower altitudes

with increasing geomagnetic latitude. The intensities at the heart of the
outer zone (3.6 Re) are:

Electrons E>500 kev 2 x 107 e1ectrons/cm2 sec
Protons E>100 Mev <1 proton/cm2 sec
Protons E>140 kev ~108 protons/cm2 sec

The isointensity electron contours are plotted in the top half of Figure
2-5. In the bottom half of this figure are shown the contours after the
magnetic storm of August 16, 1959, which increased the intensities 20-fold
to 4 x 108 electrons/cm® sec of energy greater than 500 kev. In addition
to these large changes wrought by magnetic storms, 3-fold increases and
“decreases not clearly correlated with solar activity are observed above

6 Re. In the heart of the outer zone the spectrum of electrons is given
by an expression of the form const. x exp (-4.26 E), and is shown in
Figure 2-6,

2.4,2.5 The Auroral Zone - The auroral zone is located roughly between 60
and 65 degrees geomagnetic latitude, but moves toward lower latitudes
during strong magnetic disturbances. The auroral displays are caused by
energetic electrons entering the atmosphere, although protons may or may
not be present.

Since the particle flux, the energy spectrum of each component, and the
directional characteristics of the particles are characteristic of the
observed aurora, the auroral zone cannot be described in as definite a
fashion as the inner and outer radiation zones. The maximum proton
intensity seen in the auroral zone, which was observed during an aurora
with the fading ray structure, is given by an integral spectrum of the
form J (>E) = 75E-3.2 protons/cm“ sec steradian where the energy is in Mev,
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For this type of aurora the electron spectrum is of the form J(>E) éafor
energies where 5 kev< E< 50 kev. The intensity above 10 kev was measured
to be (4+2) x 107 electrons/cm? sec ster. Since the particle fluxes in
the auroral zone are much smaller than those observed in the equatorial
radiation zone, the damage done to these particles has been neglected in
the calculations below. Of course, for special trajectories that leave
the earth near a geomagnetic pole, the auroral zone radiation could become
important.

2.4.2.6 The Interplanetary Zone - Energetic radiation in interplanetary
space consists of an extremely high energy, temporally stable component,
the primary cosmic flux, and pulses of radiation of a few days' duration
associated with solar flares which occur at random intervals. The largest
flares, designated 3+, include the relativistic flares in which enormous
amounts of energy are carried away by highly relativistic protons. These
flares are extremely rare, only nine having been observed in the last 23
years. However, the smaller flares occur with increased frequency--the
smallest, a flare of importance occurring eight times per day (Reference 14),
In addition to these two sources of interplanetary radiation there also
exists a continuous ejection of low energy particles (primarily protons
and electrons) from the sun to form what is called the solar wind. These
particles generally have energies of the order of a few kev and need not
be considered in any radiation damage estimates.

Galactic cosmic rays consist primarily of protons (~93%) and alpha particles
(~7%) along with small amounts of heavier elements. The energy spectrum

of the galactic protons is well represented by N(>E) = 0.3/(1+ELl.5) protons/
cm? sec ster for energies where 500 Mev <E<20 Bev. The energy E is in
Bev. This gives the free space flux of particles as 2.5 particles/cm2 sec,
This flux is quite small and needs to be considered only in very long space
flights; although shielding such high energy particles would be extremely
difficult to achieve, since small thicknesses are likely to cause increased
damage from the secondaries produced.

- The effect of solar flares is very difficult to estimate because of time
variations in their intensity and the temporal randomness of the occurrence.
The integral energy spectrum at peak intensity of the type 3 solar flare of
September 29, 1961, was measured to be N(>E) = kE™Y = 6.33 x 104 g-1.77
protons/cm“ sec ster for E between 100 and 1000 Mev. The temporal variation
of this spectrum is shown in the series of spectra in Figure 2-7. Solar
flares of intensity 3 or higher have a frequency of approximately 1 per 20
days. To obtain the radiation intensity in space from solar flares one
could take 1/20 of the intensity of the above flare as an average for.
flights of long duration away from the earth. This is, of course, only a
very rough approximation because any particular flight may see radiation
from flares that is far from average.

Typical Maximum Intensity Orbits - Several circular orbits, passing
through either the heart of the inner or outer radiation zone, have been
considered in making calculations of the integrated radiation intensity
on a spacecraft. For a circular orbit the period is given by

,E 3/2
E R
T = 27 —E ('R—E—)
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where g is the acceleration due to gravity at the earth's surface, RE is
the earth's radius and R is the radius_of the orbit (altitude + R;).
This expression leads to T = 85 (R/RE):S/2 minutes, for Rp = 6370 Em and
g =9.8x 10-3 km/sec.

There are, in all, six different orbits that were considered. The first
two were the equatorial and polar orbits passing through the heart of the
inner zone. The next four were the equatorial and polar orbits passing
through the heart of the outer zone, two for before the storm and two for
after the storm. All of these orbits are shown on Figures 2-3 and 2-5.
Note that the outer zone equatorial orbit before the storm is identical
with the outer zone equatorial orbit after the storm. Calculations of
the radiation intensities in these orbits lead to the results presented
in Table 2-6.

2.4.2.7 Dose Rates

Bremsstrahlung - The calculation of the dose rates produced by an
incident electron flux is complicated by the existence of gamma rays that
are produced whenever electrons pass through an absorber. The gamma
radiation thus produced is termed "Bremsstrahlung." An exact calculation
of the dose rate produced by the Bremsstrahlung is complicated by a number
of factors:

1. Angular dependence of the Bremsstrahlung with respect to
the incident electron, :

2. Partial absorption of the Bremsstrahlung by the electron
absorber.

3. Variation of the mass absorption coefficient with
Bremsstrahlung energy. .

4. Electron straggling and scattering in the absorber.
To simplify the calculation a number of approximations can be made which
will lead to results that for reasonable absorber thicknesses, e.g., less
than 5 inches of aluminum, will yield answers accurate to approximately
+ 50 percent, a result probably more accurate than the estimates of the
Tncident electron intensity. The calculation will assume that:

1. The Bremsstrahlung is produced isotopically

2. None of the Bremsstrahlung is absorbed in the material
that produces it

3. The mass absorption coefficient for aluminum is taken
as a constant

4. The electrons are all assumed to stop in the absorber.
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Table 2-6. Radiation Dose Rates for Various Orbits

Polar
Equat

Polar
Before

Equat
Before

Polar
After

Equat
After

Period
Min.

Electrons/cm2

Orbit

2-30

Protons/cm2
Orbit

Electrons/cm2

Day

Protons/cm
Day

1.55 x 109

8.6 x 10°
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Of these assumptions, the last is the only ome that will yield a large
error in the answer, and this only for those cases where the shielding
thickness is less than 1 g/cm® (approximately 0.17 inches). In any case,
assuming that all the electrons are stopped can only lead to a dose rate
estimate that is larger than one that is calculated without using this
assumption. That assumption (2) is an excellent approximation can be seen
by referring to Figures 2-8 and 2-9 which present the absorption of gamma
rays in various materials. As can easily be seen, gamma rays suffer very
small absorptions in aluminum, 1 inch of which decreases the intensity by
only 20 percent. Under the above assumptions, the expression for the dose
rate becomes

8 oo o0
R=6.1x 10 f f (T-E) N(T) dTdE
E=0 T =E

where R is in rad/day, N(T) dT is the differential incident electron
spectrum as a function of the kinetic energy T, and E is the Bremsstrahlung
energy. If the electrons are not stopped in the absorber, the upper limits
in this double integral will be TMA , the energy of the electron whose range
is the thickness of the absorber. %igures 2-10 and 2-11 indicate this range
as a function of electron energy. For the outer zone one can use

N(T) dT = 36 ke *-26Tar
and for the inner zone
N(T) dT = 1.1 ke ®+%%Tar
where k is the number that appears in Table 2-6 in the column labeled
"Electrons/cm? Day." Using these two expressions, we obtain:
R =3.3x 10"13 k rad/day (Outer Zone)
R = 9.7 x 10" k rad/day (Inner Zone)

Electrons - A calculation of the dose rates produced by an electron
flux after passing through an absorber is complicated by the energy variation
of the range. If, however, we approximate the range as proportional to the
energy, the calculation becomes much simpler. This is a quite good approxi-
mation for electrons as can be seen by studying Figures 2-10 and 2-11, With
this approximation the dose rate becomes:

o0
R = 3.2 x 107°kp f e @(E * 13304 1ad/day

o]

where k again is obtained from the column labeled ”Electrons/cm2 Day" in
Table 2-6, t is the thickness of the aluminum shield in inches, and
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Figure 2-8. Gamma-Ray Absorption
at 1 Mev Energy
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Figure 2-9. Gamma-Ray Absorption
at 4 Mev Energy
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a= 4,264, (= 36 in the outer zone; «=
For a thickness of aluminum absorber t =
for R gives:

3, B= 1.1 in the inner zone,
6 inches, the above integral

=
1l

8.9 x 1078 & rad/day (Outer Zone)

1.8 x 10_8

ol
]

k rad/day (Inner Zone)

Protons - The calculation for protons is more difficult than for
electrons because the range energy relation and energy loss rate for protons
cannot be approximated by as simple an expression as was used above for the
electrons. A power law fits the curves of Figures 2-12 and 2-13 quite well,
but a function of this form will not yield an answer in closed form. A
sample calculation has been previously performed for an inner radiation
zone orbit that can be used here, however (Reference 20). The calcu%ation
was carried out quite accurately for a shielding thickness of 1 g/cm?, ,
which gave, for an integral energy spectrum of 1.8 x 104g-0.8 protons/cm”
sec for E between E and 1000 Mev, a dose rate of 1.00 rad/hr. To use this
number for the orbits chosen here we simply note that the integral spectrum
used in thg calculation referred to gives an intensity of 9.4 x 10
protons/cm2 sec of energies greater than 40 Mev. The dose rate for the
orbits of Table 2-6 thus becomes:

R = 2.9 x 107/ k rad/day

This result is for an aluminum thickness of 1 g/cm2 or 0.146 inches of
aluminum. Looking at Figures 2-12 and 2-13 we note that this thickness
of aluminum will just stop 28 Mev protons, A thickness of 0.060 inches
will stop 15 Mev protons. Thus (28/15)0-8 = 1.65 times as many protons
penetrate 60 mils of aluminum as penetrate 146 mils. Since the energy
loss rate for protons of this energy is not strongly energy dependent,

a good approximation for the dose rate under 60 mils of aluminum would be:

R = 4.6 x 107/ k rad/day.

Interplanetary Space - The dose rate in interplanetary space due
to galactic cosmic rays was measured on the Pioneer V space probe below
1 g/cm2 of low Z shielding materials, and was found to be 14 mrad/day.
The dose rate from solar flares, on the other hand, cannot easily be
measured and so must be calculated. Calculating this dose rate is a
formidable task because (1) the temporal variations of the particle
intensities as well as the energy spectrum of these ejected particles are
not known accurately, and (2) calculations would be difficult, requiring
a computer, even if the flare characteristics were well known.

An estimate of the dose rate can be made by fitting the differential energy
spectrum of 0412 U.T. in Figure 2-7, to a power law in energy of the form
kE™Y which gives a value for of 1.7. In the inner radiation zone a value
of Y= 1.8 has been used for the differential energy spectrum to give the
dose rates reported under Protons above., To obviate the necessity of per-
forming a separate computer calculation for the solar flare contributions
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to dose rates, an approximate result can be obtained using = 1.8 for this
case as well., With this approximation and assuming the peak flare intensitg
yields twenty times the average intensity, the average number of protons/cm
sec greater than 40 Mev is 6.3. The dose rate is thus

7

R=4,6x10"" x [6.3 x 8.64 x 104] rad/day

or

R

0.25 rad/day

2.4.3 Zero Gravity

Noted below are several problems associated with a zero-gravity field:

1. Fluid heat transfer must depend on mechanisms other than
convection, such as film boiling, conduction and diffusion.
Heat transfer by convection is not possible in a zero-gravity
field. Design depending on weights and liquid-liquid or
liquid-vapor separating to some predictable orientation will
be useless in the zero-gravity field.

2. Venting the gas from a liquid-vapor phase requires techniques
to prevent loss of the liquid. A vent valve capable of this
without special design of the tank is a problem. A thermal
zero-g vent system for liquid hydrogen is described in Section
4.0.

3. Transfer or flow of fluids, such as propellants and lubricants,
must be made without dependence upon gravity. The behavior
of contained liquids in a zero-gravity field may depend on
the wettability of the liquids with the container walls.
Liquids which do not wet the container walls will tend to
contract to a spherical shape and leave the wall to be
suspended in space. Liquids which do wet the container walls
will tend to spread out over the wall, leaving the gas pocket
in the center.

4. Spring mass system characteristics are subject to change. For
example, the resultant force on a regulator controller could be
altered in going from lg field to a zero-g field, with a
consequent shift in the regulator output values.

2.4.4 Time

Although time is not usually thought of as an environmental parameter, it
will be considered as such for purposes of this report. Probably in all
cases time works in the direction of performance degradation, and it effect
is, of course, more pronounced with less stable materials such as the
polymers than with metals.
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Several mission durations are presented as follows (Reference 21).

Earth Orbit,
300-n. mi. Orbit

Earth Escape,
Circumlunar

Lunar Landing,
One Way

Lunar Landing
Earth-Return

Mars Cargo Mission,
One Way

Mars Reconnaissance
Mission (1-Year Duration,
No Landing, No Martian Orbit)

Close Solar Probe, One-
Way Instrumented

Mars Reconnaissance,
Planetary Orbit and
Return to Earth

Venus Reconnaissance,
Planetary Orbit and
Return to Earth

Solar System Escape,
Ecliptic

Mercury Reconnaissance,
Planetary Orbit and
Return to Earth

Solar System Escape
45° Out of Ecliptic

Jupiter Reconnaissance,
Planetary Orbit and
Return to Earth

Saturn Reconnaissance,
Planetary Orbit and
Return to Earth
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Nominal
Velocity

(ft/sec)

30,000

40,000

50,000

60,000

64,000

85,000

90,000

98,000

104,000

120,000

150,000

245,000

250,000

400,000

Nominal
Duration

90 minutes
5 days
2-1/2 days
1 - 2 weeks
9 months

12 months

4-1/2 months

2-1/2 years

1-1/4 years

-~———

1-1/2 years

3-2/3 years

4-1/2 years



Table 2-7 presents the functional and envirommental parameters with related
comments on the effect of the time parameter

Table 2-7.

Functional and
Environmental
Parameter

Meteoroids

Effects of
Parameter

Penetration and Erosion

Relationship of Time and Effects of Functional
and Environmental Parameters

Time
Relationship

Probability increase
with exposure to time

Radiation

Degradation and surface
changes on materials

Direct and cumulative
relationship; also
periodic depending on
space flight path

Thermal radiation

Temperature balance
and gradients

Constant or varying

for heliocentric orbits
and periodic for plane-
tary orbits

Zero gravity

Venting of gases, spring
mass systems, and fluid
systems

Independent

Space vacuum

Sublimation and evapora-
tion of materials and
increase in friction

Direct relationship

Planetary
atmospheres

Material effects and
friction variations

Direct and periodic
relationship

Flow media

Corrosion of materials,
chemical changes and
boiloff of propellant

Increases with exposure
to time

Leakage

Loss of propellant
corrosion and loss
of range

Direct relationship

Contamination

Decreases reliability
of the valves

Direction relationship
due to corrosion; per-
iodic due to meteoroidal
impact and generated
wear debris

Space
maintenance

Direct relationship

Acceleration,
vibration, shock

Valve performance

Periodic
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2.4.5 Temperature in Space

The primary sources of thermal energy for a space system within the solar
system are the sun and the internal energy generated by the equipment
housed within the space vehicle. Other sources may be the earth, moon,
or other planets, and may be of greater importance for orbiting vehicles
or reentry conditions.

Temperature control is attained primarily through heat transfer by radiation
and may be accomplished by the use of reflecting materials or reflection
devices such as rotating louvers. In some instances the temperature require-
ments for valves are governed by the temperature control requirements of the
space vehicle, since the propulsion control system is normally housed within
the space vehicle.

Heat energy derived from the total electromagnetic spectrum is 7.4 Btu/ft2
min. at a distance of 1 au (astronomical unit). At any given distance,
the amount of heat energy is inversely proportional to the square of that
distance from the sun. The propellants such as those used in cryogenic
systems or hot gas systems may be the most important source of heat energy
or in some cases the sterilization temperatures may be the most critical
design temperature,

For the general case of heat energy to a body in space, the design parameters
to consider are the a_/¢ ratio and the A /A ratio. For any specific valve

on a spacecraft, the feat transfer analysis®is more complicated and each case
should be analyzed separately, However, considering the general case of
spheres, cylinders and parallelepipeds, the o /e ratio is important and the
analyses indicate that the finish and the surface materials should be selected
for optimum temperatures. For example, hard anodized aluminum closely repre-
sents a black body, but for many materials used in valves, organic coatings

or insulation such as aluminimed mylar (ag/e ~ .25) should be considered.

where: a = absorptivity
€ = emissivity
At = total area
Ap = projected area

2.4.6 Space Maintenance

Maintenance and repair of both manned and unmanned spacecraft is a requirement
that will demand new designs, techniques and procedures. Additionally, repairs
of a major nature may be required of vehicles that have landed on the moon or
other celestial body.

The need for such repairs imposes particular constrains on component materials,
assembly processes, mounting and accessibility. For example, conventional
threaded tubing fittings may not be satisfactory in systems where replacement
of components may be probable, because of the possibility of cold welding.
Means of joining tubing to components and tubing to tubing must be devised

2-39



that will permit uncoupling of fittings under the numerous handicaps

imposed by the space environment. A weightless environment imposes

unusual difficulties on an astronaut who is attempting to exert a torque

on a fitting in that the man will tend to rotate about the fitting unless

he is anchored in some manner to the surrounding structure. Space clothing,
required because of the vacuum conditions, is bulky and cumbersome and thus
not conducive to performing mechanical tasks that would be simple routine
on earth. Validation of the repair by a component on system check will
require ingenious test procedures and equipment.

Conventional shop processes, e.g., filing, drilling, sawing, gas welding,
and brazing may require modifications to varying degrees of space applica-
tions. The effects of vacuum on such operations as filing, sawing, and
drilling are not well understood.

Gas welding and brazing techniques may require attention because of a
combination of effects of vacuum and zero gravity. Lack of atmospheric
pressures may significantly alter the size and shape of the flame, which
may require resizing or redesign of the tips for a given task.

Special problems in maintenance may be encountered on the various planets
and these problems may differ from those encountered in interplanetary
space. For instance, the problems caused by maneuvering in a zero gravity
field would be mitigated on the moon and Mars because of the existence of
gravity fields on these bodies. The atmosphere may conceivably pose main-
tenance problems that differ from those encountered in space or on the moon.

One possible problem that might be encountered on either the planets or in
space is that of igniting a gas torch in the absence of OXygen, as conven-
tional lighters, e.g., flints and matches, depend on oxygen for operation,
A possible solution to this problem might be an electrically heated wire.
This, and other potential problems, will require further investigation.

2.4,7 Meteoroids
2.4.7.1 Introduction - One hazard of space about which there is much

theoretical and actual test data is the meteoroidal penetration of materials
and meteoroidal flux which may be encountered in space travel.

In design of valves for space application it is apparent that much thought

should be given to protecting the valves not only from meteoroidal penetration,

but from any other ill effects that could result from meteoroids impinging on

the valve body; e.g., spalling on inner surface, deformation of cylinder walls,

and loss of heat balance of the system.

2.4.7.2 QOrigin - It is believed, at the present time, that meteoroids are
of two origins, meteoroids from asteroids and meteoroids from comets.

Meteoroids of asteroidal origin constitute approximately 10 percent of the
total influx of particles that enter the earth's atmosphere. Since the
particles are of asteroidal origin, their concentration lies in the aster-
oidal belt located between the orbits of Mars and Jupiter, and the particles
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enter the earth's atmosphere only when their devious orbits cross the path

of earth's orbit and pass sufficiently close to earth to be trapped by its
gravitational field, Meteoroids are believed to be the result of continual
colliding and grinding of bodies in the asteroidal belt, and for the most
part they maintain the same orbit around the sun in or near the ecliptic
plane. For this reason, the flux is relatively low at the earth's atmosphere
and does not constitute a hazard to spacecraft. However, when interplanetary
travel is considered, meteoroids of this extraterrestrial origin may be con-
sidered to be hazardous -to the spacecraft. Information regarding the flux
and concentrations of these particles is too limited to determine analytically
what the effects could be. Therefore, information that has been obtained
about other particles that frequent the earth's atmosphere must be used as
criteria in space vehicle design. These particles, about which there is

some valid information, are believed to be of cometary origin.

Most meteoroidal material in the solar system is believed to be associated
with existing or extinct comets. Approximately 90 percent of the total
influx into the earth's atmosphere is thought to be of cometary origin,

It is known that a comet is not a very dense mass, but is, instead, a loose
accumulation of particles. A present hypothesis is that comets are formed
originally at large distances from our sun by a gradual accumulation of atoms
and particles which are wandering randomly in space. The distribution of
meteoroidal particles is a result of typical comet orbits about the sun;

the comets are constantly modified by the effects of sputtering, sublimation
from solar radiation, breakage and disruption by mutual collisions among

the small particles themselves, planetary perturbations and collisions,
solar pressure, and solar radiation drag.

2.4,7.3 Meteoroidal Penetration - One of the main interests of the valve
designer in providing protection against meteoroidal impingement on a valve
is the penetration capability of a single meteoroid. For unprotected
structures or components, Bjork's Penetration Equation on a Semi-infinite
Target (Reference 22) relates meteoroidal penetration to the one-third
power of the momentum (mv)1/3 of the meteoroid. Bjork's calculations are
restricted to a projectile and target of the same material and are based
somewhat conservatively on the density of a meteoroid to be 2.7 gm/cc, or
that of stone, From observations made in the photographic range, where
the mass is larger, there is good indication that the density would be
considerably lower, possibly even as low as 0.05 gm/cc.

In tests performed by Aerojet General Corporation (Reference 23), velocities
of projectiles up to 30,000 ft/sec were achieved. These velocities are still
in a range below the estimated average velocity of a meteoroid (30 km/sec,

or 10° ft/sec). However, this is the most definitive information available
at the present. Aluminum projectiles (density approximately that of stone,
2.7 gm/cc) were impinged on different target materials with the results

given in Table 2-8 as extracted from the report. From actual test specimens
that were used (see Table 2-8) for aluminum projectiles impinging on aluminum
targets, estimated penetration depths were calculated using the following
common penetration equations:

2-41



i ura T T B it gt
*33b4e3 4o yoeq uo abing Jubils pasned joedwi (¥
"I qel jeAR J0u BIep (€
*39b64e] wouy pamajA se 3[di3aed jo eaue (2
396403 30 aueld pue a|d)jded jo syxe 3sabuo| uIemiaq paunseau I|bue (| :S3I0N
: e 1
510" |74 8l° 0" L207 L2 2’2 0oL oLl 2°¢ 2576 002° L€ 2
990" £ee’ 0§’ SL’ ve0’ oy 8L°E Ly et L2 19°6 00L° L€ 8
(€] 660" Eve” 09¢” 50°t £80° 12 9,76 a4 LsL” L'E 976 000°2E v L1
$€0° 0zL” 09¢” 0s° 8y 09°9 00€0° $80° S'L #l'8 00£°92 a
$20° vee” 881" 85" 0 5971 6%.0° £60° L2 I8 008°92 2 891 v
£50° 98" 282° 89" 8zZ0’ 92 Ul £080° £80" L'y 08°L 009°52 3
vo- P74 L6e” £9° 2lo- q €91 8€L0" oLL” 9°L 06°L 006°52 a
. . . . . . . . . . . . §4SY
(v) 961 28 09¢ oLt {80 14 v Ll 615 891 L'e LL'8 009° 92 g8l 0L wnjpue3 ) v 9L W
150" 89¢%° 182" 09° 220" ¥e £8eEL” £290° E¥60° 't 6E'6 008°0€ ! 3 8L v
280° 529° SLE” 09" 120" 8l 182 (¥4 8LL” 2'¢  (9°6 00 1€ a
L10” {8S° gee” oy 200 Ll Lot” §S60° 40" 6°2 ¢8°6 002‘2¢ J
(v) 8€0" 909" - 08" S€0° 0 €l'e oL 901" €°¢ 886 oocnwm v1-1909 9
(v) 8€L 289 8 StL 0 29 05°5 6v¢ 601 09 0°0L 008" 2¢ 59 01 wnu Lwn |y v SL W
920° 80b" voe” 0§’ 910" €8 181 6180° 6LL" L AR A} ooL*ie V a
£20° 121A ¥0Z* St- 2¢0° 55 50°¢ 1€60° I71% ¥l 2576 002°1g J
8€0” 209" 992" €5° 610" 69 991 ¥SL0° 748 'L ¥9°6 009° L€ g
(v) 961" 16" L6€" 00°1 $80° 14 256 2ty [l o't 8°6 00€°2¢ v v
. . . . . . . . . . . . 1443
(v) e5¢ 92¢ L6E 0zl LLL o€ 9%°S1 20L 1sl 8's (26 oot* ot S61 0l ssa|uiels v £L W
SE0° 2se” 02" 85" 250" 9 58°§ 692" vl §°2 6576 00€* L€ ] J
SY0"  6¥S° (62" 05" 810" 6L L0°E ovL” 9zl” 22 696 008" L€ g
(v) 8.0° 90t - 90t " 00°L 060" 9¢ 56" L1 EVS” 8yl” 8't 88°6 00v*2e Y L
150" 26€° 114 09° 250" ¥ 68t £22° 82l° 0°E E¥°6 006° 0€ 9
- . . . . . . . . . « . 12¢
€91 233 0s€ 5071 £l 0 £8°91 S9L €91 "6 69°6 008’ L€ 91 0t ssajutels v L w
ays0” v’ 82" 99° 4 : LSl vLLo° 9Il” ] 0€°6 005°0€ * oL
8L€° 005" 19” el S8°9 LLE” 6€2" 1§°6 002°¢LE 6
§55° 91y’ 5" SE°L 0L S¥s° BbZ" 9°6 009° (£ [*}8 ] 8
890"  06¢° 2€” 28" 428 4 102* 902" SL°6 000*2€ o€l L
290" 68E° 82’ L 1571 £890° wi” 0€'6 00S°0€ B2l 9
- 062 Stl- [ €9°1 0vL0° Shl” 821 S
60"  88g" YL FAS 56L0° ¥88000° LEED’ | 4
2z10° Lip” Wi SE” iy 69900° 1990° €
20 Sy 2z’ €S° SiE” 0L10° 8680" 4
o ey 2 § oo (€) (g) 166’ w0 satt (6) se's oootze | seL 0L bRy
Sy euy Am.zwv op3ey (up) B (u) Am.c_v (6ap) (1) Ae-or x q1) (ub) (rut) "erg Q/1 (93s/uy) (o9s/34) [ ssaupaey (rut) {eLdaqel  Julod  ‘oN 3SaL
amnop eLg/yadag yidag § ceug (2) eaay ERUE JEITh 5SeY abeuaay A310013A L1aupeg  ssauoLy]  3abue) ejeq
uRdy uuuu:o;_ww 30 abuy

vlRQ 4ajed)

eleq ajdljded

ejeq 33bae]

s1981e] JTITTEISW 93TUTFUI-TIwsS uTl 3deduy A3TooraAxadAy

‘8-C 91qel

2-42



[{HE ”!

diid

"
r

i

{

e

i

=

1.09 (mv)l/3

Bjork: P =
2/3 2/3
BR \Y
Charters- P = 2.28 T d
Summers : pT t
2 1/3

. P 2/3 ptV
Herrman- P = (0.35 + 0.07) (-Jl> (—Tr—_) d
Jones: pt t

The resulting predicted penetration depths were plotted along with the
actual crater depth observed from the tests (Figure 2-14). By observation
it can be seen that a wide variation in values can exist, dependent on the
penetration equation chosen. It is then the designer's responsibility to
justify usage of a chosen equation and any weight penalty that may result.

It can also be seen in Table 2-8 that the use of high-strength materials

such as steel in place of aluminum as a protective material is not warranted.
The possible exception to this would be the use of beryllium, with a strength-
to-weight ratio greater than that of aluminum.

2.4.7.4 Meteoroid Bumper as a Method of Shielding - To alleviate the weight
penalty involved to prevent meteoroid penetration, Whipple (Reference 24)
suggested the use of a meteoroid bumper. The meteorocid bumper, a thin
external shield spaced some distance from the main structure, would intercept
and shatter the meteoroid far enough away from the main surface to enable

the impact to be spread over a larger area and at a somewhat reduced velocity.
For this purpose, the bumper should be as thin as possible, perhaps limited
only by fabrication procedures. Experiments show (Reference 25) that an
aluminum projectile will shatter when it is impinged on an aluminum plate

1/10 of its own thickness at velocities of 6-20 km/sec.

The shattering of the particles stopped by a thin shield produces a

"'spray cone' effect on the target. The cone effect is a result of the
dispersion of the shattered fragments leaving the shield. An optimum
shield thickness, approximately 0.4 times the projectile length, 7
would produce a spray cone angle of approximately 55 degrees from the direc-
tion of travel of the center particles. At this shield thickness the total
penetration (shield plus target) reaches a minimum.

Total penetration is also seen to decrease with an increase in shield
spacing until an optimum spacing is obtained where no further reduction in
penetration is achieved. Beyond the optimum spacing, each particle in the
spray strikes a different portion of the target, while at smaller spacings
several spray particles may strike the same location on the target. If the
shattered fragments are so spread out that they act independently upon
hitting the target, the momentum and energy transmitted to the target at
each point of impact are reduced in proportion to the number of fragments.
Experiments indicate that approximately 33 percent of the original thickness
of the target is required to prevent penetration if an adequate spacing
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between bumper and target is provided (Reference 25), Applying this
criterion, an elastic analysis (Reference 25) shows that spacing of a
bumper may be determined by the equation:

S = 2tt tt/tbpb
where: S = bumper spacing (distance away from target)
t, = thickness of main target

.= thickness of bumper

Pb = density of bumper, in gm/cm3

This indicates that an aluminum bumper 1 percent of the thickness of the
target should have a spacing from the target approximately equal to 12
times the target thickness.

Because of clearances and handling conditions, the problem of obtaining
optimum spacing between the bumper and a valve body may possibly be lessened
by the use of insulation placed between them. Investigations have been made
(Table 2-9 from Reference 23) using such a configuration, and results using
NRC-2 insulation proved quite favorable. The use of NRC-2 insulation by
itself as a meteoroid bumper may be possible.

2.4.7.5 Spalling by Meteoroids - The effects of spalling and deformation

of the inner surface of the valve body when struck by a meteoroid are
difficult to predict theoretically, due to the complex wave propagation

that occurs on hypervelocity impact. When a meteoroid hits a plate, it

not only makes a hemispherical crater on the front surface, but also initiates
a strong compressive shock wave which travels through the plate. When this
wave reaches the free surface (inner surface) of the target, a reflected
plastic wave of tension occurs. Interaction occurs between the reflected
tension wave and the remainder of the compression wave propagating in the
direction of impact. The result is that at some depth from the free surface
of the target, the tensile stress may exceed the fracture stress. If this
occurs, a spall is formed on the free (inner) surface and ejected inward at
high velocity (Figure 2-15 from Reference 26). The diameter of the spall

is usually several times the plate thickness, varying from 1/10 to 1/2 of the
plate thickness. There is a definite tendency for spall thickness to increase
with velocity of impact and also increase with decreasing plate thickness
(Reference 26).

From investigations on the spalling of materials (Reference 27) it was noted
that the thickness required to avoid spalling varies approximately as the

1/3 power of the impact energy, or the 1/3 power of the number of fragments
into which a meteoroid is broken by a bumper. This is the same dependence

as that for penetration. Indications are that spacings of bumper and targets
which spread the impact particles over a larger area and thus decrease pene-
tration of the main target should also separate the pulse waves, which the
shattered particles generate in the main target, sufficiently to avoid
serious pulse overlap at the inner surface of a valve body.
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2.4.7.6 Other Effects of Meteoroids on Valves - Penetration of meteoroids
smaller than 10-© gm is not considered to be a problem, as noted. However,
impingement of micrometeoroids on a valve body may remove enough material
from an unprotected exterior surface through erosion (removal of material
by cratering) to alter the absorptivity (@) and emissivity (€) value of
the material enough to create a heat balance problem. Estimates

show that total volume lost by meteoric erosjon is approximately 1 A/yr in
the vicinity of the earth to as much as 200 A/yr at low satellite altitude.
Deposition of meteoroidal dust on the valve body may also produce the same
result,

Another possible effect of meteoroidal impacts would be the generation of
pressure pulses transmitted to and through the liquid in the valve, causing
internal damage.

Propellant containers and lines may also experience extensive damage from
pressure pulses transmitted to and through the liquid from meteoroidal
impact,

2.4.7.7 Conclusions - It has been shown that meteoroidal hazard to valves
in space could exert a definite influence on the design of a valve body,
but that protective measures can be taken to prevent damage to the valve
without imposing an extremely high weight penalty.

A statistical solution to the problem involves the probability of meteoroidal
encounter during the mission and the damage phenomena of a single meteoroidal
impact.

The likelihood of encounter of meteoroids depends on:

1. The reliability required of the valve, which may vary with
a given mission (e.g., manned or unmanned) .

2. The duration and path of the mission.
3. Size of the valve body (exposed area —inz).
4. The proper choice of flux distribution.

Present quantitative knowledge of flux distribution is far from adequate.
In the area of concern to the designer (mass range of 10-6 to 10-° gm),
extrapolation from recorded data is the only means of estimation of the
flux intensity.

Damage phenomena of a meteoroidal impact also warrants more investigation
before definite design criteria can be established. At the present time
sufficient knowledge relating depth of penetration or fragmentation
mechanics of bumpers to material properties is lacking. Similarly, in-
sufficient information is available to correlate depth of penetration with
velocity of a particle at impact on metal surfaces. The velocity of impact
of meteoroids with space vehicles (in this case, a valve body) is assumed
to be approximately 30 km/sec (10° ft/sec), a considerably higher velocity
than any extensive laboratory data that has been obtained to date on high
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velocity impact. Many theoretical penetration equations for high-velocity

impact have been proposed, ranging from very conservative predictions,

thereby imposing a weight penalty, to nonconservative predictions requiring

no protection for a valve. Bjork's penetration equation appears to be
between the extremes, and predicted results from the equation follow

closely to test data obtained to date for target and projectile restricted

to the same material (Figure 2-14).

Until more definitive information is obtained concerning flux intensity,
fragmentation of particles on impact, and penetration characteristics of
hypervelocity particles, the designer must use the information available,
Discretion in choice of flux distribution and penetration equation should
result in a conservative but reasonable prediction of protection needed
to protect a valve from meteoroidal impingement. The use of a meteoroid
bumper should definitely be considered as a means of reduction in weight,
either for protection against penetration or protection against spalling.
If only a minimal amount of shielding is necessary, the proper use of an
insulation could be accomplished. The insulation may also be required
for thermal properties, thus serving a dual purpose.
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3.0 MATERIALS

3.1 INTRODUCTION

The information contained in this section has been extracted from the best
technical sources available; these sources are referenced in the biblio-
graphy at the end of the section. Materials compatibility data derived

from these sources are generally the result of laboratory scale bottle

tests involving immersion of materials in propellants under static conditions.
For the most part, these data are fairly consistent, but many instances

exist where data are contradictory or differing in degree of compatibility.
Also, in most cases the data report only the effects of propellant exposure,
and do not reflect the functionality of the material after exposure.

Where differences are noted, acceptance of information was based on multiple
sources, appropriate procedures, availability of service data, and recent-
ness of evaluation. Unless specifically noted, data not meeting these
criteria have not been included.

Propellant compatibility data contained in the following reference is
included:

"Advanced Valve Technology," Interim Report No. 06641-6014-R000,
Volume II, Materials Compatibility and Liquid Propellant Study,
Contract NAS 7-436, November 1967. .

The work presented in this report represents a continuation of the referenced
study, however, where possible the data was updated to include more recent
information.

3-1



3.2 DISCUSSION

In the course of the literature search performed, several areas requiring
early additional effort became apparent. Basically, it was noted that
the testing performed to obtain the desired data shared a common failing:
there was no conformity of method, no procedural approach to the problem
of the compatibility test, and little assessment of the effects of
impurities in the propellants. For example, some long term compatibility
data were generated based on actual immersion for one year periods, while
others were conducted for shorter periods of time, and data extrapolated
to one year. Short term compatibility, in some cases, denotes ability to
survive propellant exposure for two to four weeks. In other cases, it is
defined as the ability to withstand propellant splash or fumes for desig-
nated periods of time. In very few cases, has the effect of the material
on the propellants been determined, and the initial processing of the
test specimen is seldom recorded. The variations do not reflect on the
multitude of investigators, but rather on the void which exists with
respect to test standards to which work has been performed.

The compatibility of materials to the liquid propellants primarily takes
on three aspects:

e Slow to rapid chemical or electrochemical reaction between
metals and the propellants leading to corrosion and loss
of strength of the metals and/or degradation of the propellants.

e Slow to rapid chemical reaction between non-metals and the
propellants leading to degradation and loss of strength.

® Rapid chemical reaction between all types of materials and the
propellants leading to explosion or fire within the system.

Each of these undesirable aspects of materials compatibility have been
investigated by various organizations, and the data reported. However,
there are quite often differing and sometimes conflicting points of view
concerning the compatibility and use of a specific material. This con-
flict of opinion frequently arises not from incorrect data or interpre-
tation, but rather from a lack of a common reference point. In particular,
failure to delineate all of the testing parameters and procedures, and of
not characterizing the test fluid sufficiently, can lead to widely different
results, each of which, however, are valid within the context of the experi-
ment performed. Two illustrations are presented as cases in point:

1. Corrosion

Most of the data on corrosion of metals are given in terms of depth
of material removed per unit time. Usually the data are presented
as penetration in mils per year (MPY). Not so frequently, however,
is a description given of the type of corrosion, or of the localized
severity. Inasmuch as a MPY removal figure implies a general, over-
all corrosion of the metal, failure of the investigator to remark
that the greatest amount of corrosion occurred as pitting or inter-
granular attack could lead a designer, using the compatibility data,
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to arrive at an erroneous conclusion regarding the service life

of the metal with respect to the propellant in question. It is
suggested that a common corrosion description, such as that
proposed by Champion*, should be employed when reporting data of
this nature. Table 3-1 presents the rating parameters recommended

B by Champion. In this method the corrosion that has occurred
-~ between the metal and the corrodant is segregated into two main
classes: general and local. These classes are then further sub-
= divided into various categories, depending on the avérage ratio
= of width to the depth of each type of corrosive attack,
= General corrosion is attack to an approximately uniform depth of
= the whole of the surface under consideration, but it may vary
- from a reasonably uniform attack, such as from acidic substances,
o to a more uneven attack as is usually experienced in oxygen-water
= environments.
Semilocal corrosion is somewhat similar to general attack, but is
B confined to areas of restricted size which are still large compared
= to the depth of the attack. This type of attack does not normally
degrade the metal by perforation due to corrosion, but may affect
= the use of the metal in applications such as valve seats, sliding
Eg surfaces, etc,
L=
Pitting corrosion is determined to be present when the area of
= attack is so localized that the width is of the same order as the
- depth of the attack. In such cases the liability of the metal to

fail by perforation is serious and hence the depth of attack is of
major importance.

In some cases, the corrosion attack results in cracking of the

metal, particularly if stress has been applied to the specimen.

These are regarded as the most highly localized form of corrosion.

It must be emphasized that the differences between these types of
corrosion are in degree rather than kind and that as corrosion
proceeds it may change from one type to another, i.e., the corrosion
may change in character as well as in severity with continued exposure.

azm

2. Propellant and Test Specimen Characterization

It is well known that relatively minor impurities can cause gross
changes in the characteristics of liquid propellants. Failure to
properly analyze and report the chemical makeup of the test fluid
utilized in the experiments can lead to unwarranted conclusions.

As an example, several metals are compatible with OF,. If, however,
the OF, is contaminated with water, hydrogen fluoride is formed
which 1s particularly reactive toward metals which cannot form
adherent, passive protective films against the fluoride ion. Thus,
failure to analyze the HF content of the OF, can lead to erroneous
conclusions regarding its compatibility.

* General Reference, No. 1
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This same type of problem has occurred in the testing of the impact
sensitivity of LOX with various metals. Lack of close control in insuring
contamination free metal samples and the testing apparatus has led to some
conflict of data in this area.

Since contamination can occur during transport and handling of samples and
test equipment, it is suggested that the test fluids be analyzed as used,
and any possible contamination path be noted.

From the standpoint of the valve designer involved in the process of
material selection as one portion of the component design, the available
data do not provide the necessary information from which to make rapid
and automatic selections. In order for such information to be intelli-
gently used, it must be supplemented in areas which are currently lacking.

For example, the data presently available do not normally distinguish
between static and dynamic compatibility, either in respect to the test
methods employed, or where a material's use is approved, in respect to

that material's potential application. In many instances it may be

assumed that the mechanism for potential failure of a particular material
is augmented by the mechanical action of adjoining component materials
and/or the erosive effects of the flowing propellant itself. Specifically,
a material appropriate for use as a static parking within a given valve
assembly may be completely incompatible, in the identical propellant service,
when used as a sliding seal or an impact seal. For example, butyl rubber
seals and O-rings have proven to be excellent static seals for containment
of nitrogen tetroxide, even though the material itself is completely in-
compatible with the propellant. The sealing ability of the material is
enhanced by the fact that it swells and becomes gummy in contact with N,0,.
On the other hand, once the material has been exposed to NyO4, it could
never survive a sliding motion. Data regarding these conditional aspects
of compatibility are not presently documented. Similarly, the effects of
temperature, pressure and propellant phase variations have seldom been
treated in establishing compatibility.

A second distinct information void, with respect to material compatibility,
exists in the area of historical data accumulation. The primary source of
the data presented is the laboratory test. This is seldom supplemented by
field information which should be extensive.

A search of the actual materials employed in varying configurations, environ-
ments, and propellant service would greatly aid in establishing a realistic
confidence level for new valve designs. A detailed search, though beyond the
scope of the present program, would not only serve as an early source of
dynamic use-data, but would provide confirmation of, and give direction to,
successive laboratory test effort. An attempt was, therefore, made in the
course of the Advanced Valve Technology Program, to survey briefly the
available experience through direct interview of cognizant personnel.

The data presently contained in this survey report attempt to correct some
of these shortcomings by including what supplementary information could be
readily obtained. It is felt that a more extensive program will permit
sounder initial component designs with a minimum expenditure of development
time and cost and is, therefore, warranted.
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3.3 MATERIALS COMPATIBILITY TEST METHODS

There is a serious lack of precise compatibility data for both short term
and long term storage of the more energetic propellants in the accepted
materials of construction. The shortcomings of present compatibility data
and the lack of standard, unified test methods, reporting and compilation
has been discussed in the Introduction. The more serious problem is that
of obtaining reliable data for long term requirements necessary for up-
coming spacecraft missions, which have operating lifetimes of up to ten
years. It is generally accepted that short term, accelerated storage and
testing do not give data which can be reliably extrapolated to longer
mission lives. Compatibility testing in real time is prohibitively expen-
sive, and may be outmoded by state of the art advances from the initiation
of testing, which may render the evaluation obsolete.

Under this program a laser technique was studied which may prove to cir-
cumvent the tradiational shortcomings of conventional compatibility testing.
This technique is holographic interferometry. This test method records the
fringe pattern of the propellant adjacent to the sample. The distortion of
the fringe pattern with time represents corrosion mapping. The theory of -
holographic processes have been extensively discussed in the literature*
and will not be detailed.

However, it is significant to note that a hologram is able to record a
complex optical wave so that when the hologram is reilluminated later,
another optical wave is created identical to the original in both phase
and amplitude. It is this property which makes it possible to use a holo-
gram to generate either the test beam, or a comparison beam, or both as an
interferometric analytical technique.

Holographic interferometry may be considered as a form of common path
interferometry (normally not used with conventional light sources due to
cell size, configurations, optical inhomogeneities, etc.), except that the
test and comparison beams are separated in time. It is the use of this
feature, either double exposure or "stored beam" interferometry, that is

of interest in their application to compatibility and corrosion investigation.

Thus far, the techniques have been utilized in applications to electro-
mechanical processes**. In the case of double exposure interferometry, the
holographic record represents only one instant of time, and it is not
possible to view changes as they occur in the subject without making new
holograms. However, if only the comparison beam is holographically recorded
and "stored", and the reconstructed comparison beam is compared with the

*E. N. Leith and J. Upatnieks, J. Opt. Soc. Amer., 52, 1123 (1962;
53, 377 (1963); 54, 1295 (1964).

**L. 0. Heflinger, R. F. Wuerker and R. E. Brooks, Appl. Phys., 37,
642 (1966). :

R. W. Brooks, L. 0. Heflinger and R. F. Wuerker, Appl. Phys.,
Letters, 7, 248 (1965).
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actual subject and test beam, then the real time behavior of the subject
can be seen interferometrically. Thus, "stored beam" holographic inter-
ferometry offers not only real time information, but provides a means for
acquiring time-lapse or moving picture records during the course of the
reaction.

There are several advantages of the "stored beam' holographic interfero-
metric method over the classical methods: alignment and preparatory pro-
cedures are far less critical, the common path nature provides significant
flexibility and irregular shaped and imperfect optic elements and cells
may be used. Furthermore, by the use of diffusers, three-dimensional
information may be obtained. Thus, investigation of localization of
corrosion and non-rotational symmetrical activities can be observed, as
well as the use of assymetric samples.

These advantages then, enable one to observe changes which occur in a
subject as a function of time, and since the aspects of the subject do not
change the interference pattern as a function of time, a technique is
available which is able to measure subtle changes in very complex samples
incapable of being explored with any of the classical methods of interfero-
metry.

While it is true that this method has thus far been utilized only for
electromechanical changes with an external driving force, there is no
reason that subtle interactions between materials and their potentially
corrosive environment cannot be observed also. Thus, elucidation of the
onset and nature of corrosion should be observable.

In addition to the technique mentioned above, two other methods of studying
the interaction between the enviromment and the component should be examined
for their applicability to the study of corrosion behavior. These methods
are: 1) the electrical-resistance method, and 2) the electrochemical
polarization technique. Each of these are described below.

e CElectrical-Resistance Method - This method was developed at
TRW and is based on the use of a probe with two sensing elements
of different initial thickness. The probe is constructed of the
material to be studied to avoid problems with contact corrosion.
Since the entire probe is unprotected and immersed in the liquid
of interest, corrosion takes place uniformly over the entire
surface of the probe. As corrosion occurs, the cross-sections
become thinner by equal amounts but, because of the different
geometries, the resistances of the two sensing elements increase
at different rates. By monitoring the change in resistance
ratio as a function of time, it is possible to calculate the
corrosion rate. It is possible to detect corrosion rates of
less than one mil per year (MPY), and has the advantage of
being a rapid method of monitoring metallic materials which
comprise the component of interest.

3-7



Electrochemical Polarization Techniques - There are three
basic ways that these techniques can be utilized to determine
corrosion rate. They include: a) linear polarization, b)
transient linear polarization, and c) galvanostatic charging.
These methods are based primarily on the fact that a linear
relation exists between an applied current and a potential
when an electrode system including the corrosive environment
is changed by an application of a small external constant
current, By these methods, it has been demonstrated that
real time corrosion rates as low as 0.0005 MPY can be measured
in 20 minutes. The sensitivity and time required for such
measurements are limited only by instrumental sensitivity.
However, even with these limitations, these electrochemical
methods offer a means by which very low corrosion rates can
be determined with relative ease and rapidity.
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3.4 RECOMMENDATIONS

To provide greater utility for the valve component designer, a recommended
program could be implemented which will achieve the following results:

1. Establishment of realistic criteria for valve component
materials and definition of parameters which can affect
performance under those conditions.

2. Establishment of test methodology, the test fluid and
test specimen, and which will provide more meaningful
information to the designer relative to the performance
of materials under specified conditions.

3. Establishment of a procedure for documenting and reporting
compatibility data such that extraneous data will be mini-
mized, and pertinent data will be presented in their most
useable form.

The program would not only take advantage of all existing data, but would
identify the effects of material processing variables as well as propellant
impurities. It could also introduce advanced concepts of testing to more
accurately determine the functionality of materials during and after
propellant exposure, and under static and dynamic conditions.

Consideration should be given to the long duration mission such as the
ten year space flight to the outer planets. Past applications have
usually involved storage and operation times on the order of days, weeks
or months. This has generally enabled design personnel to instigate full
duration tests of new materials during the design phase. Full duration
tests of materials for a ten year space flight might well become obsolete
during the test phase due to rapid technological advances in material
developments. Consequently, the program should attempt to generate
accelerated test methods that will provide valid data applicable to long
term materials and component compatibility with propellants.

It is felt that the outlined program will provide a significant advance

in an area of vitally needed data where the approach taken to date has
been seriously inadequate.
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3.5 PROPELLANT RATING CHART (TABLE 3-2)

In this chart the severity of the problems associated with each propellant
were assessed and values assigned to the various combinations of propellants

and parameters according to the following definitions:

RATING

1

NA

DEFINITION

A value of 1 was assigned to those combinations
with which a serious problem exists; i.e., one
for which there is no satisfactory solution.

A value of 2 was assigned to those combinations
with which a problem exists, but for which a

remedy may be available. This is, the combina-
tion of component and parameter is deemed to be

“acceptable, with qualifications.

A value of 3 was assigned to those combinations
which were deemed to be satisfactory; i.e.,
within the present state of the art.

A designation of U was made where the necessary
information upon which to base a judgment was
unavailable.

Where a parameter was not applicable, the letters

NA were used.

Following the Propellant Rating Chart is a discussion of the more serious
problem areas (with ratings of 1 or 2) for each propellant type.
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3.6 EARTH STORABLE PROPELLANTS
3.6.1 Fuels

3.6.1.1 szrazipe gN2H4)_-'Hydrazine is.a clear liquid gseq as a hightepergy
propellant that is insensitive to mechanical shock or friction and exhibits
excellent thermal stability at ambient temperatures. It is considered a
hazardous propellant, however, due to its toxicity, reactivity, and flamma- -
bility. Since it is thermodynamically unstable (i.e., a monopropellant},
“hydrazine will decompose under elevated temperatures when catalyzed by
graphite or a metal oxide such as iron oxide or copper oxide, and will
release considerable energy resulting in a possible explosion or fire. 1In
addition, liquid hydrazine exerts sufficient vapor pressure above 100°F to
form flammable air mixtures. Its freezing point is 35°F. Hydrazine is
hygroscopic and readily forms flammable mixtures in air; therefore, a nitro-
gen blanket is required.

In assessing the compatibility of a material with hydrazine, the specific
application for its use must be considered. Materials satisfactorily used
with hydrazine where air oxidation of the surface can be prevented may not

be satisfactory for service where prolonged exposure to air cannot be

avoided., Factors to consider when selecting materials to use with hydrazine
for any given exposure condition are: 1) corrosiveness of the material in
contact with hydrazine, and 2) the effect of the material and/or its corrosion
products formed on the rate of decomposition of hydrazine.

These factors to be considered are particularly true for carbon steel, low-
alloy steels, copper alloys, and molybdenum. From the corrosion standpoint,
these metals are satisfactory for use in hydrazine; however, these metals
and/or their oxides may catalyze hydrazine decomposition at elevated tempera-
tures. At one time it was thought that 316 stainless (containing molybdenum)
caused excessive hydrazine decomposition rates at elevated temperatures.
However, it is now generally agreed that the hazard at typical operating
(<200°F) temperatures is no greater with 316 stainless than with any of the
other 300 series stainless steels,

Evidence of chloride embrittlement of titanium exposed to hydrazine after
cleaning with Freon has been noted. Isopropyl alcohol should be considered
in lieu of Freon for cleaning titanium.

Table 3-3 lists those materials considered to be compatible with hydrazine
for long-term application.

PHYSICAL PROPERTIES

Specific Gravity 1.00 (60°F)
Molecular Weight 32.048
Freezing Temperature °F 35.1
Normal Boiling Point °F 236.3
Critical Temperature °F 716
Critical Pressure psia 2131

Heat of Vaporization Btu/lbm 540
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Discussion of Problem Areas -
Hydrazine (N2H4)

Wet Lubes (2)* - Most wet lubes either wash off or are attacked by
hydrazine. For limited use, some silicone lubricants and "Q-Seal,"
Quigley Company, have been used with fair results. A fluorinated grease
by DuPont, Krytox 240, appears to be compatible. Krytox 143 AB 0il has
been reported compatible with MMH and should be considered for N2H4
services.

Dry Lubes (2) - Most dry film lubricants are attacked or removed by
hydrazine. Electrofilm 1000G and Lubeco 2029-3 are partially compatible
and can be used, although wear life after propellant exposure is somewhat
reduced.

Lubricity (1) - Unsatisfactory lubricating performance was found for
hydrazine in a series of low-load short duration ball bearing and gear
tests at 24,600 rpm. The poor lubricity, resulting in degradation of the
component metals surveyed, was attributed to its active solvent and
reducing properties.

Viscosity (2) - The viscosity of hydrazine presents a problem only at
low temperatures. The freezing point of commercial hydrazine is approxi-
mately 30°F, which is relatively high for operation under cold climatic
conditions. Three methods of preventing NoH, from freezing have been
employed: 1) the addition of freezing point depressant, 2) insulation of
container and components, and 3) insulation plus tracing with heat elements,
steam, or hot water.

Radiation Tolerance (2) - Hgdrazine, UDMH, and Aerozine 50, subjected
to an irradiation dose of 1 x 10”7 erg/g, which is the maximum space radia-
tion dose likely to be incurred in two years of operation in the Van Allen
belts, showed that the composition of the propellants was not significantly
affected. However, a pressure increase resulted, accompanied by the evol-
ution of insoluble gases, due to slight decomposition. It is therefore
recommended that tanks be designed to minimize this problem.

Effects of Leakage (1-2) - Anhydrous hydrazine is a flammable liquid,
hence leakage may initiate a fire; it is hypergolic with most oxidizing
agents and decomposes on contact with catalytic materials including iron
rust. Vapors of hydrazine can be detonated by an electric spark or an open
flame.

Since this propellant is a strong chemical reducing agent, leakage may result
in malfunction of other elements in the system or injury to man. Prolonged
exposure to this toxic material produces damage to the liver and kidneys and,
to a lesser extent, anemia and lowering of blood sugar concentrations. The
threshold value which has been adopted by the American Conference of Govern-
mental Industrial Hygienists is 1 ppm.

*Parenthetical enclosures refer to Propellant Rating Chart, Page 3-11.
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TABLE 3-3. HYDRAZINE (N2H4)

COMPATIBILITY OF MATERIALS FOR g
LONG TERM APPLICATION (NOTE 1)
MATERIAL TEST TEMP °F =
ALUMINUM ALLOYS -
1100 140 o
2014 80 ?
2017 160 E
2024 70 ?
3003 80
4043 160
5052 80
5456 140
6061 160 =
6061-T6 110 ==
6066 80 &
716 140 -
356 160 ﬁ?
*356-T6 _ 110 .
40E 75 %
Tens 50 -
STAINLESS STEEL =
410 80 -
416 200 (pits) =
430 68 =
440C 80 =
302 80 =
304 140 -
316 200 &
317 80 _
321 140 ;:f
[
347 200
17-4 PH 140
17-7 PH 75 =
AM 350 160 )
AM 355 ‘ 160 -
*Reported noncompatible for period > 1 year based on limits of decomposition
of hydrazine, see specific Reference 128. :
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HYDRAZINE (N2H4) (Continued)

MATERIALS TEST TEMP °F

MISCELLANEOUS METALS

Chromel A 80
Chromium Plating 70
Gold 75
B Hastelloy C 125
kS Inconel 200
- Inconel X 80
E% K-Monel 140
.. Monel 80
%é ' ' Nichrome Braze 80
Platinum 110
Silver 80
Silver Solder 75
Stellite 21 75
Tantalum | 80
— Tin 80
e Titanium, A110AT 140
*Titanium, 6Al1-4V 160
gg Zirconium 75
= NON-METALS
= Butyl Rubber Compound 805-70 140
. Butyl Rubber Compound 823-70 (Parco) -
%E Butyl Rubber Compound B480 (Parker) -
Butyl Rubber Compound 9257 (Precision) -
Eé Ethylene Propylene Co-polymer 110
- Kel-F 80
Eﬁ Polyethylene | 80
= Teflon 140
& Teflon Coatings -
%% *Has been reported noncompatible for period >1 year at 110°F based on
limits of decomposition of hydrazine, see specific Reference 128.
Ei
E
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HYDRAZINE (N,

H4) (Continued)

MATERIAL TEST TEMP °F
NON-METALS
Asbestos 80
Delanium 140
Glass 80
Poiypropylene -
SBR 75

Silicone Grease DC-11

Note 1. Metals listed above

are rated compatible on a

corrosion rate of less than 1 mil per year and

the material does not cause decomposition, and

is free from impact

sensitivity. Non-metals

are rated for satisfactory service for general

use.

3-16

IR

t



\

HYDRAZINE (N2H (Continued)

4)

!

INCOMPATIBLE MATERIALS

f

Eé INCOMPATIBLE INCOMPATIBLE
~ MISCELLANEQUS METALS 7 NON-METALS
E; Cadmium Buna-N Rubber
L
7 Cellulose Acetate
E Cobalt Diallyl Phthalate
= Lead Epons
- Magnesium Kel-F 300 @140°F
g Kel-F @160°F
: e Zinc Kel-F Grease @212°F
i E§ Natural Rubber
j Brass* Neoprene Rubber
: E% Bronze* Nylon
Copper* Mylar
Eg Iron* , Polyester
v Molybdenum* Polyvinyl Alcohol
E% Mild Steel* Polyvinyl Chloride
g Saran
3 6A-4V Ti (110°F, <1 year)** Silastic LS-53
b R Tygon
%
P *The oxide of these metals act as catalysts for decomposition of
; hydrazine at elevated temperatures.
S S
zz **Qutside limit for decomposition rate of hydrazine, see specific
i Reference 128,
B
i E
2 E§ 3-17



3.6.1.2 Monomethylhydrazine (CHzNHNH,) - Monomethylhydrazine (MMH) is a
clear, water white liquid with a strong amine odor detectable in concentra-
tions of 1 to 3 ppm. It is a fairly volatile liquid; the vapor pressure,
0.96 psia at 77°F, is higher than that of hydrazine and hence creates a
more hazardous health problem than hydrazine. The maximum allowable con-
centration of MMH vapor in air has not been established, but it has been
suggested that it be set within 0.1 and 0.5 ppm.

Liquid MMH is not sensitive to impact or friction and is more stable than
hydrazine under conditions of mild heating. The flammability character-
istics of MMH with air are close to those of hydrazine and UDMH; consequently
it should be maintained under a nitrogen blanket at all times. MMH must be
stored away from any oxidizers and from possible sources of ignition. All
metallic equipment employed for storage and handling of MMH requires ground-
ing to prevent an accumulation of static charge.

An extensive compilation of compatibility data for metals and non-metals is
not available. Due to the similarity in catalytic oxidation and chemical
activity for MMH and hydrazine, those metals found satisfactory for hydra-
zine should suffice for MMH. In general, monomethylhydrazine attacks
organic materials more readily than does hydrazine. Only short-term studies
on a selected few plastics have been reported; no long-term compatibility .
tests have been done. Vydax, a telomer of teflon plus Freon, has been used
for a lubricant however as a result deposits on close tolerance fits have
been reported to cause problems. Krytox 143 AB oil is recommended.

Table 3-4 lists the materials which have been found to be satisfactory
for use in the storage and handling of MMH.

PHYSICAL PROPERTIES

Molecular Weight 46.075
Freezing Temperature °F -63
Normal Boiling Point °F 189
Critical Temperature °F 609
Critical Pressure psia 1185
Heat of Vaporization Btu/lbm - 377

3-18
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Discussion of Problem Areas -
Monomethylhydrazine

Organic Polymers (2)* - In general, monomethylhydrazine attacks organic
materials more readily than does hydrazine. Materials satisfactory for

E% limited use include Teflon, some silicone rubbers, and high density

- polyethylene.

T Wet and Dry Lubes (2) - Because monomethylhydrazine is a better solvent
= than UDMH and N_H,, it also has attendant undesirable lubricant and '"wash-out"

effects. DuPon%'g Krytox 143 AB oil has been reported compatible with MMH.
Electrofilm 2406 and 1000 G dry film lubricants have shown an ability to
T withstand attack. However, lubricity after exposure is undetermined. Cico.

= 200-029-3 dry film lubricant has shown an increase in wear life after 72
hours exposure to monomethylhydrazine.
Eg Radiation Tolerance (2) - This rating was made by analogy to hydrazine
bt and UDMH, which have very similar chemical structure and physical and
— chemical properties.
1
L Effects of Leakage (1) - Monomethylhydrazine is somewhat more toxic

than UDMH or hydrazine; its flammability characteristics are similar. MMH
vapors detonate on ignition by static sparking. Iron rust promotes the
catalytic decomposition, resulting in spontaneous ignition. For effects
of space vacuum, see the discussed effects of leakage for hydrazine.
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% %% *Parenthetical enclosures refer to the Propellant Rating Chart, page 3-11
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TABLE 3-4. MONOMETHYLHYDRAZINE

COMPATIBILITY OF MATERIALS
FOR SHORT TERM USE2

MATERIAL TEMPERATURE

ALUMINUM ALLOYS
3003
5052
5154
6061-S Satisfactory below 160°F

MISCELLANEOUS ALLOYS
Titanium 6A1-4V
Columbium C 103

STEELS
303 Stainless Steels
304 Stainless Steels
321 Stainless Steels
347 Stainless Steels
17-7 PH Stainless Steels
4130P Satisfactory below 160°F

BRAZES
Aerobraze-T
82 Au-18 Ni Braze Alloy

PLASTICS AND ELASTOMERS

Natural Rubber Intermediated below 160°F,
Neoprene Intermediated below 160°F,
Polyethylene (high density) Good® below 160°F, 1 wk

Silicone Rubber Intermediated below 160°F,
Teflon Intermediated below 160°F,

Some unplasticized trichlorofluoroethylenes
Butyl Rubber Below 95°F

Two to four weeks.

Very susceptible to rusting.

Negligible weight change (0.5%); no change in elasticity.

Moderate weight change (0.5 - 2.5%); change in elasticity of 25-40%.

3-20
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3.6.1.3 Unsymmetrical Dimethylhydrazine (CHz),NNH, - UDMH is a derivative
of hydrazine and is a moderately toxic, shock Insensitive, storable liquid
propellant. It exhibits excellent thermal stability and resistance to
catalytic breakdown. It has a lower freezing point and higher boiling
point than hydrazine.

Due to an extremely wide flammable range in air and the possibility that
explosive vapor-air mixtures may be found above the liquid, UDMH should
not be exposed to open air. Instead, it should be stored in a closed
container under a nitrogen blanket,

At the present time test results imply that lubricants which are compatible
for use with UDMH are still in the development stage. Lubricants such as
APS C-407, Parkerlube 6PB, Molykote, and Peraline 12-4 may cause decomposi-
tion, while petroleum and silicone greases which do not react but are
dissolved by the UDMH.

Table 3-5 lists those materials which are considered to be compatible with
UDMH for long-term application.

PHYSICAL PROPERTIES

Specific Gravity 0.785 (60°F)
Molecular Weight 60.078
Freezing Temperature °F -72

Normal Boiling Point °F 146
Critical Temperature °F 480
Critical Pressure psia 880

Heat of Vaporization Btu/lbrn 250.7
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Discussion of Problem Areas -
Unsymmetrical Dimethylhydrazine (UDMH)

Organic Polymers (2)* - In view of the variable nature of the service
in which organic polymeric materials might be employed, it is difficult to
be specific regarding their performance. Because of the excellent solvent
properties of UDMH, most polymeric materials prove unsatisfactory. Numerous
plastics and rubbers are rated "good" (suitable for repeated short-term
exposure). Of the references cited, all indicated that Teflon was not
attacked by UDMH and rated it as suitable for long-term storage or exposure,

Wet and Dry Lubes (2) - Because of the excellent solvent properties of

UDMH, most lubricants are incompatible. Several lubricants, litharge,
glycerine paste, X-Pando, and Q-Seal, are compatible and have been employed
for pipe threads and other similar applications involving minimum contact
with UDMH. Petroleum and silicone greases do not react, however, they tend
to "wash-out" under dynamic conditions. DuPont's fluorinated grease,

Krytox 240 is compatible. Krytox 143 AB oil has been reported compatible
with MMH and should be considered for UDMH use.

Lubricity (1) - UDMH was found to have unsatisfactory lubricating
properties when subjected to bearing and gear tests. Th? performan?e was
thought to be related to the excellent solvent and reducing properties of
UDMH.

Radiation Tolerance (2} - See hydrazine.

Effects of Leakage (2) - Being chemically similar to hy?razine, the
same hazards are encountered as with that material. The maximum allowable
concentration is somewhat less (0.5 ppm) than hydrazine. It is flammable
in air, hypergolic in the presence of oxidizers; its excellent-solvent.
properties may cause malfunction of components constructed of 1ncomPaF1b1e
organic plastics with which it may come in contact. For space conditions,
see the discussion on effects of leakage for hydrazine,

*Parenthetical enclosures refer to Propellant Rating Chart, Page 3-11.
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TABLE 3-5.

COMPATIBILITY OF MATERIALS FOR

MATERTALS

UNSYMMETRICAL DIMETHYLHYDRAZINE (UDMH)

LONG TERM APPLICATIONS (NOTE 1)

TEST TEMP»°F

ALUMINUM ALLOYS?
1100
1100-H14
1260-H14
2014
2017
2024
2024-T3
3003
3003-H14
3004-H34
5052
5052-H34
5086
5086-H34
5154-H34
5456
6061
6061-T6
6063-T6
7075
7075-T6
356
356-T6
43

a Aluminum is attacked by UDMH if water is present, with the attack

160
145
145
140
75
75
145
86
145
145
160
145
85
145
145
140
160
145
145
160
145
160
85
145

being directly proportional to the amount of water present.
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UNSYMMETRICAL DIMETHYLHYDRAZINE (UDMH) (Continued) -
MATERIALS  TEST TEMP °F %%
STAINLESS STEEL 3

302 160 &
303 160
304 160 =
316 140 -
321 160 =
347 160 &
410 160 L
416 250 =
422 145 .
17-7 PH 160 ‘ |
Carpenter 20 140
PH15-7 Mo 85 <]
A286 85
AM350 : =
AM355 CRT 100 o
17-4 PH Cond H925 —
17-4 PH Cond H1151 -
MISCELLANEOUS METALS =
Copper 145 B
Hastelloy (B, C, X, F) 145 =
Haynes Alloy 25 140 =
Inconel 140 j
Magnesium Alloy AZ-31B-0 85 =
Magnesium Alloy AZ-31B, AZ-61A 130 =
Magnesium Alloy AZ-92-F 85 %
Mild Steel 140 _
4130 Steel 85 ==
Monel 140 B
Nickel | 140 ﬁ
5
3-24 =
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UNSYMMETRICAL DIMETHYLHYDRAZINE (UDMH) (Continued)

= MATERIALS ‘ 7 A . ‘TESTWTEMP °F
ki MISCELLANEOUS METALS (Cont.)

= Tantalum 140

== Titanium Alloy 6A1-4V

= Titanium A-55 (Commercially Pure) 145

- Titanium Alloy B-120VCA 145

E Titanium Alloy C-120AV 160

Columbium C 103

e

PLASTICS AND ELASTOMERS

= Butyl Rubber 140
= Kel-F (Unplasticized) 140
= Nylon 130
= Polyethylene 80
= Teflon (FEP) 160
H Teflon (TFE) 160
Eg MISCELLANEOUS MATERIALS
Delanium 75
= Glass Pyrex 160
< Graphitar No. 2 140
E% Graphite 75
=
= Note 1: Materials listed above are rated compatible based on a
_ corrosion rate of less than 1 mil per year and the
EE material does not cause decomposition, and is free from
- impact sensitivity. Non-metals are rated for satisfactory
%; service for general use,
£
=
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3.6.1.4 Aerozine-50 (50% Hydrazine/50% UDMH)- The storable fuel blend of
a nominal 50 percent by weight of hydrazine (N,H,) and 50 percent by weight

of unsymmetrical dimethylhydrazine (UDMH) is azhygroscopic (readily capable =
of absorbing moisture) liquid which is insensitive to mechanical shock but

flammable in both liquid and vapor states. When combined, there is a definite
tendency for each to dissolve in the other. Since the vapor above the fuel =
blend at 72°F is predominately UDMH, the flammability hazards of the mixture -
are the same as for UDMH. Explosion hazards can be minimized, however, by )
maintaining the fuel in closed systems. Eg

Most common metals which might be used for valve construction, with the
exception of the magnesium and copper alloys, are compatible with the
50/50 fuel blend providing they are clean. Care should be exercised when
using ferrous alloys because of the possible catalytic decomposition of
the fuel blend due to rust. Titanium alloy 6AL-4V has been reported non-
compatible based on hydrazine decomposition rate limits (see specific

i

Reference 128). -
Table 3-6 lists those materials which are considered to be compatible . =]
with the 50/50 fuel blend for long term application. -l
PHYSICAL PROPERTIES =
Molecular Weight 41.797 =

Freezing Temperature °F 18
Normal Boiling Point °F 170 -
Critical Temperature °F 634 =
Critical Pressure psia 1696 -
Heat of Vaporization Btu/lb_ 425.8 =
ﬁﬁé
ﬁ
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Discussion of Problem Areas -
Aerozine-50 (N2H4 and UMDH)

Organic Polymers (2)* - Most organic polymers either dissolve or
deteriorate in the presence of Aerozine-50. Teflon has proved most
successful for some uses; butyl rubbers are being used for most dynamic
seals.

Wet Lubes (2) - Certain silicone-base greases, polyglycol oils, and
powdered Teflon have been used for limited service. The fluorolubes
react; many dissolve. DuPont's fluorinated grease, Krytox 240 is
compatible.

Dry Lubes (1-2) - Graphite has been used, but found susceptible to
washing out under dynamic conditions. Electrofilm 2406 and 1000 have
shown resistance to propellant attack. However, lubricity after exposure
is unknown.

Lubricity (1) - Being a mixture of hydrazine and UDMH, Aerozine-50
would have properties similar to the two components.

Viscosity (2) - Because of the high freezing temperature (18°F) of
the Aerozine-50 mixture and the rapid increase in viscosity as this
temperature is approached, it is desirable to maintain fuel temperature
well above this point to insure proper flow characteristics.

Radiation Tolerance (2) - See hydrazine

Effects of Leakage (1-2) - The leakage effects will be similar to
those discussed for the components of the fuel blend.

*Parenthetical enclosures refer to Propellant Rating Chart, Page 3-11.
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TABLE 3-6. AEROZINE-50 (50% HYDRAZINE/50% UDMH)

18

COMPATIBILITY OF MATERIALS FOR =
LONG TERM APPLICATION
MATERIAL TEST TEMP °F e
ALUMINUM ALLOYS -
1100 55-60 H
2014-T4 55-60
*2014-T6 160 -
*2024-T6 160 -
2219-T81 55-60 -
3003-H14 150 =
5086-H36 160 ]
5254-F 160 ' %%
5456-H24 55-60
5456-H321 160 %g
6061-T6 160
6066 160 —
*7075-T6 160 -
356 160 -
Tens 50 160 =]
STAINLESS STEEL i
303 160
304L =
*316 160
321 160 i
347 160 v
PH15-7 Mo (Cond. A) 160 -
*17-4 PH 160 =
17-4 PH (Cond. A) 160 -
*AM355 (Cond. H) 160 =
*AM350 SCT 160
*410H and T 160
440C ' ' 160
*Disagreement exists among authorities as to acceptability. ) i3
'
3-28 : o
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AERQZINE-50 (Continued)

MATERTALS

TEST TEMP °F

OTHER METALS

*Anodize Coatings on Aluminum

Berlyco 25
Cadmium Plate
Columbium C 103

Non-porous Chromium Plating

Gold Plate
Monel
Nickel

Non-porous Electrolytic Nickel Plating

*Electroless Nickel Plating

Silver

Silver Solder

Stellite 6K

*Stellite 21

Stellite 25

A286 Steel (rust free)

*1020 Steel (rust free)

4130 Steel (rust free)

Ti Alloy A110-AT

Ti Alloy C 120AV

Ti Alloy B 120VCA
**Titanium 6A1-4V

Tin

Titanium Carbide (Ni Binder)

Tungsten Carbide

PLASTICS AND ELASTOMERS
Enjay 035

Fluorobestos filled with Asbestos

Fluorogreen

160
160
60

55-60
160
80
160
55-60
160
55-60
60
160
160
160
55-60
55-60
55-60
160
160
55-60
110
55-60
160
160

80
55-60
55-60

*Disagreement exists between authorities as to acceptability.

**Reported noncompatible based on limits of decomposition rate of hydrazine,

see specific Reference 128,
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AEROZINE-50 (Continued)

MATERIALS TEST TEMP °F -
PLASTICS AND ELASTOMERS (Cont.) ez
Hadbar $B800-71 Rubber 160 u
Kel-F 300 (15% Glass Filled) 75 s
Kel-F 300 (Unfilled) 75 =
Parker B496-7 Rubber 160 .
Low-density Polyethylene 60 ;E
Polypropylene 160
Precision Rubber 9257, 940, X559 80 =
Teflon (FEP) 70-80 -
Teflon (TFE) 70-80 =
-
Teflon filled with Graphite 55-60 =
Teflon filled with Molydisulfide 55-60 2%
Teflon filled with Asbestos 55-60 .
Zytel 31 Nylon "~ 70-80 g
Zytel 101 Nylon 60 ~
LUBRICANTS AND GRAPHITE =
Flake Graphite 80 EE
Graphitar 39 70-80 <
Graphitar 84 70-80 L
Graphitar 86 160 =
Microseal 100-1 (dry lube) 80
National Carbon CCP-72 160 <
Purebon P3N 160 B
Reddy Lube 100 80 _
Reddy Lube 200 _ 80 =
Silicone DC 11 80 : =
Water Glass Graphite 80 =
Krytox 240 80 e
=
g}
[}
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AEROZINE-50 (Continued)

MATERIALS TEST TEMP °F
CERAMICS
Rockflux 75
Sauereisen P-1 60
Sauereisen 31 60
Temporall 1500 60
ADHESIVES
Epon 422 80
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3.6.1.5 Hydrazine-Hydrazine Nitrate (HHN) - Hydrazine-hydrazine nitrate is a
mixture of hydrazine, nitrated hydrazine (N ,HgNO- ), and a small amount of
water. As such, it is more energetic, and more sen51t1ve to impact than

the regular hydrazine fuels and mixtures.

An extensive compilation of compatibility data for metals and nonmetals

is not available. All iron and nickel based alloys are incompatible with
hydrazine-hydrazine nitrate mixtures from gas evolution data and should
not be used. The most comprehensive testing of compatible metals thus

far has been done by Stanford Research Institute under contract to JPL.

In general, aluminum and titanium alloys are compatible with the hydrazine-
hydrazine nitrate mixtures, although some variability in compatibility and
corrosion is noted when the two types of alloys are stored together,

Most nonmetals that are compatible with other hydrazine fuels can be used
for hydrazine-hydrazine nitrate mixtures, although the compatibility varies
with the composition of the mixture.

Due to the presence of hydrazine nitrate, greater susceptibility to catalytic
decomposition is present, therefore, strict cleaning of materials in contact
with the mixture, and careful handling procedures are necessary.

Table 3-7 lists those metals which have been tested, and their compatibility
with hydrazine-hydrazine nitrate mixtures.

Discussion of Problem Areas -
Hydrazine-Hydrazine Nitrate (HHN)

Organic Polymers (2)* - In view of the variable nature of the service
in which organic polymers might be employed, it is difficult to be specific
regarding their performance. In general, HHN attacks organic materials
more readily than the other hydrazine fuels. Teflon is rated satisfactory,
with some silicone rubbers and high density polyethylene suitable for
limited use,.

Wet and Dry Lubes (2) - HHN, as other hydrazine fuels, has undesirable
lubricant and "wash out" effects. DuPont's Krytox 240 grease appears
compatible,

Viscosity (2) - The viscosity behavior of HHN is similar in nature to
the other hydrazine fuels.

Radiation Tolerance (2) - This rating was made by analogy to hydrazine
which is the major constituent of HHN, and the fact that the thermal and
catalytic decomposition mechanism appears similar.

Effects of Leakage (1-2) - This rating was also made by analogy to
hydrazine, with the added hazard of greater susceptibility to catalytic
decomposition.

*Parenthetical enclosures refer to Propellant Rating Chart, Page 3-11.
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TABLE 3-7.

HYDRAZINE-HYDRAZINE NITRATE

COMPATIBILITY OF METALS FOR LONG TERM APPLICATION

COMPATIBLE

NOT COMPATIBLE

ALUMINUM ALLOYS
a,b

6061-T6
2014-Té6
1100

TITANIUM ALLOYS

Ti-6A1-4V (ELI)®

Ti-5A1-2.5 Sn (ELI)P
Ti-6A1-6V-2 Sn (HT)"

Ti-6A1-6V-2 Snb

|

IRON BASED ALLOYS

AM 355 PH
17-4 PH

301 Full Hard
AFC-77 PH

Carpenter Custom 455
Maraging

NICKEL BASED ALLOYS

Inco 718

Compatibility is variable when stored with some titanium

alloys - Base (NaOH) passivation decomposes HHN.

|o
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3.6.1.6 Pentaborane (BZHQ) - Pentaborane is a high energy fuel which is

an extremely hazardous pyrophoric compound which is insensitive to mechani-
cal shock and in an inert atmosphere, exhibits satisfactory (to 77°F)
thermal stability. It exhibits hypergolicity with the high-energy oxi-
dizers, and behaves as a strong reducing agent in oxidation-reduction
reactions.

The boranes have a pungent, sickeningly sweet odor, and are toxic to a
high degree. Toxic concentrations are reached before any odor can be
detected and special detectors must be used. Any substance which will
function as a potential oxidizer will react with the boranes. Materials
such as water, air, metal oxides, and reducible organic compounds are in
this category. For this reason, considerable care should be exercised in
the selection of materials to be used with pentaborane, so as to avoid use
of any organic compounds containing a reducible functional group. Teflon,
Viton, Kel-F, and Fluorosilica rubber are among the compatible polymers.

Organic materials such as gaskets, lubricants, and seals must be chemically
inert if they are to be used. High-porosity castings and gaskets should be
avoided. Because of the ability of the boranes to reduce some metal oxides,
welded joints should be avoided in pipe constructions. To date, no metals
are known to be incompatible with pentaborane at ordinary room temperatures
and atmospheric pressures. Pentaborane forms shock-sensitive mixtures with
many highly chlorinated organic compounds such as carbon tetrachloride or
trichloroethylene and with organic compounds containing reactive carbonyl
groups such as acetone, other keytones and aldehydes. Thus, strict house-
keeping rules and thorough solvent removal procedures must be employed when
cleaning components such as valves, etc., in propellant systems using
pentaborane.

Table 3-8 lists those materials which are considered to be compatible
with the pentaborane for long-term application.

PHYSICAL PROPERTIES

Molecular Weight 63.17
Freezing Temperature °F -52
Normal Boiling Point °F 136
Critical Temperature °F 435
Critical Pressure psia 557

Heat of Vaporization Btu/lbm 219
Density, gm/cc 0.643 (32)
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Discussion of Problem Areas -
Pentaborane (BSHg)

Ceramics (2)* - Because of their strong reducing properties, penta-
boranes will reduce some metal oxides and also precipitate some heavy
metals from solutions of their salts.

Wet Lubes (2) - A number of lubricants are satisfactory for short-term
service; however, pentaborane, being soluble in these lubricants, presents
problems of cleaning, disposal, and '"wash-out" of lubricant from components.
Generally, non-lubricated valve designs acceptable for use with other toxic
and corrosive liquids may be used successfully with the boranes.

Effects of Leakage (1) - The toxicity of the boranes, with a tentative
thrshold limit of 0.005 ppm, would constitute a severe hazard to humans in
the event of leakage. The pyrophoricity of pentaborane in air has been a
controversial subject; however, it is generally agreed pentaborane must
be treated as if it were spontaneously flammable in air under most condi-
tions. For leakage in space, see the discussion on effects of leakage for
hydrazine.

Hard Seats (2) - Because of the necessity of eliminating all leakage,
soft seat materials compatible with the boranes are recommended. Particle
migration occurring where valve parts rub on plastic seals may cause
problems of seal life, plugging or opening and fouling up close tolerance
fits.

*Parenthetical enclosures refer to Propellant Rating Chart, Page 3-11.
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TABLE 3-8. PENTABORANE

COMPATIBILITY OF MATERIALS FOR
LONG TERM APPLICATIONS

MATERIAL

TEMPERATURE °F'

ALUMINUM ALLOYS

2024-T3

3003-H14

5052-8

6061-T6

7075-Té6

356-T6

Cadmium Coated Aluminum

Chromated Aluminum

STAINLESS STEELS

302
304
321
347

OTHER METALS

Brass

Cadmium Plated Steel
Copper

Hastelloy No. X-1258
Iron

K-Monel

Magnesium Alloy, AZ63A
Magnesium Alloy, AZ318
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75
75
75
75
75
75
75
75

75
75
75
75
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75
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PENTABORANE (Continued)

MATERIAL TEMPERATURE °F

OTHER METALS (Cont.)
Monel, Soft, M-8330-B

Nichrome '"V" 75
Steel 75
Titanium Alloy C-110M 75
Titanium Alloy C-130AM 75

NON-METALS

Fluoroflex T 75
Fluorosilicone Rubber 75
Graphitar No. 39 75
Graphite Impregnated Asbestos 75
Kel-F No. 5500 75
Kel-F § Glass Cloth 75
Kel-F § Glass Yarn 75
Molybdenum Disulfide 75
Pure Carbons 75
Rockwell Nordstrom Lube No. 921 75
Teflon 75
Viton 75
Viton A 75

Note 1: Materials listed above are rated compatible based on
corrosion rate of less than 1 mil per year and the
material does not cause decomposition, and is free
from impact sensitivity. Non-metals are rated for

satisfactory service for general use.
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INCOMPATIBLE MATERIALS

INCOMPATIBLE NON-METALS

PENTABORANE

INCOMPATIBLE LUBRICANTS

Foamglass

Dow Corning R7002 Foam
Dow Corning R7003 Foam
Napco F10 Foam

Napco B49

Natural Rubber

Nitrile Rubber on Nylon
Dow Corning 9283 Rubber
Saran

Nylon

Mylar

Tygon

Rubatex G-2027 N
Rubatex R-103 J
Fiberfrax No. XSW
Fiberfrax No. SIF

Dow Corning Silastic 80-24-480

Garlock Silastic 250
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Rockwell Nordstrom Lube
Rockwell Nordstrom Lube
Rockwell Nordstrom Lube
Rockwell Nordstrom Lube
Rockwell Nordstrom Lube
Rockwell Nordstrom Lube

Rockwell Nordstrom Lube

356
833
860
852-§
pP-21
P-55
942-S
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3.6.2 Oxidizers

3.6.2.1 Nitrogen Tetroxide (NTO) (NpO4) - Nitrogen tetroxide is a highly
reactive, toxic oxidizer, insensitive to all types of mechanical shock and
impact. It is a dense brown or green liquid, depending on the NO content,
and although it is nonflammable itself, it will support combustion and
will react hypergolically upon contact with certain high-energy fuels such
as the hydrazines. NZO can cause spontaneous ignition with common materials
such as leather and woog. The fumes are extremely toxic. Nitrogen tetroxide
is used as a storable propellant oxidizer and is used in the Titan II missile
and many spacecraft propulsion systems.

Dry nitrogen tetroxide is compatible with many metals and alloys used in
space vehicle construction. However, water contamination present in the
nitrogen tetroxide causes the formation of nitric acid, which is corrosive
to many metals; therefore, materials selected for use in N,0, should be
compatible with nitric acid as well. Gold and a few types of stainless
steel have been satisfactory as materials in nitric acid storage containers
and so should be best for long-term N,O, containment.

In general, aluminum alloys and stainless steels are most suitable for use
as materials in contact with dry nitrogen tetroxide. The resistance to
corrosion exhibited by the various aluminum alloys is a function of water
content in the nitrogen tetroxide and the aluminum content of the alloy in
question. As the water content in the nitrogen tetroxide exceeds 0.3
percent, highly alloyed aluminum (e.g., 7075 Aluminum Alloy) shows a sharp
increase in corrosion rates as contrasted by the purer aluminum alloys
(e.g., 1100 Aluminum Alloy), whose increase in corrosion rate is much less
pronounced. For stainless steel, however, the corrosion rate in nitrogen
tetroxide varies directly with water content.

Stress corrosion of titanium tanks has been experienced with the use of

Mil Spec grade N204 (MIL-P-26539A)., Addition of small amounts of NO (>1.0%)
in order to scaveénge the dissolved oxygen has given dramatic evidence of
reducing the incidence of stress corrosion in titanium tanks containing

NTO. Shot peening the inside of titanium tanks in order to produce a

surface under compression also has been effective in reducing corrosion by
brown NTO. Thus, the true nature of the factors producing stress corro-

sion in titanium by NTO are still incompletely resolved. Copper, magnesium
and nickel alloys are not recommended for use because of their poor corrosive
resistance to nitric acid.

The chloride content of NTO may also give rise to pitting corrosion, which
is a particularly serious matter with respect to very thin walled contain-
ers and/or bellows which must have long-term service life. This, coupled
with the demonstrated problems of nitric acid production from moisture
present and the uncertain role of Op in NTO, clearly dictate that the
aerospace designer should consider his choice of materials carefully in
order to minimize failure due to materials incompatibility.

Most nonmetallic materials show poor resistance to nitrogen tetroxide and

are considered unsatisfactory for use. Reaction of nitrogen tetroxide with
nonmetals can result in decomposition of the materials, causing degradation
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or complete destruction, or it can alter the physical properties such as

volume and/or hardness of the material. In certain cases, this reaction =
can be advantageous as in the case of butyl rubber seals. Reaction of the %3
butyl rubber with NTO results in tackiness and swelling which seems to

augment the sealing characteristics of the material. This type of seal -
has been reported successful in service for over one year. The propellant =
may also be affected in its physical characteristics. Of all the plastics o
available for use, Teflon and Teflon products exhibit the best resistance B
to nitrogen tetroxide; however, nitrogen tetroxide permeates and is absor- =
bed by Teflon. Results from permeability tests conducted show that the =]

permeability rate for Teflon TFE is three times greater than Teflon FEP.
Under certain conditions, Teflon in conjunction with NTO has caused increased
corrosion rates. This may be due to the water content of NTO; however, no
long-term storage data are available. Recently, the cyclized polybutadienes
(HYSTL) and some of the nitroso copolymers (CF3N0/C2F4), and terpolymers
(CF3N0/C6F5NO/C2F4) have shown promise as organic materials for use with

NTO.

i

L i

Another method of circumventing seal problems with NTO has been to design
the O-ring groove such that less than 2% seal exposure is allowed. The
swelling of the polymer then closes the gap and does not allow further
interaction of the seal with the NTO, It has been claimed that over ten
months storage life without leaks has been accomplished by this procedure.

w

G

Most lubricants in contact with nitrogen tetroxide are either dissolved
and washed off or undergo a substantial change in hardness. DuPont's
fluorinated grease, Krytox 240 and Krytox 143 AB and several dry lubricants
such as Molykote Z, Drilube 703, and Electrofilm 66-C have been rated as
compatible with nitrogen tetroxide. Microseal 100-1 is rated as compatible
with nitrogen tetroxide and does not undergo any physical changes.

i

/

Il
i

.

[

The formation of a gelatinous material has been reported and occurs during -
high velocity flow on N,0, through small clearances. Investigation of this

phenomena is being carrieﬁ out at several agencies and companies. The
formation of the clogging material seems to be correlatible to various
impurities in N,O, introduced either during the manufacture, storage, or
conditioning of the oxidizer. The materials that appear to be responsible -
are metal-N,0, reaction products and, possibly, organic species formed
subsequent to the actual usage of the Ny04.

Table 3-9 lists those materials which are considered to be compatible with

nitrogen tetroxide for long-term application. It should be noted that s

temperatures, temperature ranges and percent of water contamination are ==

parameters of conducted tests and are not necessarily temperature limits -

or moisture content limits, -
&
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PHYSICAL PROPERTIES

Specific Gravity 1.49 (60°F)
Molecular Weight 92.016
Freezing Temperature °F 11.8
Normal Boiling Point °F 70

Critical Temperature °F 316
Critical Pressure psia 1470

Heat of Vaporization Btu/lbm 178.2

Discussion of Problem Areas -
Nitrogen Tetroxide (N204)

Organic Polymers (2)* - No completely satisfactory nonmetallic material
has yet been found for use as valve seats. Most organic polymers have some
disadvantages, principally that of swelling when exposed to N,04. Polymers
of promise have not been fully characterized as yet in NTO service.

Wet Lubes (2) - Most lubricants absorb N O,, rendering them useless.
Certain silicone greases have limited use because they tend to absorb N20
slowly. DuPont's fluorinated grease, Krytox 240 and Krytox 143 AB has 4
been rated compatible. -

Dry Lubes (2) - A number of dry lubricants, including graphite and
molybdenum disulfide, show good compatibility, but tend to wash out under
flow conditions.

Effects of Leakage (1) - N20 is a highly toxic substance and thus is
classified as a poison on ICC régulations. The maximum allowable concentra-
tion of 5 ppm in air is accepted by the American Conference of Government
Hygienists., Because of its corrosive nature and reaction with, or absorp-
tion in organic materials, adjacent components may easily be affected by
N,0, leakage. The hypergolic nature of N,0, with many fuels constitutes
a potential fire problem if leakage allows the two propellants to mix,
Effects of leakage in space are discussed under the propellant hydrazine.

Soft Seats (1-2) - A limited number of nonmetallic materials are
satisfactory for short-term use, but it is recommended that polymeric seals
be avoided whenever possible. Teflon and Kel-F are the more resistant
plastic materials. Teflon, when compatible with N204, absorbs N,04 vapors
slowly. The resultant swelling may result in component malfunction.

*Parenthetical enclosures refer to Propellant Rating Chart, Page 3-11.
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TABLE 3-9. NITROGEN TETROXIDE

COMPATIBILITY OF MATERIALS FOR
LONG TERM APPLICATION

g

MATERTAL ] TEST TEMP °F % MOISTURE CONTENT

ALUMINUM ALLOYS

i
i

1060 80 0.2 to 1.0 z|
1100 60 0.3
1100-0 60 0.2 to 1.0 é?
2014-T6 60 0.2 to 1.0
2014-T6 (Hardas Anodize) 60 §§
2014-T6 (H2504 Anodize) 65 =
2014-T6 (Iridite) 60 -
2014-T6 (Welded) <
2024 140 0.2 to 1.0 —
2024-0 150 ]
2219-T6 60 .
2219-T81 60 ' 0.2 to 1.0 =
3003-H14 150 0.6
4043 80 -
5052 130 0.2 to 1.0 =
5086-H34 165 .
5086-H36 65 .
5254-F 65 -
5456 60 .
5456 H-24 60 0.2 to 1.0 e
5456 H-24 (Iridite) 60
5456 H 321 65 0.2 to 1.0 3
6061 130 -
6061-T6 130 0.2 to 1.0 n
6061-T6 (Welded) 65 el
6066 65
7075 60 -
7075-0 ' 150 .
7075-T6 150 =
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NITROGEN TETROXIDE
MATERIAL

TEST TEMP °F

(Continued)

% MOISTURE CONTENT

ALUMINUM ALLOYS (Cont.)

Haynes Stellite 25

7075-T6 60
356 80
356-T6 (See Incompatible Listing) 80
Tens 50 65
STAINLESS STEELS
a0 110
416 110
430 110
440C 110
302 100
303 80
304 140
304L 165
316 65
321 (Incl. Welded) 60
347 (Incl. Welded) 100
17-4PH (Cond. A) 65
17-4PH (H1000) 100
17-4PH 65
17-7PH (TH950) 100
17-7PH (RH950) 100
AM-350 (Annealed) 100
AM-355 (Cond. H) 100
Titanium*
MISCELLANEOUS METALS

Chromium Plate 60
Haynes Stellite 1 100
Haynes Stellite 12 100
Haynes Stellite 6K 65
Haynes Stellite 21 65

3-43

0.2 to 1.0

0.2 to 1.0

0.2 to 1.0
0.2 to 1.0
3.2

3.0
10.0

0.3
3.0

10.0

*Compatible with Mil Spec grade N204 containing NO as an inhibiter.



NITROGEN TETROXIDE (Continued)

L

MATERIAL TEST TEMP °F % MOISTURE CONTENT

MISCELLANEOUS METALS (Cont.)

Haynes Stellite 93 100 %
Gold 75
Gold Plate 60 =
Cast Iron 80 e
Carbon Steel 80
Mild Steel 140 =
1020 Steel 130 o=
A-285 (Grade C) 165 3.2 -
8630 Steel 140 _
A286 (Annealed) Steel 100 %
A286 (Aged) 60 B
PH15-7 Mo (Cond. A) 165 3.2
Magnesium, 100A 60
Magnesium, HM21A-T8 60 =
Nickel Electroplate 60 =
Electroless Nickel Plate 100 s
Inconel 65 =]
Monel 65 B
Ni-Span-C 60 E
Inconel X 75 7
Platinum 75 -
718 Braze 6061-T6Al 65
Pure Tin Solder on 303SS 65 2
Easy Flo Braze on 347SS 65 =
Tantalum 75 &3
Tin 80 %
Columbium 75 _
=
=
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NITROGEN TETROXIDE (Continued)

3 MATERIAL TEST TEMP °F % MOISTURE CONTENT
NON-METALS
Eg Microseal 100-1 on 2014-T6Al 100
- Teflon TFE 75
- Teflon FEP | 160 0.2 to 1.0
o Teflon Graphite 75
E% Teflon MoS2 75
L Teflon Asbestos 75
- Teflon Glass Filled 80
%% Alcar 191 67
Armalon 7700 75
E% Armalon 7700B 75
- Fluorobestos 60
5% Fluogreen - 60
= Genetron GCX-3B 80
z Genetron XE-2B 65
b Kynar 80
2 Raythene N. (Irradiated) 65
B Tedlar 67
§§ LUBRICANTS 0.2
XC 150 65
s Molykote Z 60
= Microseal 100-1 67
gg Lox Safe 80
= Flake Graphite 80
. Graphitar 2, 14, 39, 50, 86 67
: CCP-72
3 Fluorolube MG6DO 80
Fluoroethane G 80
Krytox 240 80
;; Krytox 143 AB
=]
H

1

3-45

i

I
il



NITROGEN TETROXIDE

MATERIAL

(Continued)

TEST TEMP °F

% MOISTURE CONTENT

SEALANTS AND POTTING COMPOUNDS

Reddy Lube 100

Reddy Lube 200
Waterglass-Graphite
Oxylube Sealant

Teflon Tape (Unsintered)
Crystal M§&CF

4-3

Sauereisen P-1

Proseal 333
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160
67
80
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INCOMPATIBLE METALS

Cadmium
Lead

NITROGEN TETROXIDE

INCOMPATIBLE MATERIALS - Note 1

356-T6 Aluminum Alloy (110°F, 1.9 yr)

Copper -
K-Monel

Silver

Sintered Molybdenum

Zinc
Zirconium
Cobalt

Hastelloy B (110°F)

Magnesium A231C (110°F)

INCOMPATIBLE NON-METALS

ELASTOMERS

Natural Rubber
Butyl Rubber
Buna-N
Neoprene

Viton

Chloroprene

Ethylene Propylene

Silicones
Kel-F
Hypalon

Polyurethane

3-47

INCOMPATIBLE NON-METALS

PLASTICS

Kel-F

Polyethylene

Nylon

Mylar
Polyvinylidene Chloride
Acrylics

H-Film
Polypropylene
Silicone Laminates
Epoxy Laminates
Phenalic Laminates
Polyester Laminates
Polyvinyl Chloride
Epon Resins

Acetal Resins

Vinyl



NITROGEN TETROXIDE

INCOMPATIBLE MATERIALS Note 1

INCOMPATIBLE NON-METALS INCOMPATIBLE SEALANTS
AND POTTING COMPQUNDS
LUBRICANTS
DC 11 Polysulfides
DC 33 RTV Silicones
DC 510 ' Epon Resins
DC 550 Polyesters
Molykote M-8800 Polyurethanes
Molykote X-106
Drilube 7
Drilube 1
Surfkote N-1284
Rayco 30

Electrofilm 66C
Johns Manville No. 60

Note 1 - Plastics, elastomers and sealants are generally listed by chemical
family. While not all commercial products have been tested, it
has generally been determined that these chemical families are
incompatible. Lubricants included are rated on basis of wash-out
tendencies or failure to maintain lubricity after propellant

exposure.
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3.6.2.2 Corrosion of Materials with Impure N204 - TRW Systems performed

corrosion testing using engineering materials at elevated temperatures with
impure N,0, for NASA (General Reference No. 18). It was the intent of the
NASA program to enhance corrosion, not suppress it, for purposes of deter-
mining the effect of corrosion products on contaminating the N>O4. However,
this information and test data generated is valuable, since it represents
the only known matrix testing done showing the effects of impurities in the
propellant on corrosion. The work also included a different rating analysis
on reporting corrosion not generally used by investigators. The test
specimens were unstressed samples of 6061-T6 aluminum, 347 stainless steel
and Ti-6A1-4V alloy subjected to one and four months duration at 165°F.

The specimens measured nominal 0.025 inch thickness x 3/4 inch x 4 inch

long and were placed in glass capsules containing the N,O4 and sealed.

The impurities individually added to the N,0, are 1istea as follows:

ADDED IMPURITY PRE-STORAGE CONCENTRATION, % w/w
Chlorine (C12) 0.10

Water (HZO) 0.91

Oxygen (02) 0.04

Nitrosyl Chloride (NOC1) 0.025

Nitrosyl Chloride + O2 (NOC1 + 02) 0.054 NOC1 + 0.050 02

The effects of the selected impurities in the corrosivity of N,0, showed
no significant increase in dissolved metal content with time. "0 all the
impurities, water resulted in the greatest increase in corrosivity, Tables
3-10, 3-11, and 3-12, present a visual description of the appearance of the
one and four month specimens. Tables 3-14 through 3-16 list the results

of the corrosion testing for all three metals. Table 3-13 gives the
definitions of the rating analysis used in the corrosion results of Tables
3-14 through 3-16. The rating analysis is taken from Champion, General
Reference 1.

6061-T6 Aluminum - The water contaminated N,04 caused the greatest
weight change in the aluminum and also caused the greatest structural damage
to the metal. A significant decrease in water content after the four month
storage period is noted. The samples were covered with a very thick, white
coating which was easily removed by washing. Greatest damage appeared to be
concentrated in the rolling marks left in the metal during sheet fabrication.
Oxygen and 0,/NOC1 impurities caused general dark discoloration and pitting,
with no deposit buildup. In the case of the oxygenated N,O4, no change in
oxygen content occurred after one month storage whereas four month storage
apparently resulted in O; depletion. An unexpectedly large negative oXxygen
value was obtained for the one month 0,/NOC1 fluid, reported as a positive
nitric oxide (NO) content. Apparently either an impurity was present or
spurious reaction occurred to cause consumption of oxygen. It is not
possible that the oxygenation apparatus leaked, however, it is conceivable
that an error in weighing caused the anomalous value. No change in NOCl
content was detectable in the 02/N0C1 fluid after one or four months.
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Of interest is the very small degree of corrosion caused by the Cl, and

NOC1 contaminated N204, because it has been postulated that the chloride

ion and/or molecular chlorine may be one of the principle species respon-
sible for metal degradation in N 04. The slight decrease in chlorine
content is not considered significant in view of the fact that the

specimens were not corroded significantly. Furthermore, they were extremely
similar to the specimens exposed to uncontaminated N,04. The larger values
for NOC1 content after storage are not particularly surprising as many
instances of chloride buildup are reported in the literature.

347 Stainless Steel - The most severe attack was obtained in the 0y,
H20, and 0,/NOC1 contaminated N,O, test fluids. Crystals formed on the
specimen surface in the H,0 contaminated N,0, were of a green color when
viewed by reflected light, but were red when viewed by transmitted light.
The crystals formed in the 02/NOC1 contaminated NZO were red when viewed
by either light mode, and in addition, reacted vigorously (effervesced)
when exposed to either atmospheric oxygen or water vapor. A significant
water decrease and complete consumption of oxygen in the stainless steel
tests were the most notable changes in contaminant additive. Once again
an anomalous positive NO content results for the one month fluid contamina-
ted with OZ/NOCI. The chlorine and NOC1 contents changed moderately and
insignificantly, respectively.

The general mode of corrosion for the stainless steel specimens was primarily
minute pitting. Some surface roughening was also evident, however, since

the objective of this task was to enhance, not suppress corrosion, none of
the specimens were passivated prior to storage. The stainless steel speci-
mens, however, did passivate to an extent, as can be noted from the thickness
changes in the one and four month storage samples.

Ti-6A1-4V Alloy - The titanium alloy specimens were the least affected
of any of the alloy systems by the corrodent fluids. The specimens appear
somewhat darker than normal due to their high reflectivity. Some surface
discoloration was evident on the specimens but they did not appear to be
affected otherwise. No evidence of pitting or general attack was found in
any of the specimens, and the only effect of the corrodent fluids noted
was to slightly roughen the surface. In general, slight to moderate changes
in contaminant level occurred with the exception of the four month 0, and
water concentrations which decreased markedly, though no corresponding
increase in corrosion was found.
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3.7 SPACE STORABLE PROPELLANTS A
3.7.1 Fuels _

3.7.1.1 Diborane (B,H ) - Diborane is used as a high energy fuel. It is
extremely toxic., Diborane is insensitive to mechanical shock and exhibits
satisfactory (77°F) thermal stability in an inert atmosphere. It exhibits =
hypergolicity with the high energy oxidizers and behaves as a strong %?
reducing agent in oxidation reduction reactions.

Diborane as a liquid is water clear and is considered to be a mild cryogen H
normally kept at temperatures below 0°F. Diborane has a distinctive odor -
described as rotten eggs, sickly sweet and musty or foul. The recommended

threshold limit is 0.1 ppm for an 8 hour exposure. Toxic concentrations B
are reached before any odor is detected. The ability to detect the odor =
decreases with exposure, therefore, special detectors must be used. Any

substance which will function as a potential oxidizer will react with —
diborane including such materials as water, air, some metal oxides and -

reducible organic compounds. Diborane decomposes slowly at room tempera-
ture to hydrogen and high-molecular weight boran hydrides. Diborane is —
completely hydrolized by water: =2
-
6H20 + B2H6 ——p- 2B (OH)3 + 6H2 =
=
The compatibility of diborane with other materials is similar to those -
listed under pentaborane except that diborane is somewhat more reactive s
than pentaborane at normal storage temperatures. In comparing chemical s
compatibility of pentaborane with diborane considerations should be given
to problems associated with the lower temperature of the gaseous state of o
diborane. =

Diborane must be stored and transferred in totally closed systems that are
clean, dry, and free of air. Gases for purging and pressurizing diborane
systems include nitrogen and helium (carbon dioxide is not suitable). The
pressure over diborane should be greater than atmospheric to minimize the 2
probability of air seeping into the system. Double-walled storage and F
transfer systems are sometimes used where leaks pose a serious hazard; purge
gas circulated between the walls is passed through a detector that signals :
the presence of diborane should a leak develop through the inner wall. éa
Special precautions must be observed in cleaning hardware for diborane

services as diborane may react explosively with residual halogenated sol- —
vents such as carbon tetrachloride. E

Table 3-17 lists the materials considered to be most recommended for diborane.
In all cases, these materials are suitable only if strict control of surface Ea

contamination and careful attention to minimize thermal fluctuations above u
-20°C are maintained.
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PHYSICAL PROPERTIES

Molecular Weight 27.69

Freezing Temperature °F T -265

Normal Boiling Point °F -134

Critical Temperature °F 62

Critical Pressure psia 581

Heat of Vaporization Btu/lb_at NBP 222 .

Viscosity of Liquid at NBP 9 x 1077 1b/ft - sec.

Specific Gravity of Liquid at NBP .437

TABLE 3-17, DIBORANE

COMPATIBILITY OF MATERIALS FOR LONG TERM APPLICATION

COMPATIBLE MATERIALS INCOMPATIBLE MATERIALS
Metals Non-Metals

Most Natural and Synthetic
Elastomers

Stainless Steel 18-8 Series
Low Carbon Steels

s a
Nickel Silicone Grease —

a
Monel Fluorolube FS —

Brass
Titanium

Non-Metals

50-50 Polyethylene Polyisobutalene
Kel-F

Glyptal

Vaseline-Paraffin-Graphite

Asbestos-Graphite-Copper Packings

a These materials absorb small quantities of diborane and thus are
suitable for limited service only.
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3.7.1.2 Hybaline A-5 - Hybaline A-5 is a pyrophoric, high energy fuel
blend, of low volatility and reacts violently with water. Its composition
is classified.

Cursory tests have been performed on some materials, although no definitive
evaluation has as yet been conducted. Two separate investigations have
been performed on the compatibility and corrosion rates of structural
materials in Hybaline A-5 liquid and vapor at 50°C (122°F). Some discre-
cancy is noted on the compatibility of copper and brass toward the decom-
position of Hybaline A-5, thus, caution is recommended until extensive
investigation resolves these differences. The primary corrosion agents

in the mixture are chlorides, utilized in the synthesis, which are not
completely removed from the product.

The results of the two investigations are listed in Table 3-18. Materials
listed as compatible have low (0.1 MPY avg.) corrosion rates and/or do not
catalyze the decomposition of Hybaline A-S.

Discussion of Problem Areas -
Hybaline A-5

Metals, Ceramics, Organic Polymers, Wet and Dry Lubes (2)* - There is
not sufficient data available on Hybaline A-5 to enable a reliable assess-

ment of materials compatibility, but it would appear that no serious problems

exist with these materials.

*Parenthetical enclosures refer to Propellant Rating Chart, Page 3-11.
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TABLE 3-18,

HYBALINE A-5

COMPATIBILITY OF MATERIALS AT 122°F

COMPATIBLE METALS

NON-COMPATIBLE METALS

ALUMINUM

11002
2104-T6
2024-T3
6061-T6
7075-T6
7075-T73
356-T6

Titanium Alloy A-110 AT?

STAINLESS STEELS

17-7 pH?
17-4 PH
302
304L2
316

321

347

410

NON-METALS

Mylara

Teflon (TFE and FEP)?
a

Kynar

Polyethylenea

Buna-Na

Halocarbon Greasea

Dow Corning Hi-Vac 0i1?

Coppera

a
Brass

NON-METALS

3-61

Neoprene

Viton-A

Tygon

Ke-F 90

Fluorolube 362

Dow Corning Valve
Seal Aerochlor 1254

a - exposure for 2 months. Other data is for a static, twenty-one day test.



3.7.1.3 Liquid Petroleum Gases (LPG) Propellants - The LPG propellants
are colorless, flammable hydrocarbons, which are normally gaseous at room
temperature and atmospheric pressure. The primary pure materials of
interest are methane, propane, and butene. A pentane blend has also been
proposed for use. The LPG propellants are not considered toxic gases.
Methane acts physiologically as a simple asphyxiant. Butene and propane,
in higher concentrations, also have an anesthetic action. Self-contained
breathing apparatus, therefore, should be used if there is a suspected

high concentration of these gases present, as in the case of a spill, etc.

The LPG propellants should be stored away from any oxidizer and from

possible sources of ignitions. All metallic equipment required for storage

and handling should be grounded in order to prevent an accumulation of
static charge,

Since the LPG propellants are non-corrosive, any common or commercially
available metal may be used if the propellant is in the gaseous state.
Metals having acceptable low temperature physical properties must be

utilized in storing liquid methane, however, since it boils at -259°F (1 atm).

Inasmuch as the propellants are hydrocarbons, they exert a solvent action
on many greases, plastics and rubbers. Thus, consideration must be given
to the types of organic materials which may come in contact with the
propellants, Teflon, nylon, and the alkylene polysulfides are all resis-
tant to attack, with the neoprene and butadiene-acrylonitrile rubbers
being slightly less resistant.

PHYSICAL PROPERTIES

Methane Propane 1-Butene
Molecular Weight 16.04 44,10 56.10
Freezing Point °F
at 1 atm -296 -306 -303
Normal Boiling Point °F
at 1 atm -259 -44 20.7
Critical Pressure, psia 693 617 583
Latent Heat of
Vaporiation, cal/g 121.9 1061.8 93.4
3-62
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Discussion of Problem Areas -
Liquified Petroleum Gases (LPG) Propellants

Radiation Tolerance (2)* - Since butene is an unsaturated hydrocarbon,
reactions such as polymerization or molecular rearrangement can occur.
Polymerization by free radical extension is normally carried out using
catalysts, but can be induced by ionizing radiation. If the polymerization
initiation is widespread throughout the storage tank, a violent and
uncontrollable reaction may take place. Slow polymerization may result
in the formation of sludge or varnish, leading to system malfunctionm.

Wet and Dry Lubes (2-3) - Because of the solvent properties of the
propellants, there tends to be undesirable "wash-out" effects on lubricants.
These problems can be minimized by the use of glands and seals. Experience
in the petroleum industry with such lubricants as Plastilube #1 (Lubrication
Company of America), John Crane Insoluble Gasoline Lubricant (Crane Packing
Company), and Dow Corning Valve Seal (Dow Corning), indicated that these
materials may be satisfactory for use.

Effects of Leakage (2) - Because of the extensive flammability of the
propeliants, the main hazard lies in the accumulation of vapors in confined
areas, where the possibility of accidental ignition can occur. However,
inasmuch as the gases are non-toxic, possess low flammability limits and
since reliable vapor detectors are available, proper ventilation and
elimination of sources of ignition reduce the danger of fire or explosion.

*Parenthetical enclosures refer to the Propellant Rating Chart, Page 3.11,

3-63



3.7.2 Oxidizers

3.7.2.1 Chlorine Trifluoride (CTF) (C1F3) - Chlorine trifluoride, like
fluorine, is among the most active chemicals known. Being a very strong
oxidizing agent, it reacts vigorously with most oxidizable substances at
room temperature and with most common metals at elevated temperatures,
Under ordinary conditions, chlorine trifluoride reacts violents with water
or ice, It is, however, insensitive to mechanical shock, nonflammable in
dry air, and shows good thermal stability at ambient temperatures. Although
some surface staining has occurred in tests employing impact, there has
been no evidence of ignition utilizing aluminum, copper, magnesium or
titanium in either gaseous or liquid CTF. Since CTF is probably the most
corrosive and toxic of the interhalogens, the materials and precautions
given for it are sufficient for use with the other halogen fluorides.

The corrosion resistance of all materials of construction used with chlorine
trifluoride depends on the formation of a passive metal fluoride film which
protects the metal from further attack. It is important that this film
exhibits a tenacious bond with the parent material and not be easily removed
or soluble in the CTF. Successive wearing operations can destroy the film
and result in a "pseudo-corrosion rate" which is due to the inability of

the film to withstand the operation and not due to a basic incompatibility
of the material. The ability of some metals such as Monel, copper, nickel,
stainless steel, etc., to form this tenacious, passive, metal-fluoride

film makes them resistant to attack by chlorine trifluoride. Among the
metals mentioned, Monel and nickel are preferred because of their resistance
to hydrogen fluoride and hydrogen chloride, which are formed by the reaction
of chlorine trifluoride with water. Aluminum alloys, 18-8 stainless steels
and K Monel have been used for bellows materials. Gaskets have been made
from sterling silver and lead-indium alloys, copper braid backed in Teflon,
and calcium fluoride filled Teflon., Tin, indium carbon and boron carbide
have been used for rotating seals.

Table 3-19 lists those materials which are considered to be compatible
with chlorine trifluoride under most conditions for long-term application.
However, materials that are listed in the table must be thoroughly cleaned
and passivated (in the case of metal) to insure a contamination-free
surface. All chlorine trifluoride systems must also be dry and leak proof.

PHYSICAL PROPERTIES

Specific Gravity 1.83 (60°F)
Molecular Weight 92.46
Freezing Temperature °F -105
Normal Boiling Point °F 53
Critical Temperature °F 345
Critical Pressure psia 838
Heat of Vaporization Btu/lbm 128

3-64

o)

g K.

T
B0

d

]
i i

m,k y

E:]
Pia i

g

1 4552?"
ARF

)
il i dhal; »



i I

am O

mm

Ul

m

0

oy o

{rn

{07

'

L
i

o

urn

ot

1

e

1

e
.E!id

L}

l [
[}

N

{7

il

nr

Discussion of Problem Areas -
Chlorine Trifluoride (C1F3)

Organic Polymers (1-2)* - Most organic polymers undergo spontaneous
ignition and/or absorption of ClF; to form detonable mixtures, hence use
of components incorporating plastic materials is not recommended. Teflon
and Kel-F have been found acceptable under static propellant (nonflow)
conditions; however, they may ignite when heated.

Wet and Dry Lubes (1) - No completely satisfactory lubricant is known.
Most lubricants ignite spontaneously and/or form detonable mixtures with
chlorine trifluoride. However, see remarks under fluorine.

Effects of Leakage (1) - Leakage cannot be tolerated in valves used
with chlorine trifluoride. Although CIF, is nonflammable in air and
exhibits excellent thermal stability at ambient temperatures, it does
represent an extremely hazardous propellant due to its toxicity and extreme
reactivity with the vast majority of organic and inorganic compounds. At
elevated temperatures it will react vigorously with most common metals;
the propellant readily ignites organic materials such as solvents and
lubricants. Space leakage 1is discussed under hydrazine,

Soft Seats (1-2) - Soft seats made of plastic materials generally are
unsuitable for service with chlorine trifluoride. Some success has been
found using Teflon impregnated with 40% calcium fluoride.

Hard Seats (2) - A very limited number of soft metals (principally
aluminum 1100 and copper) have been found satisfactory for valve seat
use. The seats should be thoroughly cleaned and propellant passivated
prior to installation.

*parenthetical enclosures refer to Propellant Rating Chart, Page 3-11.
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TABLE 3-19. CHLORINE TRIFLUORIDE (CIFS)

MATERIAL TEMP °F MATERIAL TEMP °F
ALUMINUM ALLOYS OTHER METALS
1060 85 A-Nickel 85
1100 85 Copper 85
2014 85 ‘ Incoloy 85
2024 85 Inconel - 85
3003 85 Indium
5052 85 Lead Indium Alloy
6061 (Welded) 85 Tin Indium Alloy
6063 Magnesium AZ-31B 85
6066 Magnesium HM-21A 85
356 Magnesium HK-31A 85
Teﬁs 50 Monel 85
K. Monel
Nitralloy

STAINLESS STEEL

Silver Solder

301 Sterling Silver

502 Tin

303 85

304 85

316 85 NON-METALS

321 Boron Carbide

347 85 Carbon

403 85 Kel-F (Under Static Cond. Only)
PH 15-7 Mo 85 Teflon (Under Static Cond. Only)
410 85 Teflon-40% CaF2

Note 1: Materials listed above are rated compatible based on a

corrosion rate of less than 1 mil per year and the material
does not cause decomposition, and is free from impact
sensitivity. Non-metals are rated for satisfactory service

for general use.
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3.7.2.2 Chlorine Pentafluoride - Chlorine pentafluoride is among one of
the most energetic oxidizers in use as a rocket propellant.

Immersion of TFE Teflon and Kel-F in liquid chlorine pentafluoride up to
86°F resulted in moderate weight gains, particularly for Kel-F. Complete
and rapid reaction of columbium and molybdenum and degradation of blocks

of carbon and graphite to powders resulted from immersion in this propellant.
There was no change in titanium from immersion in chlorine pentafluoride,
however. Ignition could not be initiated by impassing aluminum 2014-T6,
magnesium AZ 31B, nickel 200, or 347 stainless at 65 ft-1bs in the liquid

at 86°F. Teflon TFE violently reacted when impacted under similar circum-
stances with 410 stainless. Table 3-20 lists those materials which showed
minimal corrosion rates at 86°F or 150°F.

Discussion of Problem Areas -
Chlorine Pentafluoride

Organic Polymers (1-2)* - Most organic polymers undergo spontaneous
ignition and/or absorption to form detonable mixtures, hence use of com-
ponents incorporating plastic materials is recommended. Teflon TFE and
FEP have been found satisfactory under static propellant conditions;
however, they may ignite when heated or impacted.

Wet and Dry Lubes (1) - No completely satisfactory lubricant is known.
Most lubricants ignite spontaneously and/or form detonable mixtures.

Effects of Leakage (1) - Leakage through valves presents a serious
hazard, due to its toxicity and reactivity with most known materials. In
addition, the effect of leakage is usually to increase the size of the
leakage passage and thus present an increasing exposure threat to its
surrounding environment. Space leakage is discussed under hydrazine.

Soft Seats (1-2) - Soft seats made of plastic are unsuitable for
service, CaF, - filled Teflon might be applicable under special conditions.

Hard Seats (2) - No data is available, but probably valve seats found
suitable for use in the more energetic oxidizers would prove satisfactory.

*Parenthetic enclosures refer to Propellant Rating Chart, Page 3-11.
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TABLE 3-20. CHLORINE PENTAFLUORIDE

CORROSION RATE

MATERIAL MPY (21 day storage)
o 86°F 150°F
Aluminum 2014-Té6 0.03 0.00
Aluminum 6061-T6 0.01 0.00
Yellow Brass, 1/2 Hard 0.13 0.66
Copper ETP, Soft Temper 0.07 0.17
Magnesium AZ 31B-0 0.06 0.07
Monel 400, Annealed 0.00 0.00
Nickel 200, Annealed 0.00 0.01
347 S5, Hot-rolled 0.00 0.00
410 S5, 180-200 ksi T.S. 0.00 0.67

3.7.2.3 Oxygen Difluoride (OF,) - Oxygen difluoride is a colorless gas

at room temperature and atmospﬁeric pressure, condensing to a yellow liquid
at -229°F. It has a foul odor. The limit of detectability appears to be
in the range of 0.1 ppm; 0.5 ppm in air is easily detected. Based on
present knowledge, oxygen difluoride must be regarded as a highly toxic gas,
possessing the same lethal characteristics as phosgene.

Oxygen difluoride is a powerful oxidizing agent similar to fluorine and

the halogen fluorides, but is generally considered to be much less reactive
than fluorine. It is capable of reacting with a majority of inorganic and
organic compounds provided sufficient activation energy is available.

When reaction with OF, occurs, high heats of reaction are common, many
sufficiently energetiC to cause ignition. Reports on hypergolicity of

fuels such as hydrazine, ammonia and monomethylhydrazine give varying con-
clusions; hence, the materials should be treated as potentially hypergolic
at all times. Oxygen difluoride and diborane are unquestionably hypergolic.

Oxygen difluoride is a relatively stable compound in that it does not detonate

by sparking and was found to be insensitive to shock at -320°F. It does,
however, begin to decompose thermally at approximately 480°F.

The data for materials compatibility are limited but they do show that no
major problems are to be expected with the majority of metals. It has been
reported that a few metals including Titanium 110 AT, tantalum, magnesium
and lead, exhibit moderate-to-violent reactions when subjected to shock
loading in the presence of OF,, but the data is limited and somewhat in-
conclusive. Some references indicate both magnesium and titanium can be
utilized, whereas others reject these metals due to impact semsitiveness.
In no cases, however, has titanium demonstrated shock sensitivity to the

point of flame propagation, as it does with oxygen.
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Another important aspect to be considered is the purity of OF,. In "pure"
OF.,, titanium exhibits one of the lowest corrosion rates of a%l metals;
however, in doped OFZ’ particularly with O and HF present, extensive
corrosion occurs, Gefieral Reference 20. us, more complete testing with
actual propulsion components is indicated.

In like manner, Teflon, Kel-F and graphite indicate shock sensitivity.

Parts made of these materials are not suitable for OF, applications if shock
or impact loading is a requirement. On the other hand, there exists some
service experience with valves containing fluorinated polymers such as
Teflon, Alcar and Halon in contact with the liquid phase.* These data are
insufficient, but results are reported to be encouraging. Oxygen difluoride
can be handled readily in most common metals and glass, with the choice
dependent upon the service requirement. Metals such as stainless steel,
copper, aluminum, Monel, and nickel may be used for gas and liquid service
from cryogenic temperatures to approximately 400°F,

Table 3-21 lists the materials considered to be compatible with oxygen
difluoride. Tests were conducted with liquid OF, at -109°F.

PHYSICAL PROPERTIES

Specific Gravity 1.496 (-288.8°F)
Molecular Weight 54.00

Freezing Temperature °F -370.8

Normal Boiling Point °F -288.6

Critical Temperature °F -72.8

Critical Pressure psia 719

*Although most data indicate that these materials are recommended
for gas phase service only.
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Discussion of Problem Areas -
Oxygen Difluoride (OFZ)

Ceramics (2)* - Oxygen difluoride exhibits a strong oxidizing power
similar to that of fluorine, and thus reacts with the vast majority of
inorganic and organic materials. Extreme care should be taken to select
materials compatible with the propellant under the temperature extremes
of its environment,

Organic Polymers (2) - Polymers such as Teflon (TFE and FEP), Kel-F-81,
the fluorosilicones, the vinyl silicone elastomers and Cis 1-4 polybutadiene
have been utilized for limited service at moderate temperatures.,

Wet and Dry Lubes (1) - There is no known lubricant for use in contact
with liquid or gaseous oxygen difluoride. Because of the high reactivity
of OF, with organic materials, conventional lubricants should definitely
be avoided. Even the most likely candidates, the normally unreactive
perfluorinated hydrocarbon lubricants, are degraded in the presence of
liquid or gaseous OF,. It is therefore recommended that all valves be
designed so as to eliminate the use of a lubricant in intimate contact
with this oxidizer,

Soft Seats (1) - Soft seat materials are often used at cryogenic
temperatures, however, this use is normally limited to polymers rather
than elastomers. Extreme care must be used with polymers in OF, service
due to possible reaction with the propellant, The use of polymérs should
be limited to static seals not exposed to the flow stream. All metal
valves with metal to metal seats are preferred.

Effects of Leakage (1) - Oxygen difluoride displays properties similar
to those of liquid fluorine, but is generally considered to be less reactive
and easier to handle. It is a relatively stable material in that it does
not detonate by sparking, but it does begin to decompose thermally at
elevated temperatures (about 480°F). Tests of reactivity to fuels such as
hydrazine, ammonia, and monomethylhydrazine have given varied results as
to its hypergolic nature. However, it should be assumed that the oxidizer
is hypergolic with all fuels because of its very strong oxidizing power.

The data on toxicity are quite limited, but OF. must be regarded as a highly
toxic material, similar to phosgene. Space ledkage problems are similar to
those discussed for hydrazine.

*Parenthetical enclosures refer to Propellant Rating Chart, Page 3-11.°
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- TABLE 3-21. OXYGEN DIFLUORIDE
= COMPATIBILITY OF MATERIALS AT -109°F(a)
MATERIAL MATERTAL
=
= METALS OTHER METALS
ALUMINUM PH 15-7 Mo

= A
§§ 1100-0 AM-350

2014-T6 Nickel 200
= 2219-T6 Inconel X
- 6061-T6 ' Rene 41
= 7079-T6 Cufenloy 40
= Cufenloy with electroless Ni plate
= STAINLESS Copper
= 301 Brass 7030

316 Columbium

347

410
= (a) Metals listed above are rated compatible based on a corrosion

rate of less than 1 mil per year, and the material does not

= cause decomposition and is free of impact sensitivity.
8 COMPATIBILITY OF MATERIALS FOR SHORT TERM USE

MATERIAL REMARKS
= ALUMINUM ALLOYS
= 2024-T3 *
= 2024-T3 (Alclad) *
=
= STAINLESS STEEL
- 301 *

304

:Z Maraging AM 355 *(No change for gas at
= ambient temperature)
ol Maraging AM 367 *
- *Fluoride coatings formed, but weight gain was considered insignificant.
=
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OXYGEN DIFLUORIDE

COMPATIBILITY OF MATERIALS FOR SHORT TERM USE

(Continued)
MATERIAL REMARKS
OTHER METALS
Beryllium Copper (2%) *
Inconel X750
Magnesium AZ 31B, H24 *
Monel 400 *
Monel K500 *
Titanium Alloy S5A1-2.5 Sn * %

NON-METALS

Glass Above 390°F, glass is
attacked by OF2

*Fluoride coatings formed, but weight gain was considered insignificant.
**May be impact sensitive

INCOMPATIBLE MATERIALS*

INCOMPATIBLE METALS INCOMPATIBLE NON-METALS
Lead Graphite
Teflon TFE
Tantalum Teflon FEP
Kel-F 5909
Magnesium HM21A-T8 Kel-F Resin

Oxylube 701

*Incompatibility with OF2 is based on impact sensitivity.
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3.7.2.4 Perchloryl Fluoride (PF) (FClO3 or C10zF) - Perchloryl fluoride
is a colorless gas at ambient conditionS with a characteristic sweetish
odor. Under pressure or low temperature it is storable in liquid form.
The toxic action of perchloryl fluoride is derived from its pronounced
oxidizing properties and results in respiratory irritation, oxidation of
hemoglobin and absorption of fluoride into the body. The toxicity thresh-
old limit for perchloryl fluoride in air is 3 ppm.

n

1l

Perchloryl fluoride is thermally stable up to 849°F in absence of air. It

is nonflammable but, being a strong oxidizing agent, readily supports com-

bustion of many organic materials. Although not shock sensitive itself,

in combination with porous organic or inorganic materials it can produce

a potentially shock-sensitive mixture. Combinations of perchloryl fluoride
and most rocket fuels constitute explosion hazards.

i)

ne

Reactions of perchloryl fluoride with water is very slow up to about 575°F,
However, in the presence of water, perchloryl fluoride becomes more corrosive.
The corrosion resistance of metals of construction therefore depends largely
- on the quantity of moisture present, hence selection must be governed by

L the moisture content. Under moisture conditions, types 304, 310, and 314

&~ stainless steel have shown good resistance at room temperature.

e

0 Teflon and Kel-F are very resistant to attack by perchloryl fluoride. Other
~ plastics which are suitable are unmodified phenolic resins and epoxy resins.
Under mild conditions of heat shock, Teflon, Kel-F and Kaynar can be used,
= : but may undergo structural changes when moderate amounts of perchloryl
= fluoride are absorbed. These plastics should not be used under dynamic
- flow conditions such as would result in their use with valves, since the
- resultant swelling of seal materials so constituted presents problems of
o physical interference.
Table 3-22 lists materials suitable for use with perchloryl fluoride.
=
- PHYSICAL PROPERTIES
B
~ Specific Gravity 1.69 (-52.2°F)
e Molecular Weight 102.457
i Freezing Temperature °F -231
_ Normal Boiling Point °F -52.2
;: Critical Temperature °F 202
Critical Pressure psia 779
%% Heat of Vaporization Btu/lbm 84.0

gia
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Discussion of Problem Areas -
Perchloryl Fluoride (FC103)

)
i

€l

Metals (2-3)* - Although anhydrous perchloryl fluoride (less reactive
and corrosive than other halogen-containing oxidants) at ordinary tempera-
tures is not reactive to most common metals, selection of a metal for use
with this propellant should be governed by the moisture content. In the
presence of water, perchloryl fluoride is corrosive to most metals. The

wi

readily oxidized metals will burn in perchloryl fluoride under severe %%

conditions; therefore, extreme care must be taken in selecting metals

with thorough knowledge of propellant purity, compatibility, and potential

environmental extremes. %%
Organic Polymers (2) - Many organic materials do not react with

perchloryl fluoride at ambient temperature, but if ignited, will burn —

violently; some are hypergolic. Hence, materials compatibility is =]

extremely important in the selection of a polymeric material. Teflon

and Kel-F appear to be resistant to attack, but tend to absorb the fuel. s

Some phenolic and epoxy resins have found limited use. E%
Wet and Dry Lubes (1-2) - Fluorocarbons are the only suitable -

lubricants. Perchloryl fluoride must not be brought into contact with Be

any other conventional valve grease or oil. =
Effects of Leakage (1-2) - Perchloryl fluoride leakage represents -

an acute toxic hazard. Because of its strong oxidizing effect, it readily =

supports combustion with oxidizable materials such as organic compounds;

it is hypergolic with some fuels such as hydrazine, and in combination with .

most other fuels may detonate. Space effects of leakage are discussed under %%

hydrazine.

Soft Seats (2) - Teflon and Kel-F seats are recommended for limited
use; however, consideration must be given to their ability to absorb
perchloryl fluoride.

&l

Ll

N
il i

*Parenthetical enclosures refer to Propellant Rating Chart, Page 3-11. -
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8 TABLE 3-22. PERCHLORYL CHLORIDE

= COMPATIBILITY OF MATERIALS FOR

_ LONG TERM APPLICATION (NOTE 1)

%% MATERIALS TEST TEMP °F  MATERIALS TEST TEMP °F

. ALUMINUM ALLOYS MAGNESTWM ALLOYS

éé 1060 85 AZ-31B 85

- 1100 85 HK-31A 85

£l 2014 85 HM- 21A 85

e 2024 » 85

=] 3003 85 NICKEL ALLOYS

~ 5052 85 A Nickel 85

- 6061 85 Nickel 200 85

E% 7079 85 Inconel ) 85*

- Incoloy 85%

g% STAINLESS STEELS Mone 1 85
304 85* Ni-o-Nel 85*

E 316 85 |

= 347 85 LOW CARBON STEELS

= 403 85 1010 85

= 410 85 1010 (Coated w/Fosbond 40) 85

o Carpenter No. 20-Cb 85* 1010 (Coated w/Fosbond 27) 85

%% PH 15-7 Mo (Cond. RH 950) 85

= PH 15-7 Mo (Cond. TH 1050) 85 MISCELLANEOUS METALS

B AM 350 (Welded) 85 Gold 85+

. Platinum 85*

éz COPPER ALLOYS Silver : 85*
Aluminum Bronze, 8% Ampco 8 85

= Beryllium Copper, 2% 85 PLASTICS AND ELASTOMERS

e Nickel Silver, 18% Alloy A 85 Teflon

~- Phosphor Bronze, 5% Grade A 85 Kel-F

=] Rule Brass 85 Polyethylene

— Yellow Brass 85

E s MOTE 1; Netals Listed above are rated
Copper, DHP 85 of less than 1 mil per year and the

= material does not cause decomposition,

- Horatane comten o 11 i i free from sepect semitiiy

= service for general use,.

&

"
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3.7.3 Nitrogen-Fluorine Compounds

This family of chemical compounds includes three oxidizers which have
limited usage as storable propellants. Included are nitrogen trifluoride
(NF7), tetrafluorohydrazine (N2F4) and nitryl fluoride (NOZF). Usage is
limited because these oxidizers present most of the normal problems associ-
ated with corrosive cryogenic propellants but do not yield as high a
specific impulse as other oxidizers such as liquid fluorine and oxygen
difluoride. The main interest in these oxidizers stems from the fact that
they have become building blocks toward the production of other N-F com-
pounds that have higher boiling points, hence, are more easily storable.
Inasmuch as compatibility data is limited, separate compatibility tables
are not included, but discussed under each propellant.

3.7.3.1 Nitrogen Trifluoride (NF3) - Nitrogen trifluoride is a colorless
gas at room temperature and atmospheric pressure which condenses to a liquid
at -200°F. As a gas it is fairly stable and noncorrosive. As a liquid it
is similar to liquid fluorine in that it is highly reactive with certain
fuels. Materials compatibility is very limited. Glass, stainless steel,
nickel, copper and monel are suitable for use with this oxidizer.

5.7.3.2 Nitryl Fluoride (NO,F) - Nitryl fluoride is a gas at room tempera-
ture and atmospheric pressure which condenses to a liquid at -82°F. It is
highly reactive, even attacking glass. Reaction with metals and nonmetals
differs from the above two oxidizers because of the oxygen present. Most
metals, including aluminum, steel, and titanium react to form both an oxide
and a fluoride. Most nonmetals react to form nitronium salts. Beryllium,
magnesium, and gold do not react with nitryl fluoride below 300°F.

3.7.3.3 Tetrafluorohydrazine (N Fy) - This oxidizer is similar to nitrogen
trifluoride but is slightly heavier. At room temperature and atmospheric
pressure it is a gas, and condenses to a liquid at -100°F. Compatibility
data is scarce, but will be similar to that supplied for NF ..
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3.8 HARD CRYOGENICS

3.8.1 Liquid Fluorine (LFZ)

Fluorine is the most powerful chemical oxidizing agent known, It reacts
with practically all organic and inorganic substances, with a few exceptions
being the inert gases, some metal fluorides and a few uncontaminated fluor-
inated organic compounds. It exhibits excellent thermal stability and
resistance to catalytic breakdown, thereby presenting little or no problem
in these areas. Compatibility ratings are, therefore, based primarily on
the reaction of the fluorine with the various materials used. '

Although fluorine is the most chemically reactive of all elements, many of
the common metals can be considered for use in liquid fluorine service.

Fluorine is a liquid at atmospheric pressure only in the short temperature
range of -306°F to -363°F, therefore requiring insulation of all valves.
At these low temperatures chemical reactions in general tend to take place
rather slowly, thus corrosive attack by the liquid fluorine is generated
at a slower rate. Another factor responsible for low rate of attack by
liquid fluorine on the common metals is that protective films of fluoride
compounds tend to form on metal surfaces and act as a barrier to further
reaction. These films, however, must be tenaciously held by the parent
material in order to retain their effectiveness.

The effectiveness of the protective film formed on the metals by the liquid
fluorine also is based on the solubility of the various metal fluorides
that form in the film in fluorine. It is believed that, as a protective
film builds up and the rate of reaction slows down, an equilibrium between
reactive rate and solubility of the film will be reached and a relatively
steady corrosion rate will result. Lack of solubility data for fluorine
compounds and corrosion rates for long periods of exposure can only be
supplemented by actual service data and extrapolation of existing data.
Service data indicate that the fluorides of nickel, copper, chromium and
iron are relatively insoluble in liquid fluorine. Also, metals such as
Monel, nickel and stainless steels exhibit satisfactory performance in
liquid fluorine and indications are that much lower rates of corrosion can
be expected for long-term exposure where equilibrium rates are reached,
than for short-term laboratory exposure. Some experiments, however, have
shown that there is no increased corrosion of specimens immersed in liquid
fluorine and wirebrushed to remove any films. This suggests that either
not all the passivating effect is from formation of a metal fluoride film,
or that the thickness of the film necessary for protection can be extremely
thin, :

Several lightweight metals such as the alloys of aluminum, titanium and
magnesium are also known to produce protective films in liquid fluorine.
Of these, titanium probably exhibits the lowest rate of corrosion; however,
tests have shown it to be impact sensitive in fluorine , but tests have not
demonstrated flame propagation as with oxygen.
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Other factors to consider in selecting materials for use in a liquid
fluorine system are: 1) flow rates, 2) water contamination in the system,
and 3) mechanical properties of the material at the low temperatures ex-
perienced with liquid fluorine. The rate of flow of the liquid fluorine
in a valve and through an orifice is considered to be an important factor
in maintaining the protective film on the materials being attacked,
Fluoride coatings on some metals that are less resistant to fluorine, such
as low-alloy steels, are sometimes very brittle or porous and powdery.
High flow rates tend to remove these coatings and thus increase corrosive
action. In restricted flow applications "flaking" of the coating may
result in contamination of the propellant, thus creating leakage problems
at the valve seat.

Teflon has withstood exposure to liquid fluorine in a static condition.
However, Teflon tends to react with fluorine to break down the polymers

and form unsaturated low molecular weight fluorocarbons which do not adhere
to the surface. Any flow of the propellant or movement of material over
the surface of Teflon will remove these fluorocarbons, thus leaving them
valueless as a protective film. Impurities introduced in the manufacturing
process appear to be responsible for accelerated decomposition of Teflon

in liquid fluorine service.

Fluorine will react with any water present in the system to form hydro-
fluoric acid. This acid tends to attack some materials that are normally
resistant to uncontaminated fluorine. Of all the metals showing resis-
tivity to fluorine attack, Monel is generally preferred for use because
of its inherent resistivity to the hydrofluoric acid.

In selecting materials for use in fluorine systems, consideration should
also be given to the effects of flow temperature environment on the
mechanical properties of the materials. Some metals, such as the marten-
sitic stainless steels, become brittle at these low temperatures.

Table 3-23 lists those materials which are considered to be compatible for
service with liquid fluorine. However, as previously stated, insufficient
information on prolonged usage of these materials in liquid fluorine re-
stricts any rating for long-term application. Also, before using any
material with fluorine, extreme care should be exercised in cleaning the
material thoroughly to remove all possible contamination that may be present.
Pre-treatment or conditioning treatment is also recommended. After thoroughly
cleaning the material, a conditioning treatment exposes the material at room
temperature to pure fluorine gas or a mixture of fluorine diluted with an
inert gas. This, it is believed, initiates the formation of a relatively
inert fluoride film. With the use of a diluted gas, the reaction that may
take place with any traces of contamination remaining after cleaning would
be less violent in nature. This treatment will then permit the material to
withstand attack by full strength fluorine with much less reaction.
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PHYSICAL PROPERTIES

Specific Gravity 1.69 (-52.2°F)
Molecular Weight 102.457
Freezing Temperature °F -231

Normal Boiling Point °F -52.2
Critical Temperature °F 202

Critical Pressure psia 779

Heat of Vaporization Btu/lbm 84.0

Discussion of Problem Areas -
Liquid Fluorine (Fz)

Ceramics (2-3)* - There are few ceramic materials which are completely
satisTactory for use with liquid fluorine, although some have found limited
use. Ceramic materials such as calcium fluoride and alumina are resistant
to attack by gaseous fluorine even at high temperatures, but these lack
mechanical strength. Both materials exhibited corrosion rates lower than
metals tested at the same temperature and can be used where physical pro-
perties of ceramic materials can be tolerated. Recent work using TiC
cermet and fused coatings of CaF, + LiF + Nin on alumina has been
encouraging.

Organic Polymers (1-2) - Organic polymeric materials are generally not
suitable for service in liquid fluorine. Some fluorinated polymers have
found limited service at moderate pressures with gaseous fluorine. Impuri-
ties introduced in the manufacturing process appear to be responsible for
accelerated decomposition of Teflon in liquid fluorine service.

Lubricity (1-2) - Recent work at NASA Lewis on pumping of liquid fluorine
has shown excellent results using liquid fluorine as the lubricant and alumina
and titanium carbide as the rotating shaft seals. These materials showed no
reaction with liquid fluorine and adequately performed their functions as
seal materials.

Effects of Leakage (1) - Leakage of fluorine represents potential toxic,
fire, and explosion hazards. The threshold limit value of fluorine is 0.1
ppm; it reacts vigorously with most substances at ambient temperatures,
frequently with immediate ignition. Space leakage of propellants is dis-
cussed under the section for hydrazine.

Soft Seats (1-2) - Under static conditions, fluorocarbon plastics are
satisfactory for liquid fluorine service. Limited applications of some
fluorinated soft seat materials (Teflon) have been found for dynamic flow
conditions; however, it is recommended that the material be shielded and
a minimum of surface area exposed to liquid fluorine.

*Parenthetical enclosures refer to Propellant Rating Chart, Page 3-11.
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Hard Seats (2) - Valves having metal-to-metal seats have been used
quite extensively in handling fluorine. It is desirable to use dissimilar
materials to obtain a good seal and to prevent galling or binding when the
valve is operated. Because metal valve seats are not as leak tight as those
which utilize a resilient material, the use of double valving is recommended
for critical applications.

Disconnect (2) - Further availability tests and evaluations are required
before a more realistic prediction of performance can be made. Icing due
to water vapor in the atmosphere can cause problems in disengagement of the
separable units, '

TABLE 3-23. LIQUID FLUORINE (LFZ)
COMPATIBILITY OF MATERIALS
ALUMINUM ALLOYS TEMP °F  CLASS OTHER METALS TEMP °F CLASS
1100 -320 1 A-Nickel 2320 1
2017 -320 11 Brass (Yellow) -320 1
5052 -320 11 Brass (Cartridge) -320 1
6061 -320 1 Brass (Casting) -320 11
7079 -320 1 Copper -320 1
Copper-10% Nickel -320 1
STAINLESS STEELS Copper-30% Nickel -320 1
304 -320 1 Everdur 1010 -320 1
316 320 1 Magnesium Alloy 1
347 ~320 1 Az-31 -320
410 ~320 ! m%rsl?smm ey =320 1
420 -320 1 Magnesium Alloy
PH 15-7 Mo -320 1 HM-31 -320 1
AM 350-C,CX,D,DX  -320 1 Monel -320 1
Carpenter 20 -320 1

NOTE: Materials listed above are rated compatible based on corrosion
resistance and shock sensitivity; they do not include effects
of cryogenic temperatures on the materials mechanical properties.

Class 1 Metals listed above are rated compatible based on a corrosion rate
of less than 1 mil per year and the material does not cause
decomposition, and is free from impact sensitivity. Nonmetals
are rated for satisfactory service for general use.

Class 11 Materials which exhibit corrosion rates as great as 5 mils
per year.
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3.8.2 Liquid Oxygen (LOX)

Liquid oxygen is a non-toxic, nonflammable, and non-explosive oxidizing
agent having a reactivity much lower than gaseous oxygen. Mixing of
liquid oxygen with a hydrocarbon fuel will cause the latter to solidify.
The resulting mixture is extremely shock sensitive.

Most metals are not corroded by liquid oxygen; however, the low temperature
of liquid oxygen (-300°F) does cause embirttlement of some metals, especially
the body-centered ferrous alloys. As a result, the alloys most commonly
used in liquid oxygen handling equipment are nickel, Monel, copper, aluminum,
the 300-series of stainless steels, brass, and silver solder. '

Of all the metals studied to date, titanium exhibits the greatest sensitivity
to impact when immersed in LOX. Battelle Memorial Institute studied the
reactivity of metals with liquid and gaseous oxygen and found that only
zirconium shows similar reactions to that of titanium. Aluminum and the
stainless steels were found to exhibit almost no reactivity in oxygen,
although aluminum will ignite under conditions of high explosive shock.
Magnesium shows reactivity to explosive shock lying about midway between

that of aluminum and titanium. Following is a partial summary of the results
reported by Battelle for titanium.

The sensitivity of titanium approaches that of many organic materials, par-
ticularly when the surfaces are not completely cleaned or particles of dirt
or grit are present. Reactivity is observed in liquid oxygen and mixtures
of liquid oxygen and liquid nitrogen and mixtures of liquid oxygen and
liquid nitrogen at impact forces of 20 ft-pounds until the LOX concentration
is reduced to 30 percent. Titanium can be partially protected from reac-
tivity in LOX under impact by certain protective coatings, provided these
coatings are not broken. Electroless copper and nickel coatings are best,
although protection also is provided by nitroding which adds a protective
film, and by annealing which increases the oxide film thickness.

When a titanium vessel containing LOX or gaseous oxygen is ruptured by a
bullet, a simulated micrometeoroid, or other mechanical puncture, violent
burning begins at almost zero pressure (gauge). If the vessel is not
fractured by application of external impact, vibration, acoustic or thermal
energy, no reactivity is noted. Slowly propagated cracks, such as fatigue
cracks, also do not cause reactivity.

The mechanism for the Ti-O, reaction is described as a reaction between a
freshly formed titanium surface and gaseous oxygen. Titanium exhibits no
great reactivity in LOX when deformed by compression, by exposure of a

fresh surface by maching or rupture, or by exposure of bulk titanium to
high-pressure or high-velocity LOX. In gaseous oxygen, however, titanium

is highly reactive when a freshly formed surface is exposed at even moderate
pressures. Under conditions of tensile rupture, a pressure of approximately
100 psig will initiate a violent burning reaction with titanium from about
-250°F up to room temperature. When 2 percent HF is added as an inhibitor
or 5 percent argon as a diluent, the pressure must be increased approximately
twofold at room temperature before reaction occurs. Titanium could not be
made to react even at very high pressure when the oxygen content was 35
percent or less.
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All valves require insulation to avoid evaporation losses. Drainage of
condensed water on valves should be provided to avoid water entrapment
which may cause corrosion, or valve malfunction if the water refreezes.

Discussion of Problem Areas -
Liquid Oxygen (02)

gzganic Polymers (2)* - Organic materials should be avoided whenever
possible with both liquid and gaseous oxygen because of possibilities of
explosion. Currently there are no tests which give a reliable compatibil-
ity rating for organic materials in liquid oxygen. Although there are
several lists of organic materials rated as suitable for use with liquid
oxygen, specific conditions such as compatibility, impact sensitivity, and
embrittlement at cryogenic temperatures should be thoroughly and carefully
studied before any organic material is utilized. Sources of energy also
may be from operation of mechanical parts, such as 1) heat produced by
friction of metal surfaces, 2) heat from shearing of liquids, 3) shock
waves, and 4) heat generated by the catalytic breakdown of an organic
material in contact with the metal surface, etc,

The most reliable organic materials for liquid oxygen applications are the
fluorinated organic compounds (the more highly fluorinated the compound,
the more stable** to attack by liquid oxygen). In special applications
many other organic compounds are used, even though these materials have
shown to be sensitive to LOX. However, investigations with satisfactory
testing procedures are needed before organic materials can be used with
liquid oxygen with any great assurance of success.

Currently, there is no single test or group of tests which gives a reliable,
uniform compatibility rating for materials suitable for use with liquid
oxygen because of difficulty in determining impact sensitivity. Much of

the data which are available were based on the ABMA 70 ft-1b acceptance
level for impact sensitivity. This requirement was designed for application
to materials used in missiles, based on the impact threshold level of a
particular lubricant which, at the time, was considered to be the only safe
available lubricant. Because of the lack of a technical basis for the
establishment of the 70 ft-1b as an acceptance test parameter, and because
the size, shape and cleanliness of the sample and test apparatus, as well

as the design of the testing machine affect the detonation results, little
can be assigned to published compatibility tables. Battelle has indicated
that Teflon and Kel-F are the preferred plastics; with a combination of the
two most desirable from the standpoint of ductility and strength., Picatinny
reports that a polyurethane adhesive has been found to be LOX compatible
under ABMA procedure. A TFE-FEP hot melt adhesive was also reported to be
the only insensitive adhesive when used in direct contact with LOX, but
requres a 700°F bonding temperature. Because of the apparent need of
individual use-tests for each design, no compatibility tables are included
in this report.

*Parenthetical enclosures refer to Propellant Rating Chart, Page 3-11,

**The word stable here is more applicable than resistant because it deals
with impact sensitivity and not resistance to corrosion.
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Wet and Dry Lubes (1)* - No completely compatible lubricants have
been found. Selected perfluorinated hydrocarbon and dry lubricants have
found limited use; however, the possibility of detonation still exists.

Lubricity (2) - Satisfactory low-load, short-1life bearing and gear
operation was possible where liquid oxygen was used as a lubricant. While
some of the metals of construction proved satisfactory for use with liquid
oxygen, others, under stress, tend to become brittle.

Effects of Leakage (2) - Liquid or gaseous oxygen does mnot display
hazards similar to those encountered with most other oxidizers. Pure
oxygen is incapable of burning or detonating, but mixed with a material
that will burn, the resulting fire is intensified, Gaseous mixtures of
oxygen and fuels form a potentially dangerous mixture which can be ignited
by any form of spark. Liquid oxygen, when in contact or mixed with any
form of combustible material, such as fuels, wood, plastics, oil, lubricants,
or paper, forms an explosive mixture and even when frozen may be detonated
by static electricity, mechanical shock, or similar energy source. Oxygen
is non-toxic; however, contact with liquid or gaseous oxygen close to its
boiling temperature will cause severe frostbite. Space conditions and
leakage are discussed under this section for hydrazine.

Soft Seats (2) - Because of the composition of soft seat materials,
they should be avoided in liquid oxygen service. Although some fluorinated
plastics have been found reliable, until satisfactory testing procedures
are available, there remains doubt about compatibility tests.

Disconnects (2) - Pneumatically operated disconnected valves used on
missiles presented problems due to icing caused by condensed water vapor
in the atmosphere, requiring extensive effort to disengage. In space
transfer of the propellant, "freeze-up' should not be a problem due to
the absence of water vapor in space atmospheres. Disconnects of the pull-
away type during liftoff caused few problems, except for minor leakage.

3.8.3 Liquid Hydrogen (H,)

Liquid hydrogen is a colorless, odorless liquid that normally does not
present an explosive hazard when it evaporates and mixes with air in an
unconfined space. However, an unconfined mixture of hydrogen gas and air
will burn if exposed to an ignition source such as a spark. Liquid hydrogen
is not in itself explosive, but reacts violently with strong oxidizers.

If it is contaminated with oxygen, it becomes unstable and an explosion is
likely to occur. Reaction with fluorine and chlorine trifluoride is spon-
taneous. Two species of liquid hydrogen exist: ortho-hydrogen and para-
hydrogen.

#*Parenthetical enclosures refer to Propellant Rating Chart, Page 3-11.
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At the low temperature (-423°F) at which hydrogen is a liquid, corrosive
attack on materials is not considered to be an important factor in selec-
ting materials to be used. A more important factor in selecting the
materials for use with liquid hydrogen is the embrittlement of some
materials by the low temperature of the liquid. Embrittlement of some
materials by the low temperature of the liquid requires selection of
materials on the basis of their structural properties, i.e., yield strength,
tensile strength, ductility, impact strength, and notch sensitivity. The
materials must also be metallurgically stable so that phase changes in the
crystalline structure will not occur either with time-or temperature-cycling.
It is known that body-centered metals (such as low-alloy steels) undergo a
transition from a ductile to brittle behavior at low temperatures; therefore,
such metals are generally not suitable for structural applications at cryo-
genic temperatures. Face-centered metals, such as the austenitic stainless
steels, normally do not show a transition from a ductile to a brittle
behavior at low temperatures. For this reason, these types of materials

are desirable for use in cryogenic applications; however, care should be
exercised in selection of face-centered metals. Low temperature toughness
is not a characteristic of all face-centered metals, nor is it a character-
istic of all conditions of a specific metal. For example, severely cold-
worked or sensitized (carbide precipitation at grain boundaries) austenitic
stainless steels can become embrittled at low temperatures.

Table 3-24 lists those materials which are considered to be compatible with
liquid hydrogen for long-term application.

Discussion of Problem Areas -
Liquid Hydrogen (HZ)

Organic Polymers (1-2)* - The ability of polymeric materials to maintain
satisfactory physical properties and to withstand thermal stress caused by
large temperature changes is of prime importance. The use of a selected
few organic plastics is thus limited to service where embrittling effect at
the low temperatures of liquid hydrogen is minimized. Specifically, lip
seals constructed of Teflon and Kel-F, static seals and some rubbers, and
diaphragm seals from Mylar have proven serviceable. Studies at the National
Bureau of Standards have shown that some elastomeric seals under compression
retain their sealing capabilities effectively well below the normal brittle
point of the polymer without compression.

Wet and Dry Lubes (1) - Lubricants are genmerally not practical in the
presence of liquid hydrogen since they solidify and become brittle at the
temperatures involved. !

Lubricity (2) - Liquid hydrogen can be utilized as a lubricant under
low-load, short-life conditions. Severe surface failure will occur, however,
if the service conditions are such that local heating of the contact surface
is allowed. The stainless steels are particularly susceptible to surface
failure, as are other materials with low thermal conductivities.

*Parenthetical enclosures refer to Propellant Rating Chart, Page 3-11.
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(Wear rates are reduced drastically by coating one of the surfaces with
Teflon or Kel-F). Coldwelding has also been found to occur in gate valves
having seats and wedges of 304 stainless in cryogenic service.

Effects of Leakage (2)* - The leakage of hydrogen gas does not appear
to present problems of an unusual nature, even though the composition limits
for combustion are very wide. Hydrogen, being very light, tends to dissipate
rapidly. Proper ventilation and elimination of sources of ignition reduce
danger of detonation. An explosion hazard exists when the hydrogen-air
mixture is completely or partially confined. Effects of leakage in space
are discussed under this section for hydrazine.

Disconnects (2) - See comments under Liquid Oxygen.

TABLE 3-24, LIQUID HYDROGEN (Hz)

COMPATIBILITY OF MATERIALS
FOR LONG-TERM APPLICATION

ALUMINUM ALLOYS OTHER METALS
1100 Molybdenum
1100T Nickel
2024T Monel
4043 Inconel
5052 Low Carbon Steel
High Nickel Steel
STAINLESS STEEL Titanium
301
302 NON-METALS
303 Nitryl Rubber
304 Silicone Rubber
304L Teflon
316 Garlock Packing
321 Bakelite
347 Micarta
410 Lucite
Haynes 21 Graphite

NOTE: The above listed materials were rated compatible primarily
for their embrittlement properties at cryogenic temperatures.
Non-metals shown as being compatible should be restricted
for "warm" joint application or equivalent.

*parenthetical enclosures refer to Propellant Rating Chart, Page 3-11.
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3.8.4 Liquid Oxygen-Liquid Fluorine Mixtures (FLOX)

Mixtures of liquid fluorine and liquid oxygen (FLOX) have received some
consideration as oxidizers. A typical mixture contains 80 percent fluorine
and 20 percent oxygen. There is limited compatibility data for these mix-
tures, but results of work done at various installations suggests that any
material that performs well in liquid fluorine service will also work in
FLOX. Evaluation of Atlas components showed no serious problems, except
for the replacement of valves with constricted passageways.

The problem areas for FLOX are considered to be the same as those for
fluorine, and the reader is referred to that section. Table 3-25 lists
the limited compatibility data accumulated to date for FLOX.

TABLE 3-25. LIQUID FLUORINE-LIQUID OXYGEN (FLOX)
COMPATIBILITY OF MATERIALS AT -320°r(2)

FLOX-40 (40%F2 - 60% 02) FLOX-20 (20% F2 - 80% O2
MATERIAL MATERIAL
Aluminum 2014-T6 Aluminum 2014
Aluminum 5052-H34
Aluminum 6061-T6 Cadmium Plated 4037 Steel
4340 Steel

301 Stainless
304 Stainless
347 Stainless
Monel

Inconel X

(a) These materials exhibited less than 1 mil per year corrosion rate,

do not cause decomposition, and are impact insensitive.
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3.9 GELLED PROPELLANTS

3.9.1 Liquid Gelled Propellants

A gelled propellant is any liquid propellant which has been conditioned
so that it exhibits non-Newtonian properties. So many propellants have
been gelled (e.g., hydrazine, RP-1, nitrogen tetroxide, etc.) that it is
impossible to make any generalized statements about the compatibility of
the gels, as such, with other materials. However, as a rule the additives
needed to cause gelling (carbon black, silica, etc.) are not reactive and
do not modify the chemical characteristics of the parent propellant, so
that the compatibilities of gel can be considered to be the same as those
of the parent propellant with respect to the action of the propellant on
the system. Recently, studies on some gelled systems has indicated that
the degradation of the propellant by system materials or impurities has
been decreased by the gellation. Current work has been concentrated on
finding more efficient gellation agents, in order to increase combustion
efficiency and storage life.

One type of gelled propellant is characterized by thixotropic properties;
that is, the viscosity of the propellant decreases with increasing shear
and stress decreases with time at constant shear. These properties are of
interest for several reasons. For example, when the propellant is locked
in a tank, there is no shear being applied and the propellant is very
viscous. When pressure is applied and the propellant valve is opened,
shear stresses are induced, viscosity is reduced, and the propellant flows.
As the propellant flows through the tank, valves, feed lines, and injector
orifices, the shear becomes greater, the viscosity becomes less and the
propellant behaves more like a low-viscosity liquid. From the standpoint
of safety, the highly viscous state of the propellant when locked in a
nonpressurized tank is advantageous.

The properties of gelled propellants also presents some problems. For
example, a relatively thick coating of propellant may adhere to tank and
valve walls. Pressure drops through lines, valves and other components
are larger than those of comparable liquids. Valve maintenance and clean-
ing may be difficult if there are inaccessible cavities where gel may
collect. Gels also may break down under the influence of radiationm,
temperature extremes, or inclusion of impurity electrolytes.

Excessive cold working (i.e., pumping into run tanks, over-mixing, etc.)
can reduce the strength of the gel to an unacceptable value. Evaporation
of the propellant can leave a fine powdery residue which could interfere
with the normal action of moving parts such as valve stems.

Gelled propellant systems will probably be schematically similar to liquid
propulsion systems which perform the same task. In general, it can be
stated that the interaction between typical valve configurations and gelled
propellants is not overly severe and that the associated problem areas can
be circumvented through the use of proper design techniques.
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Discussion of Problem Areas -
Liquid Gelled Propellants

Metals and Ceramics (3)* - No real problem is envisioned with selecting
metals suitable for use with liquid gels. It has been demonstrated that
metals compatible with the liquid constituent will serve equally as well
for gelled propellants,

Organic Polymers (2) - As with metals, it is necessary to select
polymeric material based on the compatibility of the liquid constituent
since the gelling agents are present in very small quantity and are normally
inert materials. '

Wet and Dry Lubes (2) - Compatibility of lubricants with gelled liquids
depends on the compatibility of the liquid constituent.

Lubricity (2) - Experimental flow systems on both real and simulated
systems has shown that it is reasonable to consider that the gelled liquid
will have lubricating properties similar to those of the liquid constituent.
These properties are the result of solvent characteristics and reducing
properties of the liquid constituent under a frictional force.

Viscosity (2) - Viscosity varies with shear force (i.e., velocity, tube
diameter). This presents a definite problem of retention in pockets and
cavities of components, resulting in poor propellant utilization and
difficulties in cleaning. As discussed previously, proper mechanical design
should eliminate most of these difficulties.

Radiation Tolerance (2) - While no major problems have been envisioned
for the liquid constituents under consideration for gels, some gelling agents
appear to break down under various types of radiation and, in turn, cause
the gel to be degraded.

Effects of Leakage (2) - The vapor pressure of the parent propellant is
unaffected by gelling, hence toxic hazards of the liquid constituent must
be considered. The rate of vapor evolution, however, is reduced, which in
turn will reduce fire and explosion possibilities. Leakage, predominantly
from volatilization of the high vapor pressure liquid constituent of the
gel, will leave a residual powder, the gelling agent, creating problems
such as sticking or malfunction of valves,

Control of Flow (2) - Difficulties in accurately measuring flow rate
are anticipated; however, it may be expected that pressure drop will generally

be higher than for the parent propellant and design allowances may be necessary.

Shutoff (1) - A very serious problem exists with the last valve in a
system exposed to space environment. Rapid volatilization of the liquid
component of a gelled liquid would leave a solid residue possibly of
sufficient quantity to produce leakage or sticking of the valve on subsequent
operations,

*Parenthetical enclosures refer to Propellant Rating Chart, Page 3-11.
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3.9.2 Metallized Gelled Propellants

In order to increase the thermochemical performance of rocket propellants,

or to increase propellant bulk density for volume-limited propulsion system
applications, powdered metals have been added to liquid propellants. The
solid phase of these mixtures can be anywhere from 10 to 90 percent by
weight. The metallic gel is generally prepared with metal having an average
particle size range of 5 to 50 micron so that: 1) its effect on the flow
characteristics of the propellant will be minimized, 2) burning in the
combustion chamber will be less difficult, 3) suspension in the liquid will
be easier. It has been necessary to gel the mixtures in order to suspend

the metal powder in the propellant. Like gelled propellants, these metallized
gelled propellant often exhibit thixotropic properties. Another similar case
of gels employ metal containing compounds as gellants. These systems are
more energetic than the straight metallized ones, but exhibit some storage
instability.

Because of the solid particles, metallized gelled propellahts present

problems which are not encountered with standard propellants. For example,
abrasive action of the particles could cause galling of the valve stems or
scarring of valve seats and plugs. Particles may become trapped between a
valve seat and plug, allowing the valve to leak. Evaporation of the liquid
phase of the propellant will leave a solid matrix as a residue which can
hinder valve operation and restrict propellant flow. The presence of solid
particles in the propellant can result in the galvanic corrosion of certain
standard materials of construction, particularly in the presence of im-
purities which allow electrolytic activity to occur. Any intimate contact
of the propellant with lubricants could result in the transfer of particles
to the lubricant, thereby reducing the effectiveness of the lubricant. In
addition, the problems listed previously for non-metallized gels are applic-
able. Although it is not certain whether special components will be
necessary to utilize metallized gels in propulsion systems, modified designs
of standard components will be required to reduce the effects of the
undesirable characteristics.

Discussion of Problem Areas -
Metallized Gelled Propellants

Metals and Ceramics (2)* - Metallized gels subject certain metal com-
ponents (i.e., aluminum, nickel, copper) to erosion and/or galling under
dynamic conditions. Suitable metals for construction require compatibility
with the liquid carrier and relatively high hardness for erosion resistance
against the metal constituents of the gel.

Organic Polymers (2) - Considerably greater erosion and galling of
plastic materials are anticipated under dynamic conditions. Generally,
polymeric materials compatible with the liquid constituent are expected to
serve as well under static conditions.

*Parenthetical enclosures refer to Propellant Rating Chart, Page 3-11.
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Wet and Dry Lubes (1-2)* - Gels containing metal particles have
considerably greater abrasive action under dynamic flow resulting in
greater "wash-out" of lubricants. For static conditions, the restrictions =
placed upon the liquid constituent dictate selection of a compatible L
lubricant.

Lubricity (1) - The incorporation of metal particles in a gelled =
propellant tends to decrease the lubricating properties due to the added
abrasive nature of such metals. .

Viscosity (2-3) - As with gelled liquid propellants, viscosity varies =
with shear force and presents problems of propellant utilization, cleaning
and greater pressure drop in components. Recent tests were performed by =
Edwards AFB on metallized propellant simulants in order to define the ﬁ
problem areas in pumping a metallized gelled propellant. Prior to testing,
the pump start transient performance was considered to be the greatest =
potential problem area. Test results indicate, however, that pump start e
transients with a metallized gel compared favorable with those obtained
with a Newtonian fluid, The pump cavitation performance was unaffected by -
the presence of solid particles in the test fluid. Considerable erosion o=
of the aluminum pump hardware was encountered during testing with the -
simulated propellant; however, they considered that there was a good B
indication that the use of steel hardware would solve the problem. =

]

Radiation Tolerance (2) - Some gelling agents appear to deteriorate
under radiation and in turn cause the gell to be degraded.

Effects of Leakage (1) - Loss of the liquid component of the gel by
leakage will leave a solid matrix to interfere with proper operation of a -
component. The volatile liquid component will still present toxic, fire, =
and explosion hazards, but to a lesser extent due to the probable slower -
rate of evolution.

Control of Flow (1) - No satisfactory way has been found to measure =
flow rate accurately.

Soft Seats (1-2) - It is anticipated that the metal particles of gels -
will have detrimental effects on soft seats. Metal particles, trapped
against the valve seat when the valve is closed, can cause the valve to
leak initially or after several cycles. Selection of seat material should -
be based principally on compatibility with the liquid constituent of the gel. -

Hard Seats (2) - Metal particles of the gel may prevent valves 72
utilizing hard seats from complete sealing, and under dynamic flow the -
metal particles may result in considerable erosion of the seat by abrasive
action.

Shutoff (1) - As with liquid gels, metallized gels present a serious’
problem for valves exposed to vacuum conditions because there would remain
a greater quantity of residue on volatilization of the liquid constituent. =

*Parenthetical enclosures refer to Propellant Rating Chart, Page 3-11.
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3.10 REFERENCES

A number of the propellants of interest have similar compatibility behavior
and degradation mechanisms. Because of this, it is felt that the references
should be listed numerically and the number referred to for the propellant

of interest. Some of the references were general enough in nature to warrant
inclusion under a general heading. These references normally include either
a general treatise on materials compatibility, or else deal with a large
number of the listed propellants. As such, these references should be
examined in conjunction with the references for the specific propellants

of interest. A compilation of reference numbers for specific propellants
given in Section B, unless otherwise noted, are listed as follows:

EARTH STORABLE PROPELLANTS

. Hydrazine: 8, 13, 14, 15, 16, 17, 18, 19, 20, 21, 22, 23, 24, 25, 26, 128,
Monomethylhydrazine: 27, 28, 29, 30.

. Unsymmetrical Dimethylhydrazine: 8, 31, 32, 33,
Aerozine-50: 8, 20, 34, 35, 36, 37, 38, 39, 40, 128.
Hydrazine-Hydrazine Nitrate: 128, 132,

Pentaborane: 3, 4, 5, 6, 7, 8, 9, 10, 11, 12, 54.

Nitrogen: 8, 20, 23, 38, 59, 60, 61, 62, 63, 64, 65, 66, 67, 68, 69,
7, 71, 72, 73, 76, 127.

‘\IO\U'IALAN»—-

SPACE STORABLE PROPELLANTS

1. Diborane: 54

2. Hybaline AS5: 1, 2, 12, Sl.

3. Liquified Petroleum Gases: 126; General References Section A - 5, 10.
4. Chlorine Trifluoride: 8, 24, 44, 45, 46, 47, 48, 49, 50,

5. Chlorine Pentafluoride: 24, S51.

6. Oxygen Difluoride: 52, 53, 106, 108, 109, 110, 111, 112,-113, 133, 134.
7. Perchloryl Fluoride: 24, 48, 49, 55, 56, 57, 58.

8. Nitrogen Trifluoride: 21, 129, 130.

9, Nitryl Trifluoride: 21, 129, 130.

10. Tetrafluorohydrazine: 21, 129, 130.

11. Liquid Fluorine: 50, 96, 97, 98, 99, 100, 101, 102, 103, 104, 105, 106,

107, plus Section C: "Bibliography of Fluorine Reports."
12. Liquid Oxygen: 40, 83, 84, 85, 86, 87, 88, 89, 90, 91, 92, 93, 94, 95.
13. Liquid Hydrogen: 74, 75, 76, 77, 78, 79, 80, 81, 82.
14. Liquid Oxygen-Liquid Fluorine Mistures: 106, 113, 114, 115, 116, 117,
118, 119, 131
15. Liquid and Metallized Gelled Propellants: 120, 121, 122, 123, 124, 125.
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NASA "HIgh Energy Propellants, A continuing Bibliography,' NASA
SP-7002 (01), March 1965
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SP-7002 (03), April 1966

Defense Metals Information Center, '"Combatibility of Materials with
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Masteller, R. D. and others, '"Design Criteria--Materials," 804-1001001,
March 1960, The Martin Company, Denver Division
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17.

18.

19.

20,

Howell, G. W. and Weathers, T. M., "Aerospace Fluid Component
Designers' Handbook," Revision B, RPL-TDR-64-25, Vol. I (AD 809182),
Vol. II (AD 809183), March 1967, TRW Systems

Beach, N. E., "Compatibility of Plastics with Liquid Propellants,
Fuels and Oxidizers,'" Plastic Report 25, January 1966, Plastics
Technical Evaluation Center, Picatinny Arsenal

"Investigation of the Formation and Behavior of Clogging Material
In Earth and Space Storable Propellants," Interim Report No.
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"Investigation of the Formation and Behavior of Clogging Material
in Earth and Space Storable Propellants,'" Interim Report No,
08113-6016-R0O00, Contract NAS 7-549, October 1968,

"Investigation of the Formation and Behavior of Clogging Material
in Earth and Space Storable Propellants," Final Report No.
08113-6025-RO00, Contract NAS 7-549, November 1969,
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Hydride Organic Nitrogen Complexes," (U), Rocket Propulsion Depart-
ment Quarterly Progress No. 3, Sept. 1962, South Charleston, West
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16 Oct, 1963

S. §. Miller, '"Pentaborane,'" Unit 4, Liquid Propellant Manual, Liquid
Propellant Information Agency, March 1961

Rocketdyne, '"Pentaborane Handling Manual," AF/SSD TR-61-110, R-3137,
Sept, 1961

Rocketdyne, '"Mechanical System Design-Criteria Manual for Penaborane,"
AF/SSD TR-61-3, R-3233, Sept. 1961

A. V. Jensen and B. B. Goshgarian, "A Study of Pentaborane,'" AFFTC-
TR-61-3, R-3233, Sept. 1961

Gallery Chemical Company, ''Pentaborane," Technical Bulletin CT-1300,
October 1961

P. D. Gray, et al. "Rockets in Space Environment, Vol. I - The
Experimental Program,' Aerojet-General Corporation, RTD-TDR-63-1050,
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F. Ward, '"Pentaborane Handling amd Safety Procedures,'" American
Rocket Society Missile and Spacecraft Testing Conference, Los Angeles,
March 13-16, 1961, Paper No. 1638-61

B. Dawson and R. Schreib, "Invesiigation of Advanced High Enery Space
Storable Propellant System - OF,/BjHgy," AIAA Summer Meeting, Los
Angeles June 17-20, 1963, Paper No. 63-238

CPIA, '"Boren Hydrides and Derivatives. An Indexed Bibliography of
Unclassified Titles for 1952-1959." C(CPIA (LPIA Publication LBH-1),
June 1962; AD-468981

AFML, "Evaluation of Elastomers as O-Ring Seals for Liquid Rocket

Fuel and Oxidizer Systems,'" Technical Documentary Report No. ASD-TDR- -

63-496, Part VI, August 1964; AD-607240

E. W. Cox, "Hydrazine,'" Unit 2, Liquid Propellant Manual, Liquid
Propellant Information Agency, March 1961
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14. Bell Aerosystems Company, "Titan II Storable Propellant Handbook,"

= Bell Report No. 8182-933004 for AFBSD, Contract No. AF04(694)-72,
March 1962

= 15. Bell Aerosystems Company, ""Titan II Storable Propellant Handbook,'

= Bell Report No. 8182-933004, AFBSD TR-62-2, Contract AF04(694)-72,

. March 1963

;; 16. Arthur D. Little, Inc., "The Problems of Toxicity, Explosivity, and
Corrosivity Associated with the WS 107A Mark II Operational Base

= Facility," Report to the Ralph M. Parsons Co., May 1560 '

- 17. Rocketdyne, "Hydrazine Handling Manual,' AF/SSD-TR-61-7, R-3134,
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- 18. Rocketydyne, 'Mechanical System Design-Criteria Manual for Hydrazine,"

; AF/SSD-TR-61-6, R-3130, September 1961
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21. D. J. Simkin, G. C. Szego and P. J. Valentine, Advances in Space
Propulsion, U.C.L.A. Course Test, 1961,

{10

22. JPL, "Supporting Research and Advanced Development," 31 Aug. 1965,
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i 23. C. Grelicki and S. Tannenbaum, "Survey of Current Storable Propellants,"
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e
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= Progress Symposium Series, No. 52, Vol. 60, p. 45)
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= 27. 0lin Mathieson Chemical Corporation, "Mathieson Monomethylhydrazine -

= MMH," Product Bulletin, 1961
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W. D. Smith and 0. C. Bender, "Comparison of Storable and Cryogenic
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Angeles Oct. 5-9, 1964, Paper No. 916C

K. Fisch, L. Peale, J. Messina, and H. Gisser, "Compatibility of
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4.0 VALVES

4.1 INTRODUCTION

The Valves Section compiles the results of work performed to investigate
the performance, applications, and limitations of propellant valving and
studies concentrated on the evolution of new valve concepts. A Valve
Component Rating Analysis Chart was used as an aid to define the areas
where advancement in valve technology is required. This chart was con-
structed based on the results of industry surveys, literature and patent

searches. Valve performance was based on their operation with propellants
and the space environment,

A study was also made of a pressure-fed bipropellant feed system for an
OF /B2H6 propulsion system. The design facets relative to component
de%inltlon and sizing are defined in detail.

This section includes several advanced propellant valve designs. Micro-
valves are defined and concepts evolved which are suitable for use in
fluidic systems and in the control of small thrusters.

4.2 VALVE STATE OF THE ART

This section contains a Valve Component Rating Analysis Chart which defines
the areas where an advancement in valve technology is required. The results

of surveys, valve problem areas, and a review of important state of the art
valves are also discussed.

4.2.1 Valve Component Rating Analysis Chart

The valve analysis chart is used as an aid in defining the areas where
advancement in valve technology is required. A reliability rating method
was used for defining and evaluating problems relating to the state of the
art of valves used on liquid chemical propulsion systems. The reliability
rating is assigned to each valve and valve element which make up a valve
assembly and qualitatively relates to a functional parameter; the perfor-

mance of the valve or valve elements operating in a propellant; and the
space environment,

Reliability ratings assigned to various combinations of components and
parameters have the following definitions:

Rating
1 A serious problem exists for which there is no
satisfactory solution.
2 A problem exists, but a refinement in technology
may be required within the state of the art.
3 Satisfactory, i.e.,, within the state of the art.
U Necessary information upon which to base a judgment

was unavailable.

NA Parameter is not applicable.
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The planetary characteristics and mission parameters presented in the chart
were considered for mission durations of five to ten years. These missions
may be categorized as those in earth orbit such as communications satellites
and those planned for planetary explorations such as missions to Jupiter
and beyond to the outer planets. The significant parameters considered for
long term missions relate to the effects of leakage and materials' compati-
bility with propellants and pressurants.

The ratings depicted on the analysis chart, Table 4-1, were based on the
results of surveys, studies and work performed under this program. The
functional parameters and the space and planetary environments that affect
valve operation are discussed in Section 2.0. Propellant properties and
materials compatibility are covered in Section 3.0.

4.2.2 Surveys and Searches

The initial efforts to ascertain the state of the art of spacecraft valves
consisted of searches and surveys to determine the extent of existing data
and evaluate major areas of concern to help supply the direction for the
conduct of the program. These efforts included a literature and patent
search, a survey of the manufacturing industry, and interviews with cog-
nizant personnel of the prime valve contractors.

4.2.2.1 Literature Search - Since the space environment was of primary
interest on this program, information relating to the various space environ-
ments, such as vacuum, radiation, meteoroids, and temperature was obtained.
This information was required for determination of the environmental problems
that valves would encounter in space. The sources for the information
included ASTIA documents, NASA Technical Publication Announcements, scientific
and technical journals, and industrial reports. One specific reference used
extensively was "Engine Operating Problems in Space," Aerojet-General Corp.
Report No. 2824, Contract NAS 7-98, April 1964,

From this survey, sufficient information was extracted and compiled to present
a reasonably accurate description of the space environments and their relation-
ships to components used on space vehicles. The information on these environ-
ments is summarized in Section 2.0 of this report, and covered in detail in
References 1 and 2.

4.2.2,2 Patent Search - A search was made of the U.S. Patent Files to
determine if any new and useful valve concepts not already applied to space
vehicles might be discovered. The search included five general classes of
valves, i.e., flow control, vent, relief, shutoff and disconnects. Patents
granted prior to 1945 were excluded. Copies of approximately 600 patents
were reviewed. The patent numbers are tabulated and presented in Reference
1 by component categories. Each patent was examined to the extent necessary
to determine its applicability. Of the entire list of patents examined,
there was only one or two basic ideas that might be of some interest to
current valve technology.

The low yield of useful ideas was attributed to the exceptionally long time
between the conception of an idea and the granting of a patent (about 5 years).
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4.2.2.3 Agency Surveys - Interviews were arranged with the cognizant
personnel at most of the prime manufacturers for the purpose of determining
present and future valve requirements and to determine what current valve
problems existed. As an aid to the conduct of these interviews, typical
systems schematics (Figures 4-1 and 4-2) were used in the discussion.

A list of approximately 500 valve manufacturers was compiled from the
various buyer's guides, trade journals, and technical magazines, and a
form letter, including a questionnaire, was mailed to each of the manu-
facturers. The questionnaire requested that the recipient note the type
of valve or valves produces, the actuator that could be used with it, and
the class of service for which the valve was intended, such as high temp-
erature, high pressure, or cryogenic. A tabulated list of typical valve
requirements by function, a list of aerospace valve manufacturers, and a
breakdown of valve types by manufacturer and service are presented in
Reference 1.

4.2,.3 Valve Problem Areas

An analysis of the problems associated with state of the art valves and
subcomponents was made. Conclusions were drawn on the basis of the infor-
mation on functional parameters and the space and planetary environments
obtained during the surveys (see Section 2.0). The material discussed in
this area is also tabulated in Reference 1.

4,2.3.1 Fill Valves (Disconnects) - Fill valves may assume numerous
configurations with respect to the type of valve used, and the method of
connecting and disconnecting. In the simplest case the valve can be of
almost any type of manual shutoff, particularly at low pressures. For
added insurance against leakage, a secondary closure such as a cap can be
attached and locked in place. An example of such a fill valve for a low-
pressure gas system, consists of an AN bulkhead union fitted with a con-
ventional aircraft tire valve core which is capped after filling. This
fill valve represents the ultimate in simplicity and the leakage is
essentially zerdb. As the requirements become more rigorous, fill valves
become more complex. High pressures and toxic, corrosive, or cryogenic
fluids must be transferred by more elaborate couplings which may include
requirements for remote operation, balanced valve design, and very low
spillage upon engagement or disengagement.

Disconnects are required to meet stringent leakage requirements because

of the necessity of preventing pressurant or propellant loss and the
hazards to personnel that might result from leakage. To meet the require-
ments, soft seats are used in these valves almost exclusively. A problem
arises from the fact that no known polymers are compatible with fluorine
and fluorine vapors, and thus all metal construction would be required

for these propellants. However, metal-to-metal closures are very semsitive
to contamination.

4-5



RUPTURE VALVE

DIAPHRAGM

PYROTECHNIC
FLOW METERING VALVE
START VALVE {(OXIDIZER)
[SHUTOFF VALVE
§ i
= = | THRUST
51-SZ FORCE
a A;\ —

FILL VALVE
(DISCONNECT)

THRUST CHAMBER
INJECTOR

FLOW METERING
VALVE (FUEL)

REGULATOR AND
RELIEF VALVE

DIAPHRAGM

FILL VALVE
(DISCONNECT)
RUPTURE VALVE

Figure 4-1. Typical Bipropellant Spacecraft Propulsion System

SOLENDID VALVE
PR o M
PRESSURE REGULATOR ll> 5 <

& RELTEF VALVE

THRUST NOZZLE
PRESSURIZED (TYP)

GAS ::
FILL VALVE
{DISCONKECT)

Figure 4-2. Typical Attitude Control For Spacecraft

4-6

1
g

WL

Lt

b

we
i

{Hi

=3




cmm-m

L <N

1l

|
=]

Other problems with fill valves include that of the effects of steriliza-
tion temperatures on soft seats in contact with propellants. It is probable
that the combination of high sterilization temperature for long periods

(36 hours) and propellant contact may degrade elastomeric seals or seats.

If the disconnect port is exposed to space vacuum, sublimation of the
material would occur to some degree, and radiation effects could degrade

the polymers if the dosage became sufficiently high.

4.2.3.2 Shutoff Valves - The term shutoff valve is general. It usually
means a valve that has only an on-off function, i.e., it does not modulate
pressure or control flow in a variable way. A great variety of shutoff
valves exists, since such a valve may be of almost any configuration and

still satisfy the function. It can be a simple petcock, commonly called

a plug valve, or it can use any of numerous other closure mechanisms, e.g.,
butterfly, poppet, slide, pinch, etc. The closures may use elastomers for
sealing or a metal-to-metal seat. The valve can have a variety of actuators -
manual, electrical, hydraulic, electrohydraulic or pneumatic.

The particular configuration selected for a given system depends upon the -
detail requirements of the application. The choice of seat material, for
instance, depends upon the degree of contamination that must be contended
with, the operating and ambient temperature ranges the valve will experience,
and the flow medium the valve is required to control. The choice of actua-
tor is also strictly dependent upon system requirements. From this almost
limitless number of combinations, it is possible to select and procure an
adequate shutoff valve for most applications. However, there remains
distinct and pressing problems to be solved with shutoff valves intended
for use on space vehicles. Many of the problems encountered by shutoffs
are identical to those encountered by disconnects, e.g., those of steriliza-
tion, contamination susceptibility and the possibility of damage from
radiation. In addition, the shutoff valve will be required to operate at
higher temperatures than a disconnect, and above S00°F the choice of seat
material is usually restricted to metals only. Continuously operating
attitude control valves may use significant amounts of electrical energy,
and the response of a valve for this application must be quite high. If
metal-to-metal seats are used, the possibility of cold welding in high
vacuum exists. Contamination from space debris and lunar dust could
contribute to failure, and measures must be taken to exclude such dirt

from the valve.

Shutoff valves are available for performing a wide variety of tasks. Valves
are available for "in line" operation of a space vehicle, where the valve

is immersed in the operating fluid and does not have its internal parts
exposed to space. However, the "last valve" in the system, which will have
one port exposed to the space environment, may be degraded from the effects
of vacuum, radiation, space debris and other external contaminants.



4.2.3.3 Flow Metering Valves - The function of a flow metering valve is
to control the flow of a propellant to the engines at some specific rate.
The control may be effected by a sharp-edged orifice in the line with a
shutoff valve upstream, or the orifice may be incorporated into the valve
itself. Variable thrust rocket engines employ a movable variable area
pintle in a fixed orifice. Bipropellant engines employ a dual pintle
arrangement in which the pintles are operated in tandem through a linkage.
The valves also can be designed to operate in the cavitating regime, which
makes the flow rate independent of changes in the downstream pressure.
Flow metering valves are not subject to failure from contamination to the
same degree as shutoff valves, because stringent leakage requirements are
eliminated. '

Flow metering valves can be of all metal construction or can be designed to
include polymers, the choice being dependent upon the particular application
and propellants used. All metal construction permits a higher range of
operating temperature, and alleviates the concern with propellant compati-
bility, especially for long-term missions. The use of all metal construction
would involve bellows, seals, and may also incorporate a hermetically sealed
lubrication system. If polymers are used in the construction, the previous:
comments regarding the limitations imposed by temperature, propellant com-
patibility, radiation, and vacuum apply.

4.2.3.4 Vent Valves - A vent valve is required to perform to exacting
requirements under widely varying conditions of ambient temperature,
vibration, and acceleration. It must be able to handle the large flow

rates resulting from boiloff during propellant loading, and it must have

a high response to maintain tank pressures within close limits after loading
and cooldown. Cryogenic vent valves presented one of the most severe
problems encountered in the ICBM program.

Valves have been produced to satisfy the vent function on ICBM's after a
development program of more than five years. The techniques of design,
manufacture, test, and operation that evolved during this program can be
utilized in supplying a vent valve for space operations. Some of the
problems that must still be considered with cryogenic vent valves are:

1. Care must be taken to insure that the tank is purged of all
water vapor prior to loading. If this is not done, the vapor
may freeze in the vent valve causing failure.

2, If plastic liners or other components are used for seals,
the plastics must be dimensionally stable over the expected
range of temperatures. Ideally, this stability is achieved
through the proper selection of material. However, if
stable material is not available, suitable processing
techniques must be used to achieve the desired result.
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3. Under zero gravity conditions, the location of the liquid
in the tank may be random and indeterminate unless a positive
expulsion system is used. To avoid the excessive loss of
oxidizer which would result if liquid were vented instead of
gas, it will be necessary to insure that only the vapor phase
has access to the discharge ducting. Studies have indicated
that the liquid tends to collect in the center of the tank
under zero g conditions. If additional tests substantiate
this position, it may only be necessary to provide an annular
collector ring inside the tank to effect the separation of
liquid and gas. A zero g thermal vent valve system is
discussed in Section 4.5.

4, If polymers are used in the construction, the effects of the
propellants, sterilization, temperature, vacuum, and radiation
must be considered.

Vent valves for spacecraft must perform under adverse conditions. As one
port will be posed to the space environment, sublimation of polymers, if
used in the closure, must be considered. If all metal seats are used,

the possibility of cold welding exists. Radiation and contamination from
external sources could also impair or destroy the valve. In addition to
these normal environmental effects with which the valve must contend, the
vent valve is faced with a unique problem peculiar to the venting function,
i.e., the zero gravity condition. The valve must be capable of discrimina-
ting between a gaseous and liquid flow medium, or must be capable of separ-
ating the two phases so that only the gas is relieved. During the vendor
survey, only two manufacturers were found who have attempted to design a
vent valve capable of meeting the requirements imposed by the zero gravity
field. Because of the difficulty of testing such devices, little or no
test data is available.

It must be concluded that considerable development time and effort would
be required to produce a satisfactory valve for a venting operation.
Additional studies are also needed to determine the actual valve require-
ments. For instance, some tank studies have indicated that the location
of the liquid in the tank can be predicted or controlled, and temperature
studies have indicated that venting may not be necessary for some specific
missions,

4,2,3.5 Pneumatic Cold-Gas Regulators - The function of a pressure
regulator is to reduce a higher pressure fluid to a lower pressure within
rather narrow limits of accuracy. The regulator must perform this task in
spite of many variables that occur during the process. For example, the
upstream pressure decays with time and the temperature of the flowing
medium may increase or decrease. The flow rate may vary from zero to the
maximum capacity of the regulator. The temperature in the ullage down-
stream of the regulator may vary widely with time, and the regulator may
be subjected to extremely variable environmental conditions, such as abrupt
changes in ambient temperature and pressure and variable conditions of
acceleration, vibration, and shock.

4-9



The development of ICBM pressure regulators was conducted concurrently

with the development of vent valves. The requirements for regulators are
more severe in several respects than are those for the vent valves, in

that the operating temperature range is wider (from -300° to +400°F) and

the valves must control helium gas which imposes stringent seal requirements.

Two general types of regulators have been employed in tank pressurization,
the modulating and the on-off, sometimes called the 'bang-bang" type. In
the former, tank pressure is sensed and a pneumatic signal is fed to a
controller on the regulator. In brief, the controller matches the tank
pressure signal against a preset reference pressure signal (spring or
bellows) and the main valve within the regulator responds to eliminate any
error between the signals. In the bang-bang control system, tank pressure
is sensed by a pressure switch, which in turn actuates a solenoid valve.

A particular advantage of the bang-bang concept is that the sensing elements,
i.e., the pressure switch, can be isolated from the temperature effects of
the flowing medium, as it can be located remotely from the valve.

The following problems must be considered with cold gas regulators:

1. Contamination - This is the largest source of trouble
reported. The close fits of the moving parts and the
small orifices that are often used in the control sections
dictate that the flowing medium be exceptionally clean.

In addition, extreme care must be used in the final
cleansing of the tanks, lines, and fittings upstream of
the regulator prior to installation. v

2, Sterilization Temperature - This temperature is sufficiently
high (270°F, 36 hours) to cause damage to polymers and
elastomers, and possibly permanent dimensional change in
some metal parts.

3. Radiation - Long term exposure to space radiation and on-
board nuclear radiation could result in the degradation of
nonmetallic parts. All metal regulators may be necessary
for the 10 year missions.

Satisfactory regulators can be produced which will operate with relatively
clean gas for short duration runs in the 1500 to 1700°F range. However,
extended operation at these temperatures and an extension of the operational
temperature to 2000°F, for even short duration runs, would require an advance
in the state of the art.

The use of the on-off (bang-bang) concept for hot gas regulation is particu-
larly attractive because the control section can be isolated from the high
temperature, The valve actuator could also be isolated to a degree, by
means of a standoff or other insulation method, which would permit use of
conventional actuation means such as solenoids.
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4,2.4 Valve Review

Some of the important state of the art valves which may be used on liquid
chemical spacecraft rocket engines are briefly described. The advantages
and limitations of each of the valves are emphasized.

4.2.4.1 Cone Labyrinth Valve - This valve was investigated during the

survey of present valve technology, because it employed an original method
of sealing. The novel means of seat surface contact in the 'Cone Labyrinth
Valve' promises improvements in contamination insensitive, leak-tight sealing
coupled with an unusual method for throttling over a wide flow range.

The flow control element of the Cone Labyrinth Valve (Figure 4-3) accomplishes

both throttling and shutoff by the use of two concentric sets of flexible
metal blades. Throttling is effected by forcing capillary flow through the
labyrinth created in closing and sealing action results from the engagement
of resilient metallic sliding durfaces. The concentric blades approach
each other with an intermeshing action which tends to be self adjusting and
finally provides shearing contact. The advantages, individually or in
combination, over existing flow control devices are:

1.

The maximum possible corrosion resistance which is afforded
by the material choices possible with an all-metal design.
Corrosion resistance is further reduced by minimizing the
erosive cavitation normally associated with deep throttling
but which is almost nonexistent in capillary throttling.

Extreme service temperature capability (cryogenic liquids,

nuclear reactor liquid metals) resulting from the all-metal
design. Radiation and vacuum problems associated with the

use of elastomers and plastics are similarly eliminated.

Contamination insensitivity due to the fact that impurities
are scraped away instead of being crushed or imbedded, which
is particularly desirable when controlling metallized pro-
pellants.

Extended seal life due to the self adjusting feature which
results in both cleaning and self-lapping of the seat contact
surfaces.

Sealing redundancy due to the use of multiple seats.

Wide range pressure throttling resulting from the division

and spread of the energy conversion process over several
labyrinth stages.
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4.2.4,2 Cold Gas Pressure Regulator - A lightweight pneumatic pressure
regulator (Figure 4-4) was developed for use on Mariner C by the Jet
Propulsion Laboratory, Pasadena. A sapphire ball poppet operating against
an aluminum seat is used for valve closure. Seat leakage requirements of

4 cc/hr of nitrogen are easily met with this configuration. Output pressure
is regulated to about 360 psia from a 3600 psia blowdown supply. Except

for the belleville springs and filter, all valve elements of the assembly
are fabricated from aluminum. All external connections are of the welded
type, providing zero external leakage. This regulator incorporates three
unique design concepts:

1. The filter employed on the inlet side of the regulator
consists of a series of stainless steel (type 347) annular
wafers, each having one face chemically etched to provide
a flow path for the fluid as shown in Figure 4-5. The
fluid enters the outer radial channels, which are 0.0004
inch deep, and then flows in and around the baffles or
maze and out through the inner radial channel. On passing
through the maze, contaminants are trapped and held. The
filter can be disassembled, cleaned, and reused.

2. A flexure diaphragm support ring (Figure 4-4) is used
directly behind the low (reference) pressure side of the
aluminum diaphragm which is used as the sensing element.
The flexure is an annular ring containing a series of
fine saw slits running radially part way through the ring.
This ring supports the thin diaphragm structurally, yet
allows the diaphragm to move the 0.015 inch required for
actuation. The backup ring and diaphragm replace the
bellows normally used in this type of regulator.

3. Belleville springs, stacked in parallel, are used to
provide high force, low deflection characteristics which
are desirable in a regulator reference spring. Stacked
belleville springs, because of their inherently high
friction and hysteresis forces are normally impractical
for such a sensitive system. Spacer washers of flat or
torus-type rings have been used to alleviate this problem.
All had disadvantages because the load varied on each
spacer, with the last spacer supporting the combined load
of the assembled stack of springs. The load path of the
belleville spring assembly shown in Figure 4-4 is taken
through the cylindrical carriers provided for both the
inner and outer support. The cylinders are grooved to
equally space the springs as well as contain them. The
belleville spring washers are also silver plated to
provide dry film lubrication, since relative motion exists
between the outer and inner edges and the grooved carriers.
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Figure 4-4. Pneumatic Pressure Regulator for Mariner C
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Figure 4-5. Chemically Etched Filter Wafer
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