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FORWARD

This report was prepared by TRW Systems Group, Redondo Beach,
California. Described is the analysis and design effort conducted with the
objective of determining the optimum configuration for a multicycle isolation
valve suitable for application in a fluorine-hydrazine or Flox-MMH rocket
engine feed system. The work was accomplished during the period from November
1970 through October 1972. The program was conducted for the Jet Propulsion
Laboratory, Pasadena, California under contract JPL 953029. The JPL Program
Manager is Mr. Orville Keller.

The work was performed by the Combustion Systems Laboratory in the
Applied Technology Division. Mr. Frank L. Merritt of the Chemical Propulsion
Department is the Program Manager. Acknowledgment is given for the contri-
butions of Messrs. R. J. Salvinski, G. S. Bell and J. L. Reeve.



ABSTRACT

This report documents an analysis and design effort directed to
advancing the state-of-the-art of space storable isolation valves for control
of flow of the propellants liquid fluorine/hydrazine and Flox/monomethy-
hydrazine. Emphasis is upon achieving zero liquid leakage and capability of
withstanding missions up to 10 years in interplanetary spaceﬂ Included is
a study of all-metal poppet sealing theory, an evaluation of candidate seal
configurations, a valve actuator trade-off study and design descriptions of
a pneumo-thermally actuated soft metal poppet seal valve.

The concepts and analysis leading to the soft seal approach are
documented. A theoretical evaluation of seal leakage versus seal loading,
related finishes and yield strengths of various materials is provided.
Application of a confined soft aluminum seal loaded to 2 to 3 times yield
strength is recommended. Use of either an electro-mechanical or pneumatic
actuator appears to be feasible for the application. The actuator trade-off
study indicates the electro-mechanical approach to offer advantages on an
overall system basis and is recommended for ultimate design.

ii



1.0
2.0

3.0

4.0

5.0

6.0

CONTENTS

INTRODUCTION

REVIEW OF MECHANISMS QF PQOPPET SEALING

2.1

2.2

Analytical Approaches to Seal Performance Predictions

2.1.1 Leakage Prediction

2.1.2 Wear Considerations

2.1.3 Propellant Chemical Effects

Soft on Hard Metal Sealing

2.2.1 Experimental Sealing Data

2.2.2 Analysis of Sealing Mechanisms
2.2.3 Detailed Analysis of Seal Designs

CANDIDATE SEAL CONFIGURATIONS

3.1

3.2
3.3
3.4

Soft-Hard Metal Seal Designs

3.1.1 Soft-Hard, Hard-Hard Redundant Poppet Seal
(Redundant Seal)

3.1.2 Bulk Energized Seal

3.1.3 Summary of Comparative Design Analyses of the
Soft-Hard, Hard-Hard and Bulk Compression Seals

3.1.4 Additional Soft Hard Seal Concepts
Combined Flat and Shear Seal Evaluation
Welded Seals

Ultrasonic Bonding

ACTUATOR TRADE-OFF STUDY

4.1

4.2
4.3

Actuator Characteristics to Meet Systems and
Valve Requirements

Selection of Feasible Candidate Actuators

Comparison of Electromechanical and Pneumatic
Actuation

SOFT-HARD, HARD-HARD POPPET SEAL ISOLATION VALVE DESIGN

5.1 Requirements
5.2 Design Approach
5.3 Design Description
5.3.1 Poppet Assembly
5.3.2 Pneumatic Actuator
CONCLUSIONS

2-12
2-18
2-21
2-21
2-32
2-42

3-1
3-1

3-7

3-11
3-13
3-19
3-22
3-22

4-1

4-2

4-12

5-1
5-1
5-3
5-4

5-6

6-1




7.0
8.0
9.0

CONTENTS (Continued)

NEW TECHNOLOGY

REFERENCES

APPENDICES

A.

B.
C.
D
E

Leakage Test Data for Cycled Soft Gasket

Soft-Hard, Hard-Hard Redundant Seal Design Analysis
Bulk Compression Seal Design Analysis

Propellant Isolation Valve Stress Analysis

Thermal Pilot Valve Design

iv

Page
6-1
8-1
9-1

A-1
B-1
c-1
D-1
E-1




2-2
2-3

2-5
2-6
2-7
2-8
2-9
2-10
2-11
2-12
2-13
2-14
2-15

2-17
2-18

2-19
2-20
2-21

2-22

2-23

2-24

FIGURES

Leakage Geometry

One Dimensional Random Surface
Dimensionless Area Vs. Gap

Leak Rate Vs. AP

LF, Seal Leakage (Steel/Aluminum)
LF, Seal Leakage (Steel/Copper)

Effect of Asperity Height on Leakage

Effect of Surface Finish Wavelength on Leakage

Effect of Apparent Seat Stress on Leakage

Effect of Elastic Modulus on Leakage

Estimated Wear Particle Diameter as a Function of Cycle Life
Typical Stress-Strain Diagram

Stress-Strain Diagram for 1100 Aluminum

Stress-Strain Diagram for Copper

Leak Vs. Normalized Stress for 1100-0 Aluminum with 347 SS
Seal Surfaces, Fine Circumferentially Machined

Typical Comparison of the Leakage Characteristics For
Two Different Initial Surface Finishes. A 10 psi Pressure
Difference across the Interface is Assumed

Welded Knife-Edge Connector

Relation of Mean Surface Height to Applied Seating
Stress by Plastic Coining and Indentation Theory

Effect of Asperity Sharpness on Required Seating Stress
Indentation of Hard Radiused Punch Into Soft Material

Effect of Hard Cavity Wall Flexibility on Apparent
Bulk Compressibility of Soft Seal Material

Effect of Finite Hard Cavity Wall Thickness on Apparent
Bulk Compressibility of Soft Seal Material Enclosed in
Annular Cavity

Minimum Gap Requirements Between Adjacent Parts to Prevent
Extrusion of Seal Material Between Sliding Surfaces

Load Required to Overcome Frictional Forces
When Opening Extrusion Design Valve

Page
2-2
2-2
2-3

2-6
2-7
2-8

2-10
2-11
2-17
2-24
2-25
2-26

2-29
2-30
2-31

2-33
2-35
2-36

2-38



3-1
3-2
3-3
3-4
3-5
3-6
3-7
3-8
3-9
4-1
4-2
4-3

4-5
4-6

5-1

FIGURES (Continued)

Soft~Hard, Hard-Hard Seal (Original Configuration)
Soft-Hard, Hard-Hard Seal (Revised Configuration)
Bulk Energized Seal

Bulk Energized Seal - Configuration II

Angle Contact Seal Concept

Actuated Seal Concept

Knife Edged Seal

Combined Flat and Shear Seal Poppet Design

Solid State Sealed Valve Concept

Actuator Concept Tree By Energy Source

Isolation Valve Actuator Concept Schematics
Torque-speed Curves for D.C. and A.C. Motors

Isolation Valve Actuator Composite Applicability Rating
System Weight/Energy Requirements, Helium Actuator at 300 psia

A.C. Motor, Gear Train, and Ball Screw
Actuator Energy Requirements

Soft-Hard, Hard-Hard I;o]ation Valve Design

vi

Page
3-4
3-5
3-8
3-10
3-14

- 3-16

3-18
3-20
3-24

4-5

_4-10

4-15
4-16

4-19
5-2



2-1

2-2

2-3
2-4
2-5

4-1
4-2
4-3

5-1
5-2
5-3

TABLES

Average Wear Particle Size Under Ambient
Atmosphere for Different Materials

Effect of Environment on the Average
Wear Particle Size

Yield Strengths of Gasket Materials
Meyer Hardness and Index for Various Materials
Knife Edge Seal Leakages

Isolation Valve Actuator Requirements

Isolation Valve Actuator Ratings
Gear Head Characteristics

Design Requirements
Valve Design Data
Actuator Design Data

vii

2-15
2-27
2-28
2-32

4-1
4-14
4-18

5-1

2-7



1

.0

INTRODUCTION

Studies of the propulsion systems required for future long term
unmanned spacecraft missions to the outer planets indicate storage of
high energy propellants with extremely low leakage for periods of ten
years or more must be achieved. Application of specialized isolation
valves designed for high sealing reliability for a relatively low
number of mission cycles and demanding only slow actuating response
provides the best means of assuring propellant storage integrity.

The objectives of the Space Storable Propellant Isolation Valve
Program are to fnvestigate methods of internal valve sealing and to
provide‘designs for both the valve and actuator. Theory and deéign
concepts for poppet sealing have been investigated. Included has
been an evaluation of materials usable in the propellants Tiquid
fluorine-hydrazine and Flox-MMH, concepts of sealing potentially
capable of achieving zero liquid leakage for long periods, and data
for design of valves and actuators.

In addition to propellant isolation valves, also included in
the program are investigation and design of helium isolation valving.
Predicted propellant contamination of the helium on the downstream
side of the valve makes necessary consideration of propellant com-
patibility for the component. This Final Report presents the propel-
lant valve effort. Application of the propellant poppet seal concepts
noted in this report appear to be favorable for the helium valve design.

Part of this effort was accomplished early in the program and is
documented by Reference 1, Detailed Evaluation Report. In addition a
design was provided for a pneumotherally actuated valve using a
combined Soft-Hard, Hard-Hard poppet sealing concept. This design is
documented in Section 5.0 of this report with changes incorporated in
response to subsequent analysis. The last phase of the work was
originally published as the Alternate Poppet Seal and Actuator Trade-
off Study, Reference 27. This effort forms a part of this report
primarily in Sections 2.0, 3.0 and 4.0.
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The objectives of the study were to establish the most feasible
approach for all-metal poppet sealing providing zero liquid-leakage

and to determine the optimum valve actuating mechanism considering
both the valve and system characteristics.

The seal study phase of the work is directed to a more detailed

analytical evaluation of the mechanisms important to achieving low

leakage and predibting seal life. The general analysis of principles
is covered in Section 2 and a detailed analysis of designs in Section 3.

The major sealing designs considered are:

1. Soft-Hard metal configurations
2. A hard-hard face seal combined with a shear seal
3. An app]ication using ultrasonic energy at the seal interface .

The soft-hard configurations include a reappraisal of the original Soft-
Hard, Hard-Hard Seal, pneumothermal actuated design submitted to JPL
(Reference 2). A detailed stress analysis directed to the loading of the
soft seal insert was completed. The analysis of the Soft-Hard, Hard-Hard
Seal revealed design revisions to reduce friction between the outer confin-
ing wall and the soft material to be of advantage. Also a change in form
of the insert to eliminate the thin cross-section originally used was

shown to be desirable. '

An alternate soft seal design (Bulk Energized Seal) has been proposed
incorporating a method of developing high bulk loading of the seal with
relatively lower actuating forces. The most favorable sealing approach
for the isolation valve determined from the study lies in either the
revised Soft-Hard, Hard-Hard Seal or the Bulk Energized Seal concepts.

Several other soft-hard design configurations which utilize
a shear seal approach are included without analysis. Tests are
required to establish the relative advantage or disadvantage of the
shearing concept for seaiing in liquid fluorine. Little data and
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analysis is available to establish a comparative evaluation. At the
outset the approach of minimum sliding action at the seal face has
been assumed to be likely to produce the least wear and chemical

activity.

As a result of the study application of the soft-hard metal
poppet seal approach is recommended to meet the zero-liquid leakage
requirement and to provide particle contamination resistance. The
application of more advanced sealing techniques such as ultrasonic
bonding described in the report requires feasibility testing before
a design can be established. Unless such an exploratory development
commitment can be made {n the program the approach cannot be considered
feasible. Both the Soft-Hard, Hard-Hard Seal and Bulk Energized Seal
concepts noted above must be considered as poppet seal candidates.

The actuator trade-off study is provided in Section 4. The
study is addressed to both the valve and system interface characteristics.
A brief review of a wide range of actuating methods is considered at
the outset. The results of the study indicate either pneumatic or
electromechanical methods to be feasible. The electromechanical
approach provides the greatest advantage with respect to the system.
Failure modes do not interact with the system, i.e. leakage of pilot
valves supplied from the tank pressurization source. Only electrical
connections are required for supply. The mechanisms required for
electrical drive are also favorable in characteristic for the low
response, low wattage operating characteristic. The environmental
extremes of cryogenic temperature and hard vacuum are not new to
electromechanical devices. It is recommended the electromechanical
actuation aporoach be adopted for the flight design of both the
propellant and helium isolation valves.
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2.0 REVIEW OF MECHANISMS OF POPPET SEALING

This section of the study has the purpose of exploring analytical
techniques pertinent to predicting the performance of seals. Leakage as
related to surface character and the surface effects of wear and chemical
reactivity are the primary considerations. Empirical data relating
yield strength, unit seal loading and finish to leakage for metal seals
in the plastic range is given. Other techniques for application of hard-
hard seals and use of energy locally applied to augment sealing are

touched upon

2.1 Analytical Approaches to Seal Performance Predict?dns

2.1.1 Leakage Prediction

This section analytically relates the character of the interface
asperities for a seal surface under in-contact conditions to leakage.

The expression for the average leakage area taken from reference 3

(Long Term Performance) is:

| 2,2
A= Ens® (2n) 1/2 o-h /28, +-g€ [1 + erf (—;‘—E)]

where: AL = leak area
% = circumferential length of contact area
Ems = rms surface asperity height
h = gap height between mean surface level and contacting
surface
erf = error funcfion

This analysis applies to a perfectly rigid flat surface which is in
contact with a deformable surface with random irregularities as shown
in Figures 2-1 and 2-2.
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Figure 2-1. Leakage Geometry
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Figure 2-2. One Dimensional Random Surface
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This equation is plotted in Figure 2-3 in terms of a dimensionless leak
area as a function of a dimensionless gap.

The limiting value for A/a%g as h/g approaches zero is determined
by the assumption that the nearness of contact cannot exceed the mean surface
asperity level of the machined surface., Figure 2-4 is a plot of the leak rate
of helium as a function of the differential pressure across the two surfaces

for a given surface finish and gap height. For purposes of the analysis
given in the reference the valve seat diameter was chosen as 0.050 inch.
Molecular flow with a small entrance path is assumed as the dominating
leak mechanism. Tor larger seat diameters the leakage values must be
multiplied by D/.05 where D is the diameter of the large seat.
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Figures 2-5 and 2-6 are taken from Reference 4, The Fluorine Systems
Handbook, and are typical computer program output curves of the result
of a parametric analysis made in Reference 97 of the reference. The
leakage model is constructed with a seal perimeter to seal width ratio
of 100. These curves are reported here as additional criteria using
steel/aluminum and steel/copper seat combinations with Tiquid fluorine.
What is important to this program is the convergence of the leakage
curves as a function of asperity height to a specific seat stress taken
to be the yield or plastic range of the soft material. Aluminum requires
a lower stress to achieve the same leakage than the copper model. Nothing
is said about the oxidation film on leakage as a function of cycles.

Additional curves are given in Figures 2-7, 2-8, 2-9 and 2-10 taken
from the same reference. These curves show the effect of important design
parameters on the relative leakage. These parameters were optimized in
the designs reported in this program and summarized as:

Asperity heights approaching 1 X 10'6 inches
Surface to be as flat as practical
Use low elastic modulus materials

S~ w N

Use high seat stresses
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2.1.2 Wear Considerations

Wear particle generation in valves can be caused by particulate
contamination on the seat surfaces, or by plastic contact of the
surfaces. Rabinowicz, Reference 5, has shown that when the contact
is plastic, wear particles can be generated due to asperity removal,
and that these particles can cause additional damage.

The relationship between particle size and adhesive energy has
been developed by E. Rabinowicz, Reference 6, at MIT and is given by
the following equation:

= 2
d =60E wab/Gyp

where: d = the average diameter of the wear particle
= Young's modulus
Gyp = yield stress of the material in compression

the work of adhesion of the materials a & b in

W
ab contact and is further defined as:

Wap = Ya* Yp = Yap

where: Ya surface free energy of material a per unit area

Yp = surface free energy of material b per unit area
Yab = interface free energy per unit area.

It has been found that Gyp is about one-third the hardness P and that
dyp/E is about 3X10'3 for many materials, then:

d = 60,000 wab/P
Experimental results showing the relation between material and the

average wear particle diameter obtained by E. Rabinowicz, Reference 6, are
presented in Table 2-1.




Table 2-1. Average Wear Particle Size Under Ambient
Atmosphere for Different Materials

Lead

Tin

Bismuth
Cadmium
Aluriii num
Zinc

Copper
Brass

Mild Steel
Iron (Oxide)

Aluminum (Oxide)
Teflon
Nylon

Silver
Nickel
Glass

Another assumption made is that the wear particle size generated
at any given cycle is equal to the surface finish or mean asperity height
characterized by the surface of the softer seat. The wear particle size d
given by the above equation is the equilibrium size. That is, the particle
tends to a certain size and remains at that size. Also the surface finish
will generate to a finish equal to the equilibrium size. This equilibrium
surface is then the final surface characterized after "wear in", independent
of the_initia] surface condition. In most cases, a valve seat finish is
very fine, ranging about 2 rms or greater. If we assume an initial surface
finish of .05 microns (2 rms) and using an iron oxide surface model it can
be seen that the average wear particle will eventually "wear in" to 1.0
micron. The corresponding finish will be 40 rms. For a valve seat this is
a severely rough surface and leakage would be considered gross.
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It is necessary to know the equilibrium wear particle diameter
generated as a function of cycles. Using the example the 40 rms finish
may require a cycle "wear in" of an unrealistic number considering the
1ife usefulness of the valve.

It is important to consider the effect of the reactivity of the
environment on the wear particle size. The more reactive the environment
the smaller the wear particlie. This effect is illustrated in Table 2-2
using copper-copper surfaces in various environments. In vacuum the wear
particle would be quite large. For a reactive propellant such as fluorine
or FLOX the wear particle should be smaller than those listed in Table 2-1.
However, for the fuels such as hydrazine or MMH the wear particle size
should be greater indicating a better leakage performance characteristic
of metal valve seats for the oxidizer over the seats used with the fuel.

The design implications of the foregoing analysis are apparent. The
use of harder seat materials will result in smaller wear particles and sub-
sequently the wear process will result in finer surface finishes. This has
previously been reported in Reference 7. By selecting a seat material with
a characteristic small wear particle size it should be possible to predict
the final surface finish after N cycles. If the surface finish is approxi-
mately equal to the wear particle size for a given seat material combination
then prediction is easily obtained. However, it appears that surface
roughness can be much smaller than the average wear particle size reported
in Table 2-1. Therefore, the initial performance of the valve seal should
be better than at "wear-in." It remains to develop a relation between wear
particle size as a function of cycle Tife. In addition, the equilibrium
wear particle size of a material exposed to the propellant needs to be
determined.

Surface rougnness and wear particle generation criteria can be used
for the leakage model only by assuming that the surfaces at the interface
conform in curvature (or flatness) within the dimensions of the minimum
surface roughness. If the conformity is larger than the surface roughness
the dominant leakage area will be the gaps produced by waviness of the
surfaces and will undoubtedly be much higher. This design implication

2-14 -




Table 2-2. Effect of Environment on the
Average Wear Particle Size

Average Particle Diameter
Copper-Copper Surfaces

Environment Micrometers
Nitrogen 480
Helium 380
Carbon Dioxide 300
Dry Air 224
Oxygen 201
Laboratory Air 177
Wet Air 144
Cetane 12
Silicone DC 200-100 cst. 9.5
Ucon Fluid LB-70X 9.5
Palmitic Acid in Cetane 8.0

favors the use of flat surface geometry for thick seats which can be most
easily fabricated with present day fabrication techniques. The use of
thin elastic seats such as the lip seal can be made to conform to the
poppet, however, the conformity on a micro level is not well known.

Wear fragments can also be transferred from one material to the other
contacting element. Adhesive fragments take the form of semiellipsoids of
dimensions approximately 1.0 X 10'3 to 4.0 X 10"3 cm wide. The proportion
of lTength and height will be 1.7 and 0.5 times its width. The amount of
adhesive wear is generally proportional to the normal load at the interface.
Adherent wear fragments can be important since surfaces can be roughened by
this process.

An example of the analysis that may be applicable to predicting cycle
life vs. surface roughness is given in the following:

An expression of the number of cycles to equilibrium would relate
the number of junctions which must be destroyed (or created) to
equal one junction of the same area. This assumes the real area
of contact is always constant. Reference 6.



N. =LN
! d
where N is the number of junctions and d is the diameter of the loose

particle generated. The subscripts i and e are representative of the
first cycle and at equilibrium.

The total adhesive energy for a given set of junctions is:

4P
W = %o,000 N

The adhesive energy required to change Ni junctions of average diameter
di to Ne junctions of average diameter de is:
' 2

P q d P
M g0 7z Y- w000 e

1

Assuming only one junction at equilibrium, then:

M= ggooo @ (de - 95)

Further assuming that an equal adhesive energy is used to create a wear
particle per cycle, then:

Taking de to be 2.0y and di to be .05y then,

Co = 40 (39) = 1,560 cycles.
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The reader should be cautioned that this analysis is based on
assumptions that have not been validated by test or documented by
others.

It is useful to plot a relationship between wear particie diameter
and cycles. Figure 2-11is a plot of these parameters based on the above
analysis, however Ce and de are now taken to be Cn and dn where:

Cn = number of cycles to develop dn and,

dn = diameter of wear particle at n cycles

1.0 where di = ,05u

Wear Particle Diameter
in Microns

n

0.5

d

d. = .05 2 L i 2 1
0 400 800 1200 - 1600 2000

Cn in Cycles

Figure 2-11. Estimated Wear Particle Diameter as
a Function of Cycle Life



2.1.3 Propellant Chemical Effects

A general evaluation of materials suitable for application over
the range of space storable oxidizers and fuels of interest in the
program was conducted under the Detailed Design Report, Reference 1.
The effort was directed to consideration of materials usable for
common use in both propellants and for application in soft-hard seals
in which a very soft material is desired. A-broader compilation of
candidate materials is included in Reference 4, Fluorine Systems Handbook.

Evaluation of materials for sealing of necessity involves a very
detailed knowledge of the effects of chemical reactivity at the
metal surfaces and at the edge of a bimetal interface.

Corrosion data to the level of detail desired is generally not
available. This is primarily a problem with the oxidizer. It is
necessary then to establish material selections based upon data that
is available which includes corrosion rates in fluorine, observations
of the effect of fluorine on actual valve parts following propellant
tests, and determination of the nature of oxide and fluoride films
on various alloys. Some of the information presents conflicting
results for given materials exposed to apparently 1ike conditions.

In general it must be assumed if good results such as extremely low
corrosion rates were ever obtained in any one experiment that this
result can be repeated once all factors are controlled. The primary
element affecting chemical reactions involve contaminants in the fluid,
impurities in the alloys or in the reacting propellant lapping compounds
imbedded in" surfaces or in platings and other coatings applied to
surfaces.

In general, this discussion points up the need for extreme care
in processing materials for use in fluorine. To a degree, the control-
lability of a given alloy may be more important than the capability of
exhibiting the absolute peak of compatibility. The consistency and
purity of the commercially available alloy is the primary factor in
control. This aspect of compatibility was considered for the materials
previously selected in the program.




The materials specified for the presently submitted isolation valve
design were Inconel 718 for seal contact surfaces and 1060-0 or 1100-0
aluminum for the seal insert. No platings or brazes were used on the
basis that the fewer processes involved with fluorine or FLOX propellants
the more reliable the Tong term compatibility of the component. Differ-
ences in heat treat were assumed to provide a degree of differential
hardness at bearing interfaces. This coupled with fluorine oxidation
of the surface has been proven to provide an adequate solution to lightly
loaded guide bearing applications (Reference 8). Good results in appli-
cation of Inconel 718 in fluorine service is documented by McDonnell Douglas
by Reference 9. Based upon the above Togic and experience, no change in
the body materials is suggested. The choice of soft seal materials must
involve mechanical considerations as well as the yield strength range
required for a given poppet mechanism and the cold work characteristics
acceptable for cycle life.

Some coatings do offer advantages, if sufficient process testing can
be accomplished to assure consistent long term results. Work by Aerojet
on a metal-to-metal sealing shutoff valve (Reference 10) indicates the
condition of a gold plated CRES 304L to be good following a limited
exposure. The use of Beryllium nickel as the substrate is suggested as
being a better choice over 304L. This data indicates a plated gold to
be a stable surface and could be considered at least as a protective
finish within the isolation valve. The gold was electrodeposited to
.0015 in thickness and finish polished to 2 micro-inches. The only
noticed effect was a dull or cloudy appearance of the gold following
fluorine exposure.

Passivation Coating

Marquardt conducted an investigation into the oxide-fluoride surface
reactions of a number of hard materials (Reference 11). The concept was
advanced that a material which reacts to a gaseous fluoride would have
advantage in not building up surface corrosion products. A disadvantage
to a long term use however is that no protective fluoride coating forms
and the material will continuously react. Tungsten, Boron, Platinum and
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Carbon are examples of elements forming fluorides that are gases at
normal temperature. Nickel chromium, copper, iron and aluminum all
form solid fluorides.

Indications are also apparent that the fluorides are 2 to 5 times less
dense than the parent metals indicating an increase in bulk on formation
at the surface. Most all metals change to a different crystal form on
reaction to a fluoride. Also the bond characteristics with the surface
are also changed from a metallic to an ionic bond. The thickness of the
fluoride coating and the equilibrium characteristics finish for a given
material due to extended exposure must be experimentally established to
determine the result of the process. Experimental evidence indicates
fluoride films to be in the order of 2 to 20 K in thickness for aluminum and
other materials of good compatibility. This is relatively insignificant
compared to typical asperity heights of microinches.

Experience cited by McDonnell Douglas reference (9) shows the results
obtained for both a hard-hard and soft-hard poppet seal combination on
LF2 exposure. The combinations used were A286 steel on Inconel 718 and
a 23+ carat gold plated seat on Inconel 718. Inspection following pro-
pellant exposure indicated the seal surface to be in good condition with
only stains appearing on the metal in the static seal areas.

A consideration pertinent to materials compatibility of seals for the
isolation valve is that exposure times are far less than the entire mission
period. Using a design affording total confinement and protection of the
soft seal element as well as seal surfaces, only extremely small areas are
exposed at structural intersections. For a total of 30 mission cycles and open
time duration of 6 hours each, the total open time would be 180 hours in
a full 10 year period. The direct exposure of the seal for resealing
demonstration could be conducted in a relatively short time if the closed
time was neglected. The closed time could be evaluated with static seal
samples over long periods.

Conclusions
A review of experience with seals in LF2 indicates good results to
be potentially achievable. The primary area of uncertainty lies in the
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area of detail material surface reactions in the oxidizer. At this point
it is apparent the choice of material must remain open among the originally
proposed materials, Reference 1. In general, it must be assumed aluminum
will require verification of the effects of hard surface fluorides in re-
appraising the sealing function. Test data indicates generally good results
with gold platings indicating pure gold to be a candidate for a seal insert.
Gold platings can also be used for minimizing metal pickup on bearing sur-
faces in other areas.

2.2 Soft on Hard Metal Sealing

2.2.1 Experimental Sealing Data

The logic pointing to the application of the soft on hard sealing
approach was presented in Reference 1. At the outset the ground rules
of the effort limited materials exposed to propellants to metals or
ceramics. Experimental evidence from a number of sources have shown
the leakage requirement of 10'6 sccs He cannot be met by conventional
hard on hard flat seats because of the effects of even a small amount
of particulate contamination.

As a starting point for this effort a review of soft on hard
sealing experience of other investigations was undertaken. The work
done in the past was largely directed to static seal application.
One instance was noted where repeated use of a single gasket was
demonstrated. The efforts investigated were accomplished by G.E.
and ITTRI.

The first aspect of sealing investigated was to determine the
unit seal loading versus leakage for various materials and initial
finishes. Some of the data is provided in the following paragraphs.
Surface model analyses of the relationships of yield strength, loading
and finish is then presented to establish a basic correlation and
insight into the mechanisms involved at the interface.

Some of the important factors involved in achieving a good seal
were reviewed in Reference 12. As would be expected the use of smooth
surfaces and low yield strength materials provided a high degree of
sealing with the lowest contact loading. The need for a substantial
plastic flow of the softer material is indicated.
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The effects of strain hardening of the material was also considered.
The principle is illustrated in Figure 2-12 for the case of repeated load-
ing. The figure illustrates a typical stress-strain curve. The cold work
effect for a given material is determined by the shape of the plastic
portion of the curve. On reloading, a higher stress must be applied to
achieve yielding. Tybica] stress-strain curves for aluminum and copper
are given in Figures 2-13 and 2-14 from Reference 28. Data is given for
both normal and cryogenic temperatures. It is evident from these curves
that the slope of the 1100-0 aluminum in the plastic region is much flatter
than that for copper over the temperature range. From this, aluminum appears

to be a better choice. In addition, the yield strength of the aluminum
is much Tower allowing plastic flow at lower stress levels. Table 2-3
from Reference 13 gives a comparison between standard yield strength data
(tensile test data) for various materials and apparent yield strength
obtained by experimentally yielding a typical gasket shape (leak test
data). The Y* values are obtained by plotting the intersection of the
elastic and plastic stress-strain curves. In general it is apparent
higher yield values can be expected in compression of a gasket compared
to typical tensile data. The effects of high friction, and potential
anisotropic characteristics of the materials can explain the differences
obtained.

Another measure of the cold work characteristic of materials can be
obtained by Meyer Hardness measurements. These are expressed as Meyer
Hardness Oy OF Meyer Index u. The Meyer Index is defined by the

relationship:
|
P = kd"
where: n' = material constant related to strain hardening
= a material constant representing the resistance
of a metal to deformation.
P = the applied load

The Meyer Index is related to the slope of the plastic portion of the
Stress-strain curve. The higher the value the greater the slope. Table
2-4 lists relative hardness values and indices for several soft materials.
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The data gives a general relationship between materials. The Meyer Index
values given cannot be rigorously applied however as hardness values have
a greater influence on choice of materials.
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Table 2-3. Yield Strengths of Gasket Materials

! Tensile Test Data fLeak Test Data
Material 0.02% Y.S. | 0.2% v.s. Y i y*
Lead 1040 1425 1518 || 2090
Aluminum 3388 4400 3930 ; 5350
Copper 6140 7770 7200 | 12700
Nickel 10200 13230 12530 | 29100
u

Y* gained directly from load-deflection curves: intersection
of extensions of elastic and plastic portions of the curves.
0.02 and 0.2 standard offset yield values are noted.

Table 2-4. Meyer Hardness and Index
for Various Materials

Material Meyer Hardness (psi) Méyer Index
102 Copper 109,000 2.09
1100 - 0 Al 48,700 2.19
2024 - 0 Al 89,600 2.44
5086 - H32 Al 139,000 2.14
6061 - T6 Al 159,000 2.00
2024 - T351 Al 202,000 2.00
7075 - Té Al 262,000 2.00
Teflon ' 3,870 2.80
Lead 4,390 i 2.33
321 CRS 202,000 2.35
C1141 Steel 308,500 2.22
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This data serves only to illustrate the character of the soft
materials potentially usable in the program. The data describes the
function of the material as might be applied in the mechanisms of
loading the seal. It has been shown the apparent reaction of asperities
at the interface can depart considerably from these typical properties.
The effects of particulate contamination and the character of surface
reactants (oxides or fluorides) can greatly affect sealing results.

A sealing curve for 1100 aluminum on 347 SS is provided in Figure 2-15
from Reference 14. From this curve it is apparent a seal better than 10'6
SCC .He/sec was obtained with loading equal to yield stress. Conclusions
reached under the same effort indicated gaskets for use at 1150 psi
must be loaded to 2.25 times yield stress to reduce leakage below 10~
SCC He/sec. For a pressure differential of 6000 psi 2.5 times yield is
required. This data was based on seals approximately 3 inches in
periphery sealing on both sides. The seals were unconfined. It was
also found that materials of equal coefficient of expansion maintain a
better seal at low temperatures. Also it was found that once a seal
was established the load could be reduced considerably before an
increase in leakage occurs.

6

Another test reported in Reference 15 and shown in Figure 2-i6
relates the leakage obtained relative to surface finish for aluminum
and steel. For a 15 RMS finish a leak rate of 1076 SCC He was obtained
with a load of approximately 1.25 times yield. At 50 RMS a load of
3 times yield was required.

The effects of resealing a soft on hard seal were experimentally
established in work done under Reference 16. The data is presented in
Appendix A. The configuration is shown in Figure 2-17. Opposing knife
edge sealing surfaces load a soft copper gasket of ‘approximately 1.1
inch diameter contact circle. The seal was relocated on each cycle.
Leakage tests were repeated after each of 6 sealings. The results
are summarized in Table 2-5, The results indicate a high degree of
potential in resealing a soft-hard interface. The conditions of the
demonstration must be considered to be relatively severe although not
involving propellant exposure. The seal loadings were high in the
order of 700#/inch of seal perimeter. The loading was the same for
each resealing.
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Table 2-5, . Knife Edge Se3l Leakages

Cycle Leakage Seal
1500 psid Loading
- scc He/sec 1bs
Initial Assembly <9 x 10’ 2300
Reseal 1 <9 x 107’ 2200
2 3 x 107 2200
"3 2 x 107° 2200
" <3x10° 2200
"5 2 x 107° 2200

2.2.2 Analysis of Sealing Mechanisms

Sealing Stress Requirements

Empirical design practice for hard to hard metal valve seats and static
metallic gaskets commoniy dictates a seating stress of two to three times the
compressive yield stress of the softer material to achieve low leak rates
(Reference 17, p. 6.3.2-6). Plastic metal working theory was applied to the
problem of forcing a soft plastic material into the asperities of a hard elastic
material. These stress models were originally developed to predict the pressures
required to force macroscopic blanks into hard dies, but should apply as well on
the microscopic level as the geometric parameters they contain are non-dimensional.
Suitable allowance must of course be made for changes in bulk material properties
at the contacting surfaces. Cyclic work hardening and oxide and fluoride films
may increase the effective yield stress of the soft material at its surface, which
is of interest in predicting asperity conformance. In metal working practice the
material is deformed a distance equal to many times the thickness of surface
films, so the yield stress of the bulk material may be used. It may be possible
to evaluate this increased surface yield stress bi correlation of Vickers micro-
hardness test results on annealed material with similar data on samples exposed
to mechanical cycling and propellant environments.

The predictions of two separate plasticity models are summarized in
Figure 2-18. Here a random asperity contour is idealized to a sawtooth pattern
of opening angle 2a . When the two sealing surfaces are brought into light
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contact, the hard material has asperities of effective depth of ZhNO LOAD

As the mean contact stress is increased to several times the compressive yield
stress of the soft material, the soft material is forced into the asperities
of the hard materials. The decrease in effective height of still unfilled
asperities is indicated on Figure 2-18. The solid curve shows the prediction
of a coining model (Reference 18) in which a flat soft blank is forced into a
depression in a hard die. By this model, the required contact stress is not
affected by the angle of the sawtooth and must be very large to fill the last
10 percent of the die depth. The dashed curves of Figure 2-18 rebresent the
prediction of a punching model (Reference 19) in which a single sharp punch is
indented into a soft blank. It can be seen that at applied stresses between
two and four times the yield stress the predictions are similar, but the punch-
ing model predicts a dependence on asperity sharpness as well as depth. This
dependence is shown in Figure 2-19. Consideration of limited data on the
asperity angles encountered in practice indicates that at worst real surfaces
would be on the relatively flat portion of this curve.

In an actual soft/hard contact the soft material, as well as the hard
will have a significant surface roughness. None of the plastic models in-
being treat a non-flat soft blank, but presumably very littie increase in
the contact stress should be necessary to crush down peaks and valleys in
the soft surface if it is already being forced into the hard surface at
several times yield.

In addition to the soft and hard surface contours, wear particles
composed of soft material, hard material and/or their compounds will be trapped
between the seats. An upper limit on the depth such particles will be indented
into the soft surface can be found with another punching model, in this case a
blunt radiused punch. Figure 2-20 shows the indentation depth versus contact
stress for this case. Of particular interest is the stress necessary to indent
an approximately spherical wear particle a distance equal to its own diameter
into the soft surface, which would presumably end its detrimental effect on
leakage rate. v

In design, a leakage analysis would be performed to determine what mean
surface height under load would be acceptable in a given application so as not
to exceed the allowable leakage criteria. Then Figures 2-18 to 2-20 and test
data would be used to find the seating stress required to maintain this surface
height over the required number of actuation cycles with wear paiticles present.
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Bulk Compression Seal Analysis

The general analysis of the bulk compression concept centered on determin-
ing the effect of confining the soft seal metal with actual hard walls having
finite wall thicknesses and moduli of elasticity. Figure 2-21 shows the effect
of relative modulus of elasticity on the apparent bulk compressibility of a
soft metal confined within hard metal cavities of two different shapes. The
apparent bulk compressibility is defined in this context as the slope of curve
of pressure in the cavity as a function of incremental volume change of the
soft material (caused by a small piston, for example). This -apparent compress-
ibility is non-dimensionalized by the theoretical bulk compressibility of the
soft material. The cavity walls are assumed to be infinitely thick in Figure
2-21. If, for example, a sphere of soft aluminum is surrounded by a thick wall
of hard steel and compressed, Figure 2-21 shows that the system will appear to
be 43 percent softer than the bulk compressibility of aluminum since the
modulus of elasticity of aluminum is one third that of steel. The example is
noted in the Figure. The additional flexibility introduced by walls of finite
thickness is illustrated in Figure 2-22 for a thin annular cavity. The lower
curve reflects a factor of two decrease in the initial volume of the soft
material assumed in plotting the upper curve.

Extrusion Seal Analysis

Figure 2-23 shows the dimensional requirements on gaps between adjacent
parts surrounding a soft metal seal according to plastic extrusion theory.
For a typical seal width dimension of 0.012 inch and a seating stress- of three
times yield, the curve indicates that such a gap should be kept narrower than
0.0009 inch which is stringent but achievable.

The actuation loads involved in opening an extrusion seal after once
seating it are investigated in Figure 2-24. If the hard walls confining the
soft metal seal are rigid, only elastic strains will be produced in the soft
material. When the seating load is released it will return to its original
dimensions and can be s1id open without any frictional resistance. On the
other hand, if the hard walls can deflect laterally as the soft seal is loaded
axially, the soft material will be laterally thickened. When the seating load
is withdrawn the deflected hard walls will tend to maintain a lateral pressure
against the soft metal. This pressure can equal several times the yield stress
of the soft material. Significant actuator loads in the valve opening direction
can be required to overcome frictional binding caused by this lateral pressure.
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The upper bound frictional load is that necessary to exceed the shear yield
stress along the transverse length of the seal, 2. Figure 2-24 shows this
upper bound load required to open the seal, ratioed to that required to close
it. It seems reasonable to limit designs to geometries that produce values
of this ratio below 1.0 to avoid overly severe actuator force requirements.

2.2.3 Detailed Analysis of Seal Designs

Once a particular design layout is available and a certain soft-hard
material pair has been selected, more detailed structural analysis must be
performed using the geometry of the particular configuration. Factors to
be investigated include:

1. Valve seating load requirements

a. Required stress in soft material at operating
temperature with work hardening

b. Frictional forces during closing
c. Redundant load paths

2. Valve opening load requirements.

3. Deflection and stress analysis of hard seal confining
walls when valve open and closed.

4, Deflection and stress analysis of soft seal material on
initial and subsequent actuation cycles.

5. Comparison of calculated stresses with fatigue allowables
for desired number of actuation cycles.

6. Comparison of calculated stresses with creep allowables at
service temperature to find degree of stress relaxation over
service life and its effects.

7. Assess durability of valve in anticipated vibration environment .

8. Evaluate long term effects of propellant reactivity on surfaces.
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3.0 CANDIDATE SEAL CONFIGURATIONS

A number of seal configurations are described in this section with
analysis directed primarily to the soft on hard metal designs. A brief
conceptual description and a cursory evaluation is provided for a
combined hard seat and shear seal design and a technique applying ultra-
sonic energy at the seal interface to establish more intimate contact
between the surfaces as a means of reducing leakage.

3.1 Soft-Hard Metal Seal Designs

The mechanisms considered for soft-hard metal sealing were evolved
out of the theory and test information presented in Section 2. The designs
given primary attention are the original Soft-Hard, Hard-Hard (S-H, H-H)
configuratibn_and a Bulk Energized Soft Seal design using an area
ratio principle to increase unit loading of the soft material. Several
additional configurations have been introduced without analysis as
approaches that may be considered if shear action at the interface
proved to be of advantage.

The detailed analyses of the S-H, H-H seal model and the bulk
compression energized'modei valve seal is given in‘Appendices B and C.
The major difference between the two designs is the force-stroke relation-
ship in providing high interfacial stresses. The S-H, H-H Seal Seal desfgn
requires high force and low displacement whereas the bulk energized seal
requires Tower forces but higher displacement of the poppet. In both
cases friction plays an important but somewhat unpredictable role in
the force requirements.

Estimated Leakage Limits With Wear

Referring to Figure 2-11, the wear particle size is assumed to be

1.6 microns (approximately 64 microinches) at 1000 cycles. Referring
to Figure 2-4 and taking the gap height to be 1 microinch and the rms
surface finish at 2 microinches, curve 8, the Teakage is predicted to
be 3 x 10'6 scc/sec He at a AP of 15 psia. Figure 2-4 was plotted

using an orifice diameter of 0.05 inches. This leakage must be multi-
plied by 12.5 (.625/.05) to obtain the equivalent leakage for a 0.625

3-1



5 scc/sec

diameter orifice. Thus the 3 x 10'6 leakage becomes 3.6 x 10~
He for the larger size assuming the gap h no load of Figure 2-18 to be
64 microinches at 1000 cycles, then to attain a leakage of better than
107° scc/sec He (1 microinch) requires a h/hyg ratio of 1/64 or .016.
This ratio is too low for practical consideration but is useful in the
1imiting case since the applied stress/yield stress (f/Fy) increases
asymptotically. This would be the case for metal surfaces having the
stated roughnesses on the first stroke or under conditions of stresses

in the elastic range.

The other limiting case is that the rms finish of the soft metal
does not exceed that of the hard seat which is a reasonable assumption
based on the coining theory of plasticity. The hard seat finish of 2
microinch surface is within practical boundaries at least initially.
Assuming a change to about 4 microinches due to fluoride film or oxide
film buildup the h/hNO ratio (Figure 2-18) now appears to be close to
0.3 where hNO = 4 microinch and h is made to5be about 1.0 microinch
resulting in a leakage rate of about 2 x 107~ scc/sec He (Figure 2-4).
The applied seating stress according to Figure 2-18 to achieve this
value is of the order of 2.8 times the yield stress. Assuming aluminum
yield stress at 15,000 psi the applied stress would be 42,000 psi. The
leakage values stated above are for a AP of 15 psia. Higher AP values
will increase the leakage values according to Figure 2-4.

Figure 2-5 taken from Reference 4 is a computer program output
curve. The leakage is based on a seal perimeter to width ratio of 100.

Leakage of 101

1bs/sec of LF2 requires stresses of about 10,000 psi
for the steel/aluminum case. To achieve the same result for the steel/

copper seal of Figure 2-6 a stress of about 40,000 psi is required.

This analysis indicates the importance of the bulk plastic range
of the softer metal in achieving low leakage. However, testing will be
necessary to determine the true value of the analysis under the actual
operating environments.



3.1.1 Soft-Hard; Hard-Hard Redundant Poppet Seal (Redundant Seal)

The function of the redundant poppet seal has previously been described
in Reference 1. In the form submitted as part of the design package,
Reference 2, the seal utilized a thin metal sleeve of soft material as
shown in Figure 3-1.

A detailed analysis of the function of the seal is described in
Appendix B. An evaluation was made of frictional forces between the
soft insert and the restraining walls, deflection of the enclosing
shell and of stresses in the soft material.

The function predicated in the original design assumed the hard
seat sleeve was initially loaded on the seat at a nominal 50 pound force.
The center plug then moved forward confining the soft seal against the
seat face at an additional force of 493 1b, resulting in a loading of
25,800 psi.

As a result of the stress analysis and evaluation of friction
effects, changes in the soft seal insert and hard seal sleeve configurations
were indicated. Figure 3-2 illustrates the changes recommended from the
the analysis. They are as follows:

1. The soft insert length was reduced to lower the contact area
with the hard seat sleeve. On the basis of bulk loading of the
soft sleeve the normal force resulting in friction is proportional
to area.

2. The radial thickness of the insert was increased to lower
stresses in the thin section of the first design. The seal
contact area is retained unchanged. This change provides a
greater bulk of material to withstand tensile stresses that
could be imposed in the soft material on opening the valve.
In view of the level of friction predicated at 328 pounds in
the original design, it can be assumed the 50 pound hard
seating spring will not move the hard seat sleeve on the
soft seal. This action will not be necessary however as
the normal actuating force to close the valve is capable of
breaking out this friction force to insure seating of the
seal. The requirement for the 50 pound spring is then only to
assure the hard seat contact and confining action to take
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place before high forces are applied to the soft material.

3. The thickness of the outer hard seal sleeve was increased
at the tip to reduce the elastic strain in the part under

lToad. This in turn reduces the plastic flow of the insert
and consequent friction loading on unsealing.

The analysis, Appendix B shows the radial fit clearance at inter-
secting points of hard confining walls to avoid extrusion of the soft
seal to be .0027 {nch for 1100 aluminum and Inconel 718. This is easily

met with the original dimensions.

The effect of a modification of the seal contact shape from the
original flat face was considered. Based on a single application of
load a non-uniform contact stress pattern would be produced with a
peak stress above average at the initial point of contact. If this
action could be maintained an advantage would be apparent in that a
lower actuator force would be required relative to the Righer stress
level. A general evaluation indicates that even though . a peakR stress
of several times average can be achieved within the elastic range of
the soft material this is not 1ikely to be maintained with wear and
corrosion effects on the surface,
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3.1.2 Bulk Energized Seal

The detailed analyses of the bulk compression seal is given in
Appendix C. The analysis was based on the soft metal seal housed in
the outer movable cylinder. The configuration shown in the analysis
has the major disadvantage of possible extrusion of soft metal into
the corner radius of the flat poppet closure during actuation. Figure
3-3 is a similar design, however, the soft metal is fixed in the seat
housing. The analysis is unchanged however and applies to the con-
figuration of Figure 3-3.

The analysis of Appendix C shows friction to be the major para-
meter in determining actuation and loading forces. Retention of the
stresses within the bulk soft metal seal will largely depend on the
static friction between the soft metal and hard enclosure. Methods
to improve friction would include coatings of materials having low
shear strengths. At a friction factor of 0.2 the loading and unload-
ing forces are about 500 1bs and 150 1bs, respectively. This is an
optimistic value and could be higher if the coefficient of friction
is higher.

maintain the geometry of the soft confined seal when in the open
position. A spring may be used to actuate the cyclinder as the
piston moves to the open position. The use of a spring would add

to the actuation force to close at about 150 1bs assuming a friction
coefficient of 0.2. The outer cylinder may also be actuated by the
mechanism used to unseat the piston but a mechanical linkage must be
provided. The optimum design would have to be determined in con-
junction with the selection of the actuator. Design variations in
the area exposed to sliding of the soft seal may be used to alleviate
friction forces. Added complications in fabrication are 1ikely to
result however.

The bulk energized seal design offers the advantage of lower load-
ing forces and maintenance of seal geometry independent of cycle life.
Other considerations include the effects of work hardening and the build-
up of hard films under exposure to the oxidizer. Aluminum is a strong
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candidate for the soft seal based on the lower plastic stresses to
achieve the lower leakage level. However, other materials should be
considered based on oxidized film properties. The properties of
oxidized films after exposure to FLOX are mostly unknown. Testing of
several candidate materials must be done to determine optimuh sealing

materials.

Contamination is always of concern in any seal mechanism. The
plastic flow properties of the energized seal should be insensitive to
particles equal to the surface asperity heights of the rougher surface.
Foreign hard particles will require additional loads in the range given

in the curves of Figure 2-6.

An additional advantage of the configuration shown in Figure 3-3
is the redundant flat seal of the poppet and seat. Flat seat design
should seal better than 10'4 sccs He however the flat seat design is
susceptible to contamination.

Figure 3-4 is a design configuration minimizing sliding motions
between the piston and the soft seal. The major disadvantage of the
design is the pressure load on the poppet seat area. These loads will
require the poppet to be latched (fixed) after closing and prior to
loading the piston. Another problem is the bulk movement of the soft
metal (during the valve open position) as a result of stress retentivity.
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3.1.3 Summary of Comparative Design Analyses of the Soft-Hard, Hard-Hard
and Bulk Compression Seals

Detailed analyses of typical designs employing both the Soft-Hard,
Hard-Hard Seal and Bulk Compression sealing concepts were conducted to
uncover specific problem areas in the two designs. These calculation
sheets are shown in Appendices B and C. To enable a direct comparison,
the valve orifice size, minimum flow cross-sectional area, soft and hard
sealing material, operating temperature and seating load available from
the actuator were held constant between the two designs. Final design
forces will require ratioing to actual seal areas. Inconel-718 bar
stock was assumed for all hard parts of the valve, while 1100-0 aluminum
was used for the soft seals. Material properties were evaluated at the
normal boiling-point of fluorine-oxygen mixtures (~ -300°F) except that
structural stress margins were calculated at 75°F on the grounds that
the valves probably would be cycled several times at room temperature
during manufacturing and acceptance tests. A seating load of 493
pounds was assumed for both designs based on application of a particular
pneumatic actuator. As all results are linear with actuator load, the
effects of a larger or smaller actuator are easily assessed.

A yield stress of 7,000 psi was assumed to apply to the bulk aluminum
soft seal material at normal temperatures but the aluminum in immediate
proximity to the seal interface was assumed to have work hardened to an
effective value of 15,000 psi under initial cycling. The degree to
which fluoride film formation alters this value will have to be determined
by test.

On this basis the design was found to produce an overall contact
stress of 25,800 psi, or 1.72 times the local soft surface yield stress
over a seat width of 0.012 inch in the leakage flow direction. With
the same actuator load the bulk compression design generates a contact
pressure of 38,000 psi, or 2.53 times the local yield stress. For the
bulk compression design, the leakage flow path is 0.016 inch or one
third longer than that in the extrusion design. The above results
assume that by material substitutions, platings or fluoride passivation




films the coefficient of static friction between soft and hard materials
can be reduced to 0.2. This value probably represents a lower 1imit,

as the normal coefficient of friction of dry aluminum on mild steel has
been reported as 0.61. The performance of both designs is sensitive to

the coefficient of friction at the hard/soft interface. With high
friction the seating stress of the bulk compression design is no higher
than that of the Redundant Seal configuration. The actuator or open-
ing spring load required to unseat the bulk compression configuration
increases directly with coefficient of friction.

No difficulty was found in insuring adequate structural integrity
of the confining hard walls for hard materials of reasonably high
strength levels, such as inconel-718, for seating stresses up to four
times the cryogenic yield stress of aluminum. The permanent yielding
of hard walls, no matter how thick, can be expected to become a problem
at seating stresses over about 70,000 psi.

A load of 328 pounds was required to slide the redundant hard/hard
seat over the soft seal upon opening the initial design valve. This
load could be reduced to 130 pounds by reducing the axial length of the
soft seal, however. The bulk compression design required 130 pounds to
overcome opening friction. This load is particularly important in
designs where the actuator must energize an opening spring in addition
to Toading the soft/hard seal interface.

A further investigation was conducted into the effect of machining
a convex radius on the hard seat of a rigidly contained soft/hard seal.
Hertzian contact stresses provide an increase of 27 percent in the
gea]'s contact stress within the 0.012 seal width as long as the soft
material can be maintained elastic by side constraint. This option
also offers the possibility of fabricating the soft seal of the design
thicker than 0.012 inch to make it more durable and adjusting the
contact radii so that the actual contact area is 0.012 inch wide.

Iﬁ sum, the major advantages of the Soft-Hard, Hard-Hard Seal
design are its basic simplicity and the independence of its seating
stress from variations in the coefficient of friction. The design's
sealing performance is less than that of the Bulk Compression Seal
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with the actuator assumed. Actuator force would have to be increased
by a factor of 2.53/1.72 = 1.47 to equal the sealing performance of the
bulk compression design. The bulk compression design provides high
seating stress at relatively low actuator load. It requires tighter
control of dimensional tolerances and friction coefficients. Neither
design is necessarily superior from the standpoint of unseating load,
this depends on the sliding area of soft material on hard. Certain
forms of the bulk compressibility design are susceptable to squeezing
soft material into a radiused gap on the hard shaft.

Potentially either concept is applicable for shutoff of any of
the given propellants or for the helium isolation requirement. For
the cryogenic applications higher soft seal yield values must be
assumed. The design must be scaled to a .625 inch diameter port for
the propellant vaives. A specific design is presented in Section 5.0.

3.1.4 Additional Soft-Hard Seal Concepts

Angle Contact Seal Concept

The configuration is given in Figure 3-5. This mechanism provides
a method of seal loading on an angled face. It is assumed a small amount
of shear motion at the seal interface is beneficial to sealing. The seal
is totally confined between an outer housing, a center plug and the seal
surface. The center plug is movable within the seal for a short distance
and is spring loaded toward the seat.

The seat projection first enters the poppet inside diameter until
the center plug is contacted. The plug is then pushed back until the
seal surface contacts. The poppet force is then increased until the
design seal Toading is achieved.

The .design assumes a contact loading at the seal interface of some-
thing above the yield strength of the soft insert. Stress flow within
the soft material will be determined by the combination of the compliance
of the housing and the Young's Modulus of the soft material for deflection
within the elastic limit. It is possible to reach seal face unit loads
above yield while still remaining within the bulk elastic range of the
material in the axial direction. A pull away of the seal at the end of
the housing could be assumed as shown in the drawing as opposed to
extrusion to maintain a filled cavity. An analysis of.friction forces
1s‘requir¢d to determine the deflection characteristics of the insert.
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Actuated Seal Concept

The concept is illustrated in Figure 3-6. The approach is to
combine an initial shear sealing action at low seal interface unit
loads with a final clamping action capable of high seal unit loads.
As shown, the initial shearing action is obtained by wedging the
outer poppet sleeve to load the seal and retaining lip inward. A
small amount of strain in the 1ip and a bulk preload of the seal
would be achieved. The second action is to wedge the retaining 1ip
outward increasing the local seal loading near the outer end.

The seal release is accomplished by reversing the closing
sequence. The inner wedge is withdrawn re]ieviﬁg the high loading of
the seal. The outer sleeve is then withdrawn. The actuating mechanism
could be similar to that of the Soft-Hard, Hard-Hard design using a
spring linked to the actuator shaft and center plug to preload the
outer sleeve. The clearance between the plug and sleeve must be
sealed to avoid a by-pass leak between the plug and 1lip.

For the model shown a soft seal materfal with a 2% offset y1e1d strength
in the order of 15,000 to 25,000 psi would be a good candidate. The
seal would not be totally confined with a small amount of extrusion
possible at the outer tip. The use of copper, aluminum alloys, gold
or nickel would be potentially possible.

This sealing mechanism assumes a degree of interface shearing
action to be of advantage in promoting more intimate contact between
surfaces. Based upon bearing wear characteristic data unit loads
between surfaces must be kept below a given threshold value for a
given material combination or a sharp increase in friction and wear is
experienced. By means of controlling the outer sleeve preload, seal
interface area, and the contact cone angle the seal interface loading
during initial closure can be kept at the optimum level.

v

The inward strain imparted to the seal insert and retaining lip
acts to set the loads in such a way as to make the wedging action of
the center plug more effective in establishing the seal loading. The
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action of the plug acts to relieve some of the radial strain in the
1ip and seal insert transferring this strain energy to a bulk loading
of the seal with a concentrated load at the seal tip.

Knife Edge Seal Concept

A relatively simple seal concept using a knife edge or wedge
poppet provides another method of providing a shearing action on
sealing. The concept has some experimental basis in the gasket
resealing experiment conducted by General Electric Reference 16
and described in Section 2.2.1.

The reference cites the results of a leak test of a connector
using a soft copper dasket compressed and yielded between opposing
knife edges. The configuration is illustrated in Figure 2-17. The
knife edge diameter was approximately 1.1 inches. Leakage tests
were repeated after each of six resealings, the gasket moved to a
new position on each cycle. The results are summarized in Table
2-5. The results indicate a high degree of feasibility resealing a
soft-hard interface. The conditions for this demonstration must be
considered to be relatively severe although not involving propellant

exposure.

Figure 3-7 illustrates a possible valve seal configuration. A
material with a hardness like an aluminum alloy, copper or gold and
with a degree of cold work would be a 1ikely choice. The load equiva-
lent to that used in the General Electric tests of soft copper would
require a 1500 pound actuating force for the popellant isolation valve

size.

The knife edge configuration could be analytically optimized by
evaluation of the effects of varying the taper angle, the tip radius
for a given soft insert, the elastic properties.of the seal and hous-
ing and the unit loading of the angled face.
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3.2 Combined Flat and Shear Seal Evaluation

The seat concept shown in Figure 3-8 was originally advanced for
use in a propellant shutoff valve for engine application. A grooved
flat face hard poppet is used in contact with a hard seat. A thin
sleeve in the housing is simultaneously loaded by a spherical surface
on the 0.D. of the poppet to form a redundant shear seal. In principle
the plunger expands the sleeve an amount within the elastic limit as it
approaches the flat seat.

The evaluation indicates the configuration to be somewhat Timited
for tne isolation valve application because of the effect of particle
contamination. The optimum seal for a given combination of hard
materials is determined by the geometric accuracy of the interface,
the combined surface finishes, and the unit seating load within the
gross elastic range of the materials. This theoretical sealing cap-
ability is affected by particulate contamination, by the reduction of
average contact loading of the interface and consequent increase of
leakage cross section. In addition, a degree of surface damage may
occur if the particle is hard with respect to the seal material.

Effort cited in References 20 and 21 give a cross section of tests
of poppet designs for both hard on hard and soft on hard combinations.
Grooved flat seals and shear seal designs are evaluated with the
emphasis of the work dealing with contamination tolerance. Un-
fortunately the test effort only reports leakage rates no less than
the order of 10'4 SCIM GN, at 1000 psi. (This is near to an equivalent
value in SCCS GHe.) Typical results for seat stresses in the order of
10,000 psi averages about 10-3 SCIM GN2 for a variety of tests.

In principle a combination of a relatively soft material with a
nardness ‘above annealed values such as hard copper on a hard material
such as 440C stainless appears to provide a good combination for absorb-
ing hard particles if seal loading is sufficienfﬁy high.

Recommendations of Reference 21 indicate hard seal combinations are
desirable where a valve can be cycled to reduce the leakage. The

3-19




NN N NN | ub)saq 3addog

/ Le3S JRBYS pue 3e|4 paulquo)  ‘g-g a4nbLy

,Q MNAVMANANA NN




particles leave Tittle damage and are not permanently imbedded. The
particle can be flushed out with reopening of the valve. On the other
hand with soft-hard combinations a single particle will not greatly
affect 1eékage. However, with contamination present and many cycles
damage due to multiple impacts it will increase the leakage. In the
configuration shown the seats are considerably larger than the valve
orifice. This has the disadvantage of a larger leakage perimeter as
well as increasing the degree of precision required to seal. The
effects of a given amount of out-of-flat or out-of-parallelism is
magnified. A -high degree of precision is required to align the flat
seat for squareness and simultaneously center on the spherical seat.
The large seat diameter also increases the thermal expansion effects
within the spherical seal if different materials are used. The
cavity between the flat and spherical seal must be minimized because
of trapped fluid considerations.

3-21



3.3 Welded Seals

Welding or brazing the seat and poppet was considered in this study.
The major problem with any fusion process is the high thermal losses due
to the large temperature increase from cryogenic temperatures to the
melting point of the welded metal and the associated heat loss to the
propellant. A fusion type seal was therefore ruled out. Ultrasonic
welding, however, was considered.

3.4 Ultrasonic Bonding

Ultrasonic welding is a solid-state bonding process. There is no
large scale fusion at the interface as normally associated with welding.
Since most of the energy is applied to the interface, thermal losses are
low. The interface bond is characterized by a penetration of one
material into the surface of the other and by breakup of the oxide or
other barrier films. Almost any two metals may be bonded by this method.

Ring welds made by means of ultrasonic bonding have shown no
leakage within the Timits of measurement of 5 X ]0']0 scc/sec helium
(Reference 24). There has been no indication of preferential corrosive
attack of the weld zone on tests with aluminum and 316 stainless steel.
The base metal is attacked equal to the attack of the weld zone or
receives the major attack when exposed to corrosive environments. No
information has been found with exposure to fluorine environments.

Figure 3-9 is a conceptual schematic of an ultrasonic bonded seal.
The major features of the valve seal design are the transducer-coupling
system, the required damping force, the anvil and the power requirements.
Since the valve requirements must be multi-cyclic the major problem to be
investigated is the breaking of the bond and rebonding the same interface.

Both magnetostrictive and electrostrictive transducers are used in
ultrasonic welding systems. Magnetostrictive materials change length
under varying magnetic flux density. Such transducers normally consist
of a laminated stack of nickel alloy and are rugged, usually used for
continuous duty operation.
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Electrostrictive materials are typically ceramic such as barium
or lead ziconate. These materials change length when subjected to an
electric field parallel to the plane of polarization. These transducers
are also rugged and have conversion efficiencies more than twice that of

magnetostrictive devices.

The clamping force is applied normal to the surface to be bonded.
In the valve design the load may be imposed by direct actuator output
or by a spring loaded mechanism. The anvil provides the support to the
applied clamping force and should be acoustically designed for controlled
vibration compliance with periods of out-of-phase displacement in relation

to the displacement of the transducer.

If the clamping force is too low, slippage will occur at the faying
surface and a poor bond is created. Too great a clamping force creates
excessive damage of the surface contacted by the transducer.

Ultrasonic welding equipment is rated on the basis of the acoustical
power (watts) available at the weld zone and range from less than 1 watt
up to 4500 watts for spotwelding equipment to above 10,000 watts for ring-
welding equipment. Ultrasonic frequencies for welding aluminum, for
example, are in the range of 10,000 to 60,000 cps. The high frequencies
are usually employed with the Tower power welders.

An advantage of welding aluminum ultrasonically is that the metal
oxides do not have to be removed prior to welding. However, large power
* requirements may be necessary where heavy oxides films are encountered.

Bonded joints have been known to separate inadvertently by the same
ultrasonic power that originally was used in the bonding process. Separat-
ing and rebonding the seat will be required for multi-cycle operation. It
is not known that this can be done but appears feasible if the selection
of materials reduces or eliminates adhesive transfer of material. Candidate
materials would include metal and ceramic combipations.
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4.0 ACTUATOR TRADE-OFF STUDY

An examination of a broad range of candidate actuator concepts for
the propellant and helium isolation valves was conducted to ascertain
system interaction and select actuator configurations for final detail
design evaluation.

The requirements for the isolation valve actuator are presented
below in Table 4-1.

Table 4-1.
ISOLATION VALVE ACTUATOR REQUIREMENTS
Operating Mode Propellant valve: Normally-open* Multi-cycle
Helium valve: Normally-closed* Multi-cycle
Peak Power 10 watts D.C.
Actuation Time Not to exceed 5 minutes .
Thermal Environment Isothermal with propellant (either cryogenic

or storable) ‘
Minimum Magnetic Disturbance to Spacecraft Instruments

Weight 3 pounds maximum (complete valve assembly
not to exceed 4 pounds)
Qutput 100 to 1000 1b load: .07 to .15 inch stroke

The general approach should be applicable to both propellant and helium
valves except possible difference in operating mode.

*The actuation methods feasible for the isolation valves require power
to be only applied for actuation or unlatching. Normally-open or
normally-closed is assumed to be the direction in which the actuator
is spring loaded requiring only an unlatching signal to achteve.
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4.1 Actuator Characteristics to Meet System and Valve Requirements

Although the desired actuator output load and stroke are dependent
upon the specific valve seat configuration, the range of interest cited
in Table 4-1 permits an evaluation of energy/power requirements for the
more likely candidate actuator concepts. The limited electrical power
and the capability for cryogenic or essentially room temperature operation
with a single design approach poses constraints on viable actuator concepts.
Because of the normal position (open or closed) requirement noted in Table
4-1, the valve must be Tatched. Possible latching concepts examined

included:
@ Fusion seal
e Solenoid actuated pin or pawl
e Over-center linkage with solenoid "kicker" release
e Multiple ball detent with solenoid release
e "Negative" clutch or brake (energized open: de-energized - 1ocked)'

However, the latching mechanism selection does not greatly
influence the actuator selection process. (Although the power required
by the latch during the closing cycle must be considered in the design
of the complete valve assembly.) Consequently, evaluation and selection
of candidate actuator design concepts can be made through consideration
of the relative merits of the possible different force producing
approaches within the load range of interest.

Another design area common to all actuator concepts is that of
assuring lubrication for sliding surfaces, bearings, gears, etc. for
the desired 10 year life. With molybendum disulfide and the metal
fluoride lubricants only some slight pressure above total vacuum must
be maintained to preclude adhesion (References 22 and 23). As the
retention of a near-atmospheric pressure hermetic seal does not appear
mandatory for assured operation, the lubrication question should not
be a determining factor in actuator selection. -

4.2 Selection of Feasible Candidate Actuators

Figure 4-1 presents an actuator concept tree where the various design

approaches are developed from consideration of the basic energy sources
(electrical, pneumatic, hydraulic, and chemical). In order to evaluate
the candidate actuator concepts, each approach was schematically
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illustrated to emphasize the number (and type) of energy transfer

mechanisms inherent in the design configuration, Figure 4-2. Using this schematic
presentation, in combination with design calculations, the performance

and system interaction considerations for the various actuator concepts

were assessed relative to the following eight criteria:

Power/energy requirements (1 watt D.C. power = 1 pound system wgt.)
Thermal and vacuum environment compatibility

o Relative weight

e State-of-the-art of concept (general practicality of approach)

o Input signal/control complexity | -

e Envelope

# Reliability impact on other subsystems

e Interface complexity (e.g. disposal of pneumatic vent fluids)

A scoring system was devised to rate the actuator concepts with
possible scores ranging from 0 to 3 for each of the eight performance/

system criteria. The meaning of each of the four score values was
selected as follows:

3 - Fully compatible with requirement
2 - Better than average performance

1 - Possible incompatibility

0 - Seriously deficient

A score of 0 eliminates a concept from consideration, and this score
is assigned only if it is unquestionably obvious that a given actuator

concept will not meet the design requirement. A composite rating was
obtained by taking the product of the individual scores and dividing
by the sum of the scores. Thus, a concept which consistently scored

"better than average"” in all eight criteria would have a composite
8
. 2° _
rating of %8 16.

v

However, before proceeding with individual ratings, a discussion
of the advantages and disadvantages of the candidate actuator concepts
relative to their schematics (shown in Figure 4-2) w11 tndicate the
rationale behind the ratings to be presented subsequently.
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Figure 4-2 (a)

Isolation Valve Actuator Concept Schematics
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Figure 4-2 (b)
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L, CHEMICAL (GAS GENERATOR AND HEAT SOURCE)

Figure 4-2 (c)
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Concept 1.1 of Figure 4-2 is a direct linear electrical actuator
of the solenoid or linear induction motor type. Both approaches offer
simplicity and rapid response capability. However, both approaches tend
to be heavy and also require greater electrical power than is available,
which makes them unacceptable candidates. For example, the copper core
alone for a flat-faced armature type of electromagnet designed for a 400
pound tractive force and a stroke of 0.075-inches would weigh 16.5 1b and
draw in excess of 40 watts electrical power. (Reference 25)

The electric motor with planetary gear head plus a ball screw
to convert the torque to linear force is a popular actuator concept.
The D.C. motor version is shown as Concept 1.2 in Figure 4-2 and the
A.C. motor plus inverter approach is shown as Concept 1.3. Both
approaches generate high torque with Tow input power requirements
and are straightforward designs. Figure 4-3 presents the torque-speed
and torque current characteristics of both motor types. The start-up
current for the permanent magnetic D.C. motor is generally 5 times
(or greater) than the operating current which requires the addition
of a current-limiting controller. Operation at cryogenic temperatures
markedly lowers the coil resistance, which in a D.C. motor affects
the start-up controllability as the coil field time constant is
proportional to the ratio of the inductance to its resistance.

The utilization of a permanent magnet D.C. motor valve actuator,
in either cryogenic or ambient temperature application, requires either
that (1) the peak power limitation per valve be relayed to a value
equal to sum of the power requirement of all the spacecraft propulsion
system's isolation valves and the individual actuation commands then be
sequenced to preclude power drain overlap or that (2) if the peak power
Timitation is considered to include start-up current drain the allowable
motor size will be much smaller which, in turn, constrains the maximum
force capability of the actuator. The start-up controliability of a D.C.
motor at cryogenic temperatures can be markedly improved by specially
fabricated higher resistance copper alloy coil windings, however, the
motor now becomes functionally limited to operation only at cryogenic
temperatures as checkout at room temperature will result in overheating.
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Additionally, presence of the permanent magnet in the D.C. motor is
undesirable because the influence on the spacecraft instruments.
Further, the brush 1ife problems inherent with this type of D.C.

motor are also of concern. The use of a "Brushless" D.C. motor would
eliminate the problem areas discussed above, however, a "Brushless"
D.C. motor is generally less efficient than a comparable system
composed of an A.C. motor and its D.C.-to-A.C. inverter. As the A.C.
motor has minimal temperature sensitivity on operating characteristics
it is characteristically employed in cryogenic applications and
appears the more desirable approach.

The electrothermal actuator, Concept 1.4, offers high force
potential in a simple design consisting of either a high expansion
coefficient metal or a capsule of a high vapor pressure material.
However, heat losses, which directly influence actuator efficienoy,
will be difficult to minimize. Also the concept appears marginal for

other than pilot valve actuation. The thermally actuated pilot valve
design submitted as part of Reference 2 provides a workable concept

for the cryogenic -application. An analysis given in Appendix D indicates
at a 10-watt power level, operation can be achieved in less than 5

minutes with vacuum insulation and minimized conductive paths. Seating
forces are high thereby minimizing potential leakage.
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The pilot valve pneumatic actuator configuration, Concept 2.1,
offers a simple well proven design configuration with high response
for a reasonable electrical power drain. However, the actuator gases
must be vented overboard without generating undesirable torques on
the spacecraft, which may prove difficult to achieve. More significantly,
the potential for leakage through the pilot valve could result in
impairing overall system gperation which may require an isolation valve
for the isolation valve actuator.

The pneumatic turbine, Concept 2.2, provides a high force output
from a Tow pressure source. However, this approach is complex and
introduces the problem of turbine bearing lubrication in addition to
a more difficult problem in exhaust gas disposal relative to Concept

2.1 To quantify the gas disposal problem, consider the situation where
a small turbine must develop a torque of 0.5 in-oz. at 120,000 rpm with
an operating time of 2 minutes. The specific propellant consumption
(SPC) for an infinite pressure ratio can be calculated from

b Molecular Weight 1Y)
T peAe ]282( T, °R )(] Y)“M"AD

Using a mechanical efficiency,(nM) of 20% and an adiabatic efficiency
(nAD) of 25%, the following SPC and required gas flows were obtained:

SPC, 1b/hp-hr  Quantity of Gas in
2 Minutes, 1b.

Hydrazine Decomposition Products 30.8 .062
Helium Gas at 160°R 25.6 .052
Helium Gas at 530°R 77.4 .156

As can be seen, the quantity of gas to be dumped overboard without

introducing spacecraft torque disturbances is considerable.




The hydraulic actuator approaches (Concepts 3.1 and 3.2) are
analogous to the two pneumatic concepts discussed above. One advantade
of the hydraulic approach is the possible capability for positive open
and closed actuation. However, the disadvantages are quite severe:

(1) extremely complex, (2) requires hydraulic source, (3) may require
constant heater power to preclude freezing, and (4) requires a- common
hydraulic source for all isolation valves if the electrical power
limit is to be met (with possible reliability compromise through

this interdependency). Therefore, the hydraulic actuator approaches
are unacceptable. '

The chemical energy approaches (chemically generated gases for
a pneumatic actuator, turbine drive, or a thermal expansion device)
are shown as Concepts 4.1 through 4.3. A1l three approaches offer the
potential for high force output with a reasonable electrical power
consumption. However, as can be seen in the schematics of Figure 4-2,
these concepts are extremely complex and add another potential propel-
lant leakage situation. Because of the reduced chemical reaction
rates at cryogenic temperatures, the concepts may be impractical.
Further, if the chemical reactions do occur at cryogenic temperatures,
the reaction products may freeze within the actuator mechanisms.
Additionally, the disposal of the exhaust products poses a problem.
In summary, the chemical energy approaches are very poor candidates.

4.3 Comparison of Electromechanical and Pneumatic Actuation

Table 4-2 presents the individual and composite scores for each
of the eight performance/system interaction criteria discussed above,
and Figure 4-4 presents the composite rating in a bar graph form.
The length of the bar above the zero baseline gives the relative rating
of each method. As can be seen in Figure 4-4 (or Table 4-2), there are
two outstanding candidate approaches:

¢ A.C. Motor with gearhead and ball screw
¢ Pilot-operated pneumatic actuator



Because of the leakage potential of the pilot valve pneumatic config-
uration the electric motor approach is preferable as is shown by the
ratings. However, the pneumatic actuator approach is more readily

scalable to higher loads.

Figure 4-5 presents the system weight change per actuation in
terms of actuator load and stroke for a helium pneumatic actuator. Also
shown is the effective piston diameter versus load. For a given load
and stroke combination, an energy value can be read from the figure
which directly corresponds to a system weight change. The system

weight includes the helijum in the actuator, the helium required in the
storage bottle required to permit withdrawal (v~ 1.5 pounds stored per
pound withdrawn), and the change in helium storage bottle weight. It
should be noted that the system weight change between -300°F and +65°F
conditions is quite small because the greater density of helium at -300°F
is counterbalanced by the greater storable bottle weight at ambient
temperature as shown below.

Temperatyre .| Helium Density Ratio Titanium Bottle + Contents Composite
at 300 psia per pound of helium at 4000 psia
~300°F .68 1b/ft> 4.0
+ 65°F 21 1/t 9.6
cold |
Ratio: m 3.24 416 1.35
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As shown in Figure 4-5, the change in actuator size and helium require-
ments with increasing load and/or stroke is readily scalable.

Figure 4-6 presents the ball screw input rpm in terms of A.C.
motor power and actuator load and stroke. The A.C. motor is a 27 volt,
400 Hertz, one-phase induction motor turning at 21,000 rpm. The voltage-
frequency selection provides ‘the capability for high motor speed, high
efficiency in the inverter, and minimizes RFI as low voltages are maintained.
The inverter is a solid-state device consisting of power transistors excited
by an oscillator circuit which fires alternately to develop a controlled
cyclic current output from a direct current input. The approximate 90 per-
cent efficiency of the ball screw is reflected in the ordinate torque values
shown in Figure 4-6. The efficiency of the planetary gear head is a
variable as the input speed to the ball screw is reduced to increase torque
capability. The change of speed and torque shown in the right-hand side of
Figure 4-6 represents the effects of gear head efficiency variation for
commercially available gear heads for motors of this power level (see
Table 4-3). Provided the ball screw input torque is 300 inch-ounces or
less, satisfactory operation is obtainable at less than 10 watts. For
higher torque values a larger (higher power) motor would be required to
avoid the extreme torque-speed sensitivity shown in Figure 4-6 for torque
values greater than 300 inch-ounces.

In summary, both an A.C. motor with gear head and ball screw and a
pilot-operated pneumatic actuator appear as outstanding candidate actuator
approaches. The electric motor approach is preferable because of the leakage
potential of the pilot valve in the pneumatic actuator configuration.
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Table 4-3.
Gear Head Characteristics
Used for A.C. Motor Actuator Parameter Study

(21,000 RPM Input)

Qutput Speed Torque Approximate
RPM Multiplier Efficiency %
65 166 52
43 250 52
28 382 52
19 580 52
11 817 44

7.5 1,230 44
4.9 1,860 44
3.3 2,710 42
1.9 3,950 37
1.3 6,000 37

.86 9,000 37

.57 13,600 37
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5.0

SOFT-HARD, HARD-HARD POPPET SEAL ISOLATION VALVE DESIGN

5.1 Requirements

The propellant isolation valve described in this section was designed
on the basis of application of a soft seal poppet mechanism utilizing a
soft-hard and hard-hard redundant seating. A cross section of the design
is provided in Figure 5-1. The design includes a pneumatic actuator
featuring a thermally actuated pilot valve and a thermal latch function-
ing by fusion of a solder alloy.

The poppet seal design given in Figure 5-1 has been revised from
the original configuration in response to recommendation of analysis
subsequently conducted (Section 2.0) As a result of the analysis higher
required actuating forces are estimated than were designed into the
actuator shown. An increase in unit loading of the soft seal from
25,800 psi to 56,000 psi at cryogenic temperature was indicated. The
design is described however to document the concepts involved. The design
could potentially be scaled up to provide the necessary higher forces.
An analysis of the actuating force predicated for the valve design given
is provided in Appendix D.

The requirements for the Space Storable Propulsion Module demanding
the greatest increase in the state-of-the-art for an isolation valve
involves long term zero liquid leakage sealing of the reactive propellants
primarily liquid fluorine or Flox. Usable materials are limited to metals
or ceramets for propellant exposure. The basic requirements established
for the valve design include:

Table 5-1. Design Requirements

Flowrate (LF2) 1.039 1bm/sec
(Hydrazine) 0.561 "
(Flox) 1.187 "
(MMH) 0.456 "
Pressure drop (LF2) 11.0 psid (including filter)
Connecting line size .750 dia. tube
Inlet pressure (max) 400 psia
Propellant temperature range -300 to 85°F
Internal leakage zero as defined by JPL

Technical Report 32-926
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Sterilization temperature 275°F

Flight actuations 30 approx. for 360 hours
Time in space 10 years
Actuation power limit 10 watts

These requirements as per the JPL Space Storable Module Feed System
Design Requirements Document Ref. 26.

5.2 Design Approach

The valve seal concept utilized in the design Figure 5-1 applies a
hard on hard metal seal with a soft on hard seal in series with it.
Investigations conducted applying the hard on hard approach indicate the
seal ability is limited by the finishes that can be maintained on the
closing surfaces and to some extent the contact load imposed. At best,
the requirement established for the isolation valve can barely be met by
a hard seal interface. The surface degradation with reactive propellants
plus the potential for particle contamination leaves little possibility
of success for hard seats alone. A soft metal sealing material loaded
above the compressive yield stress against a hard surface does offer the
sealing ability required. Wear is the primary problem to be faced with
the soft material. Larger wear particles are generated by both adhesive
and rubbing wear with soft materials. The study cited by Reference 1
and further investigation documented in Section 2 of this report verifies
the soft metal seal approach as having the greatest potential of achiev-
ing the Tow leakage desired.

A conventional poppet valve configuration was selected for the design.
The use of a bellows shaft seal was established as the only feasible
approach for the fluorine oxidizer application. A formed metal bellows is
indicated for the valve shaft seal. The formed bellows offers a better
choice over welded designs because of ease of cleaning the surfaces
between convolutions and the greater inherent metallurgical integrity
offered by a one piece design. These factors are especially important
with use of fluorine propellant. The bellows has been sized to limit
the hydraulic unbalance of the poppet.
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The poppet shaft guidance is distributed between a finned support
in the downstream seat bore and a plain sleeve bearing outside of the
propellant environment. The maximum spacing of the guides with the
poppet guiding immediately adjacent to the seat offers a maximum locat-
ing accuracy. A small amount of squareness error at the seat can be
compensated by flexure bending of the shaft under seat loading. The
narrow axial contact line of the finned guide provides an advantage
over a sleeve design in the propellant environment in that a small
amount of corrosion can be tolerated between surfaces without binding
and can easily be sheared out and dissipated on actuation. |

The Soft-Hard, Hard-Hard poppet seal concept was originated early
in the effort in the configuration shown in Figure 3-1. As a result of
the analysis discussed in Section 3.1.1 the configuration was revised
to the form shown in Figure 3-2. This design is reflected in Figure
5-1.

5.3 Design Description

5.3.1 Poppet Assembly

The primary element of the overall valve design is the poppet seal
mechanism. With reference to Figure 5-1, the assembly is made-up of a
number of detajls designed to transmit the shaft load from the actuator
to the hard-hard and then the soft-hard seating elements. The seat is an
integral part of the housing (1). The outer sleeve (5) contacts the seat
to form the hard-hard seal. The soft seal (9) confined between the outer
sleeve and the inner plug (8) contacts the inner edge of the seat to
provide the soft-hard seal. The Bellville spring (6) transmits a part of
the shaft load (governed by the spring force) into the outer sleeve to
load the hard surfaces. The remainder of the force is directly transmitted
into the soft seal. The design characteristics of the valve are best
described by Table 5-2. The sleeves (51) and (52) are provided for assembly
of the soft seal onto the plug. The sleeve (52) acts as a retainer for the
soft seal ring. The piece is welded to provide a seal at the inside dia-
metral clearance. The potential leakage path at the inside diameter of the
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Port
Soft
Soft
Soft
Hard
Hard
Soft
Hard
Seat
Soft
Hard
Seat
Soft
Soft
Hard
Hard

diameter (Equiv. orifice)

seal

seal
seal
seal
seal
seal

seal

Table 5-2.

interface width

perimeter (nominal)
area

width

area

material

material

material

seal

seal

finish

finish

finish

seal
seal
seal

seal

Stroke

load
unit Toad
load

unit load

Pressure drop

 Seal Bellows

Material
Qutside diameter
Effective area

Poppet Loading Belleville Spring
Force at .020 deflection

Wall
Max.

rated pressure

Spring rate
Allowable travel

Valve Design Data

.6250 + .0002 - Area .306 in

2

.012 + .0004
2.000

.024 1in

+ .000
015 _ 1001

0311 1n?
1060-0 Al
Inconel 718 RC38-40
Inconel 718 RC32-36

2

RMS 8

RMS 2

RMS 2

1344 1bs

56,000 psi

50 1bs

1600 psi

.176 design - .156 min. opening

Less than 1.0 psid at LF
flowrate of 1.039 1b/sec

2

Inconel 718
.750 2
.301 in 2
.0065 in

492 psi

112 1bs/inch
.192

51.5 1bs



soft seal is blocked. The sleeve (51) transmits the load from the seal
retainer sleeve to the shaft.

The level of friction between the soft seal and the hard-hard seal
element may exceed the 50 pound nominal Belleville spring force as shown
by the Analysis, Appendix B. This is not a problem in that it is only
necessary to force the outer sleeve back over the soft seal on the clos-
ing stroke. The actuating force must exceed that to break the static
friction between them. On opening it is not necessary or desirable that
the outer sleeve move on the soft seal. This mechanism allows the hard
poppet seal to adjust to wear of the soft seal without unnecessary wear
of the radial surface of the soft seal.

Materials usable in the fluorine stream must provide maximum compati-
bility with regard to surface corrosion. Prior evaluation in reference 1
established the range of potential materials. Inconel 718 has been
selected for the structural parts of the assembly. Aluminum 1060 or 1100
is recommended for the seal combining excellent compatibility with both
the oxidizers and fuels and favorable yield characteristics at cryogenic
temperatures and normal temperatures. With the all-welded construction
of the valve which is much to be favored for the fluorine application a
common alloy is desirable to avoid inter-alloy welds. To achieve a '
favorable bearing at the finned poppet guide a different heat treat is
assumed for each part. If necessary, a hard nickel plate can be used
on the bearing portion of the valve bore. Rigid control of plating
processes must be maintained however to obtain consistently good results
in contact with the oxidizers.

5.3.2 Pneumatic Actuator

The valve actuator is a simple bellows seal single acting piston
type designed for pressure closing of the valve and spring opening. The
design shown will provide a net force output of 468 pounds utilizing a
closing spring (30) of 100 pounds force in the closed position. Design
characteristics are provided in Table 5-3.
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Table 5-3. Actuator Design Data

Pneumatic Piston and Spring

Bellows effective area 2.27 in2
Piston output force at 250 psi 568 1bs
Opening spring load (closed position) 100 1bs
Net actuator closing force 468 1bs
Preload Belleville spring

Load at .020 deflection 550 1bs

Thermal Latch

Latched Lock Strength

Fused area 1.43 in2

Solder shear yield strength 2000 psi

Allowable load ' 2860 1bs

Thermal Latch Power Requirement

Estimated on basis of 300°F temperature rise to fuse solder:
At 30% effeciency ' 2.0 watt hours are required
At a 5 watt input 24 minutes’ time required

Thermal Pilot Valve

Pilot Valve Poppet Loading

Load to raise seat unit loading to
yield strength level of stainless
steel (35,000 psi) 26 1bs

Pilot Actuator Stroke

For a temperature rise of

400°F, the actuator stroke .008 inch

Pilot Actuator Power Requirement

Estimated on the basis of a
400°F temperature rise at 30°F
efficiency .5 watt hours are
required at a 5 watt input

5 minutes time required
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A.Belleville preload spring (26) has been incorborated in the design
to assure a sustained load on the poppet. The spring acts in the load
path between the latch and poppet. The small dimensional effects due to
thermal changes over a period of time will be compensated with only a
minor force change.

Pilot Valve

A thermally actuated three-way pilot valve incorporating a ball
poppet is used to operate the actuator. The design is based upon expansion
of a tubular element with an electrically applied temperature rise. The
primary advantage of the design is that a high poppet seating force in the
order of 35,000 psi can be achieved providing a high sealing capability
within an electrical load 1imit of 10 watts.

The device consists of the expansion tube fastened to a jacket
assembly at the right hand end. Expansion of the center tube with respect
to the outer jacket causes motion of the left hand end of the tube to -
operate the valve. The expansion tube is surrounded by a close fitting
tube which forms the inner wall of a vacuum jacket. This tube is surrounded
by a metal sheathed heating element brazed to it. A radiation shield and
multilayer vacuum insulation surround the heater assembly. The expansion
tube incorporates a vent seat assembly at the tip with vent flow passing
through the tube. The ball poppet is normally seated blocking the pressure
supply to the actuator.

On expansion of the tube, the seat contacts the ball closing the vent
port. As the tube continues to expand, the ball is raised off of the pressure
seat and pressure is applied to the actuator. Upon cooling of the expansion
tube the reverse process occurs. Design analysis is provided in Appendix E.

Thermal Latch

The fusion and solidification of a solder alloy is utilized for unlock-
ing and locking of the latch. The inner latch sleeve (20) moves within a
heated platten ring (15). The parts are tinned together. The sleeve is
made of a brass alloy. Capillary action of the diametral clearances and
circumferential grooves in the sleeve will keep the alloy in place when melted.




Ceramic insulation thermally isolates the heated elements to limit heat
conduction into the surrounding metal. The outer housing jacket is
evacuated to increase insulating qualities. A metal jacketed tubular
heater is wrapped around the platten. Application of heat fuses the
solder releasing the parts. Analysis indicates fusion can potentially
be obtained for 60-40 solder (374°F liquidus) with 5 to 10 watts by
limiting the material to be heated and by care in insulation selection
and placement.
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6.0

CONCLUSION

As a result of the Phase I effort a broad evaluation of sealing
methods with potential for meeting the zero liquid leakage requirement
was completed. Actuation methods capable of meeting valve operating
requirements and compatible with the system configuration and mission
environmental conditions have been established.

Results of the poppet seal study reveals the soft-hard metal seal-
ing approach to provide the greatest potential for long term low leakage
sealing with high reliability for limited closing cycles. The analysis
has provided a guideline upon which to base design selection. The
analysis indicates the desired zero-liquid leakage can be met with the
soft metal approach providing unit seal loading is sufficiently high
(2 to 3 times yield) and the propellant chemical effects on the seal
surface do not adversely alter the soft seal function. A modified
configuration of the Soft-Hard, Hard-Hard seal configuration conceived
early in the program has been carried to a detailed prototype design
stage.

Testing is ultimately required to verify seal performance in the
propellants. It is recommended oxidizer testing of the valve poppet
seal be initiated as early as possible. Due to the character of the
mission the severest part of the propellant exposure (open time and
cycling) can be demonstrated in a short time. Open time is likely not
to exceed 200 hours in ten yéars with total mission cycles less than
30. Meaningful tests can be conducted in real times of that order.
Static samples could be continuously exposed tao determine effects of
the closed configuration.

Ultimate selection of the soft and hard materials of the seal
interface must be based on test. At the outset, aluminum offers an
advantage in being relatively soft, compatible in all the propellants,
and proyiding favorable cryogenic and cold work characteristics. Gold
or copper could be used and may ultimately prove to be preferable.
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Although a pneumatic actuator is provided'aé part of the prototype
design, results of the actuator-trade-off study show the electromechanical
approach to be ultimately the most favorable from both the component and
system standpoint. The method is equally workable for both the propel-
lants and for the helium isolation requirement. From the system stand-
point electromechanical actuation requires only an electrical connection
to the actuator. Both pneumatic lines and potential pilot valve leakage
inherent with the pneumatic design are eliminated.

The electric motor and gearing are both feasible for long term
exposure to the cryogenic and vacuum environment. An A.C. motor with
an inverter or a brushless D.C. motor with attendant electronics are
the primary candidates. Gear-motor combinations providing actuation
forces in the order of 500 to 1500 pounds with input under 10 watts
and actuating times of minutes are feasible.

For interim testing an inexpensive pneumatic actuator could be
utilized capable of the design poppet forces. It is recommended the
electromechanical actuating method be adopted for the ultimate flight
system.
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7.0

NEW TECHNOLOGY

Redundant Valve Poppet Seal Concept, Francis L. Merritt
Included in Status Report No. 5, 22 February to 21 March 1971,
reported 30 March 1971.

Thermally Actuated Valve, Francis L. Merritt
Included in Status Report No. 13, 23 October to 22 November 1971,

reported 31 October 1971. Concept first presented in assembly
drawing submittal 19 March 1971.

Solid State Bonded Seal Multi-Cycle Valve, Richard J. Salvinski

Concept noted in Status Report No. 25, 28 October to 24 November 1972.
Concept described in Alternate Poppet Seal and Actuator Trade-off Study,
TRW Report 72.4781.6-251, submitted 16 November 1972.

Bulk Energized Metal Seal, Richard J. Salvinski and Francis L. Merritt.
Concept described in Alternate Poppet Seal and Actuator Trade-off Study,
TRW Report 72.4781.6-251, submitted 16 November 1972.

Actuated Poppet Seal Concept, Francis L. Merritt and Richard J. Salvinski.

Concept described in Alternate Poppet Seal and Actuator Trade-off Study,
TRW Report 72.4781.6-251, submitted 16 November 1972.
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Appendix A :
Leakage Test Data for Cycled Soft Gasket

5.3 Pealpn Testiyz (From General Electric Report, Reference 13)

The purpose of the tests was to determine whether the welded krife-edge
connector met the design requirements., It was therefore necessary to duplicate
the envivonmental conditions, pressurize the connector and measure the leakage.
The design requirements are described in Sec. 5.1, the test equipment is des-
cribed in Sec. 5.4.2 and the test procedure and results are described in this

gsection.
5.3.1 Preliminary Tests

The performance of the connector depends upon the preload put in at
assembly, Because the calculation of the preload from the torque applied to.
the nut is inaccurate the nut was calibrated. A set of gtrain gages was mount-
ed on opposite flats of the nut and wired to read only pure axial strain. Thea
the nut was loaded in a universal testing machine in a manner that duplicetes
the nut loading in the connector. The strain versus load reading gave a
straighr line calibration curve. Then with the use of rhis curve it was
possible to accurately set the preload during assembly by measuring the strain
in the nut.

Another test which should have been performed before the cther connector
tests, but was not, was an assembly test to determine if the flanged-section
actually seats on the union. Because of the low yield stress of annealed copper
and the high preload it was assumed that the flanged-section would seat on
the union during assembly. However, the annealed copper raw materisl was not
as soft as expected and during the sequence of tests run it became gquestionable
whether the flanged-section did seat on the union. Therefore, the flanged-
section was coated with a bluing compound and the conrnector was assembled with
an increasing sequence of preloads. The resuits showed that the flanged-
gection did not seat on the union at assembly and probably not at anytime
during the tests.

Therefore, the tests did not take full 2dvantage of the independent
load path built into the connector. If the flanged-section had seated on
the unicn and created the independent load path the seal would have been
less sensitive to externally applied loads. This would have meant a lower
ievel of leakage, but as there was no measurable leakage in most of the
tests the improved sealing could not have been measured. Therefore, the
rasults of the leakage testing would have changed very little.

The results of the test to determine seating deoes indicate a need for
a softer gasket, smzller included angle on the knife-edge, less depth of cut of
the knife-edge prior to seating of the flanged-section on the union, and a
containmment of the gasket that does not interfere with the seating of the
flanged-section. These changes to the sealing area of the cennector should
bc mace and tested before the connector design is considered final.
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5.3.2 Room Temperature Test
5.3.2.1 Test Procedure

This test was performed at room temperature. The connector was assembled
with a preload of 2300 1b. Leakage readings were taken at each of a sequence
of internal pressure and external moment settings.

5.3.2.2 .Test .Results

The test pressure, moment settings, and leakage resadings are tabulated
below:

Helium Pressure Transverse ionent Helium Leakage
Psig . Inch 1b atm cc/sec
0 Q n.m.*
300 0 n,m,
600 0 n.m,
910 0 n.m,
1190 0 n.m,
1509 0 n.m.
475 o n.m,
475 150 n, m,
475 300 n.m.
415 450 a.m.
1000 0 ' n.m.
1090 ise . n.m,
1010 : 300 n.m,
ico0 450 n.m.,
1500 0 n.m.
1500 150 , u.m.
1500 360 . n.m,
1500 ' 450 G.m.
+*

n.m, - none measurable.

The sensitivity of the mass cpectrometer leak detector varied due to the clean-
iiness of the vacuum system and other facro-s. Therefore, it is only possible
to say that thezre was no measurable lcakage and to state the level of leakage
whicl was measuratle. It can tneii be concludad that if therz was any leakage
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it was below this measurable level. The level of leakage measurable was deter-
mined by placing a sequence of known leaks in the system and measuring the

leakage.

n.m. for this test was below 9 x 10"7 atm cc/sec.

5.3.3 Reassembly Test

5.3.3.1 Test Procedpre

This sequence of tests was run at room temperature. A new gasket was
installed in the connector and tested for leakage at internal pressure to
1500 psig and external moments to 450 inch 1b., The counnector was then dis-
assembled, the gasket was removed and remounted on the coanector, the connector
was reassembled, and the connector was tested for leskage as before. 1In this
way a total of six tests were run using thz same gasket.

5.3.3.2 Test Results

For each test the gasket orientation, preload, test points and leakage sre -
tabulated.

5.3.3.2.1 First Test - New Gasket

Preload = 2300 1b

Helium Pressure Transverse Moment Heliim Leakag:2

Psig Inch 1b atx ce/sec

0 . 0 n.u.

310 . 0 n.n.

600 0 n.m.

900 0 0.

1200 0 n.m.

1500 0 n.m.

1500 150 ' n.ua.

1500 300 | nm.

1500 450 n.m.

n.m., £3 x 10-6 ata ce/sec.

5.3.3.2,2 First Reassembly
Gasket removed and remounted backwards and rotated 909,

Praload = 2200 1lb.
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Helium Pressure

Transverse Mcment Helium Leakage

Psig Inch 1b atm cc/eec
0 0 n.m.
300 0 n. m.
600 0 n.m,
500 0 n.m.
1210 0 n.m.
1500 0 n.m,
1500 150 n.m.
1500 300 n.m.
1500 450 n.m.

n.m. <9 x 10-7 atm cc/sec

5.3.2.2,3 Second Reassembly
Gasket rotated 909 clockwise.

reload = 22G0 1b.

Helium Pressure

Transverse Moment Helium Leakage

Psig Inch 1b atm cc/sec
0 0 n.n.
310 0 n.m,
600 0 n.m.
900 0 n.m.
1200 0 n.m.
1500 0 n.m.
1560 150 n. .
1500 o 300 n.m.
1500 450 3 x 1074

n.m. 43 x 10.6 atm cc/sec

5.3.3.2.4 Third Reassembly
Gasket rotated 90° zlockwise.

Preload = 2200 1b.




Eelium Pressure Transverse Moment Helium Leakage

Psig Inch ib etm cc/sec
0 V] n.n,
310 0 n.m,
610 0 n.m,
900 0 n.m,
1200 0 n.m.
1500 0 | 2 x 107
1500 150 5 x 1074
1500 300 >1x 1072

1500 ’ 450 not attempted

nm €3 x 1076 atm cc/sez

5.3.3.2.5 Fourth Reassembly

Gasket removed and remouanted backwards.,

Preload = 2200 1b.

Helium Pressure Transverse Moment Heliuwr Lecakage
Psig Inch 1b atm cc/sec

0 o n.m
300 0 n.e
600 0 n.m,
900 0 n.m
1200 0 n.m.
1500 0 n.a.
1500 150 - n.m.
1500 300 n.n.
150G 4590 n.m,

n.m. <3 x 10.6 atm cc/sec
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5.3.3.2.6 Tifth Reassembly
Gasket rotated 1800,

Preload = 2200 1ib.

Helium Fregsuie Tranaversge Moment Helium Leakage
Psig Inch 1b : atm cc/sec
0 0 n.m.
300 0 n.m.
510 o n.m.
900 0 n.m.
1200 0 n.m.
1500 0 2 %1074
1500 150 - 6 x 1074
1500 300 4 x 1073
1500 . 450 | - >8x 1073

-£
a.m. <3 x 10 7 atm cc/sec

5.3.4 Extended Time Test
5.3.4.1 Test Procedure

This test was rur at room temperature. The connector was assembled with
2 preload of 2200 1b. The connector was pressurized to 1500 psig of helium
and loaded with an external moment of 450 inch 1lb. Then leakage readings were
taken periodically for 72 hownrs.

5.3.4.2 Test R2enlts

Time G5irt:2 ’ Helium Leakage
First Readl.ig
Hours atm cc/sec
9:00 nm (<3 x10°%)
0:15 "
0:30 "
1:00 "
1:30 "
130 "
:30 "

130 "
A-6 {contirued on foliowing page)
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Tim2 Since

Yirst Reading

HEA D o

5:30
6:30
9:50
25:05
35:35
51:15
72:00

High Temperature Test

(concinued)

5.3.5.1 Test Procedure

Helium Leskage

ata cc/sec

n.m..

n.m.

n.m.

n.m.

n.m.

n.n.

(<4
(<4
(K1

(<4
(<1

X

X

X

P8

10-3)
10-3)
10-5)
10°3)
10°7)

The connector was assembled with a preload of 2200 1lb. The cornnactoi was
then heated to S00°F with no internal pressure or external moment applied.
When the connactor was at temperature the leakage was measureo at a sequence
of internal pressures and external moment settings.

5.3.5.2 Test Results

Heliuwa
ILreesure
Psiz

0
300
€00
9u0

1200
1500

560
500
Sou
500

1000

1000
1000
1000

1500
1500
1500
1500
1500

Transverse
Mooent
Inch 1b

oooooo

0
150
360
450

0
150
300
450

0
150
300
450
500

n.m, £2 x 10"6 atu cc/sec

Connector

Temperature
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510
510
510
500
500
500

500
490
490
430

490
490
500
500

500
500
500
500
490

Heliun.
Leakage
etuw cc/sec

n.m.
n.m.
n.m.
n,n.
N. M.
n.m.

n.n
n. G,
Ne W,
n.ut.

Ne .
n.m.
. n.
Q. m.

n.m’

n. m.
n.m.

n.m. %

8 x 10-3

® At this pcint thsre was a momentary leak
witich closed-up before it could be read,

Therefore,

che moment was incressz4 a2vove

the design requirement and the nexr test
poirnt was takan,



5.2.€ Low Temperature Test
5.3.6.1 Test Procedure
The connector was assembled with a preload of 2300 1b. The connector
wae then cooled to -3009F with no internal pressure or external moment applied.

When the connector was at temperature the leakage was measured at a sequenss
of ivternal pressures and external moment sattings.

5.5.6,2 Test kesults

Falium Transverse " Toraector Helium
Pu-ssute Moment Tempera:.v: T2akage
aigz Inch 1b op : atm cc/cec
0 0 -300 n.m.
3co0 0 -300 N.m.
600 0 -300 n.m.
900 0 -300 n.m.
1220 0 -300 n.m.
1500 0 =300 n.in.
500 0o : -300 . n.m.
490 150 =300 1.7
w20 150 -300 n.i%.
1500 150 -3C0 oL,
500 300 .. =300 n.m,
1000 300 -300 n.m.
. 1500 300 =300 n.m.
520 ' 450 ~200 n,m,
1000 450 =300 n, 1.

1500 450 - 300 oo,

1.8, <6 x 10.6 atm cc/sec
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APPENDIX B

SOFT-HARD, HARD-HARD REDUNDANT SEAL
DESIGN ANALYSIS
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REPORT NO. PAGE 8'6

PREPARED -
CHECKED EXTK(/5/0»\I CONLER,T
MODEL |

FLEXIEBILITY AND STRESS /N HARD WALLS

CQUTSIPE WALL:

Fo =0 Fs/ , Py = z25%00F5/,

4= .2580+.0/2 = 0. ,4'2_ L2482 + ., //5

y = .3B72m;,

i

- (1= 7) (262025 800) [1w2+.06%¢ A j

32x/06 [ %2 0e%

= 0,670 X107 = 0,000670 w (O0uT WARD

25 eadp - s,
STRESSES AT hr=ag = [HIEHEST STRESS UNTIL m:z_.b)H
-/
£ = 4°pPr /e = +0€84 (25 800> 142
F ——— /.. e
L=-a 42 — 0484 , 086
= 24200007 = _ 25 90 s

SINCE COMBINED TENS/ON — £OM Pesss/wsj
FIND DISTOFRPSION ENERSEY EQUIVALENT STRESS:

fe= VB +HA)-+ £.2

- _ 127500
,*,‘,[275-1—/00401&5;/0’7 = 222k
= 74 100 Psi.

SYSTEMS 1441 REV. 8.67



TRW

SYITENS GROW .
ONE SPACE PARK * REDONDO BEACH. CALIFORNIA

REPORT NO. pace B-7
e

ExTRYSION <ONCEPT

PREPARED

CHECKED

MODEL

FLEXIBILITY AND STRESS /N #ARD WALS
MARGINGS AT ZG9F:
0 0¢ 4
M5, = 2O, = + 0. &

1.0 (74100

M.s) = _18G000 _, _ .23
Y s /79100y 2033

CHECK HOW MlckH OUTER WALL PDEFLEZ7T70N colil
BE REDUCED |F MADE MULH THIckER:

gz’
sN= 47 | |+ %%, _ «262/26300) ,
(56> E, [,_;gﬁ‘%] 325708 //’.33

= 0274 X140 "> = 0,00027%

> o510 ¢ -5
LEXIBILITY = =1~ = 1 0. & Xx/0 <
d 2¢t, 800 7=

S, FALTOR OF 2.5 /MFPROVEMENT IS FOSS/rBLE.

SYSTEMS 1441 REV. 8.87




PREPARED

CHECXKED

TRW

SYSTERES GROLP
ONE BPACE PARK * REDONDDO BEACH, CALIFORNIA

REPORT NO.

PAGE 3-8:-
il

MODEL

EsxTRUSION & ONCEPT

FLEX) B/L/TY

 —————

r

IF THE SOFT
THE SYSTEM

Cr = ‘é"[}['r

SYSTEMS 1441 REV. 8.67

NEGLECT/ING
WILL FLASTILALLY

THAT THE HARD CONF/NING WALLS DPEFLEZT,
CONS/IPER AN ELEMENT OF THE SO0FT

MA‘TERIA;CZ_ ORIENTED TO THE AX/AL, TANGENTIAL &

ALSO, THE VALUE OF o, =25 800 PS/ 15 FNowN

6= £ LE—7(hvte)[ 0
S = E[Fr-vltr+4) [ =c, 4 [2)

AND STRESS ¥ soFT SEAL

INI TTAL 45 o THE SOFT MATEKRIAL
FLOW ONLY TO THE EXTENT

RADIAL LDI/IREC TIONS -
T FIRST ASSUME KYDROSTATIE
| BEKAVIOR & UsE psasgnms?
*ﬁ““a i “‘——ﬂ TO FIND PLASTIc FLo0W |
7 FUN .
fT - == MEAN DEFLEL TION OF THE
, , SOFT MATEKXR/AL &
= L / '
" A= o (G-c,)
T Zrk T % e (Cs '54‘5:*3?,8)(/0 7{ / ;;-\
.= & ts_ "pr(C +Z 3 » -
r = 3 ¥ 9
2 ) ==2620x14 4. /;!’ei)

MATE RIAL STAYS ELASTIC
1S SOLVARLE EAS/LY:

(3)

"W_//‘A _'L7ﬂ">j'—' 4 707'




ONE SFPACE PARK * REDONDO 8EACH, CALIFORNIA

" REPORT NO. — ﬂ
PREPARED ExTRLU</IEN &INLEPT
CHECKED
MODEL — ﬂ ‘

FLEXIBILITY AND STEPESS N SOFT SEAL

EY /2) - 7&7-:(527- 47/)14—- "/'7/7/4 0N
Ecrdr = 4 ~Wecr £ + 4. +y/) # -
L= VEiry b

R S -

_ (10433 e

—— - o0
//-1-32,2 +0.30,497y ~ —.09) (-2520072)
:+‘;;75 /’zsjgm)f-' — 202 Pel. (ELASTIC SOLN)

..._.f',(

= (= 490 +.33)(-302) + .33 (-25,300)

+ 48 — 8500 = —3452 (ErAsTICc soLN)
THE QUESTION |S THEN: 15 THE ELASTIC SOLUTION
VALID, OR DU THE AFFL/ED STRESSES PROPUCE
PLASTIL YIELDPNSE PUE 70 FLEX/BILITY OF THE
wAws | FIND LwiAXiAL STRESS EQUIVALENT
T THIS TRIAXIAL STRESS CLIMBINATION :

- 2%
b = gE [l A0 ) 0t AN |

= 4,207 [/—z;,i-i-o 302) +(0. ?az+ ws) -q[g »s-rzs,s):f.
=0.202[1018{ %= —22,200 psr.

SYSTEMS 144V REV. B.87




IRW

ONE SPACE PARK + REDONDQO BEACH. CALIFORNIA

REPORT NO. PAGE 5—10
PREPARED

CHECKED EdxTRUSWHON CONCEFT .
MODEL — —
FLEXIBILITY AND STRESS /N SOFT SEA]

THUS ELASTIC SCOLUTION RESULTS SHOW
FLASTIC YIELDING W/iLL TAKE FiAckE WITH
WALLS FLEXIBLE., A CLOSER APPRON IMATION

TO THE PLASTIE SOLUTION SAN SE ,
CBTAINE D BY Us/Ne A SECANT MObls
INSTEAD OF AN ELASTIK MODULUS
iIN THE ELASTIC EQUATIONS,

FROM A STRE=SS —STRA/N <cURVE FoR /100 ALUM
Dz209F AT £= 22,700 psi. :

E =0.075 ININ

SECANT MODULLS =E, = é’é = 220172” = 303 000 p/.

SUEST! TUTING INTO ELAST/IC EGUATIONS:
E, ¢, = 03055108 (~2¢20505T)= ), 7a4

Eo ¢, =0.303x9¢/~37.8 x1079)=0.0/2

L=+ /_?40 . 0.4397/-25,500)
P (1 —Es =y E .,V 2 l1+0.794 ,-fgg(,wz) -.109)
= — 6700 poi

£o= (—0.02 +0.32) (~¢200) + 0.33/~25, 800)
= —2/)30 8500 = —/0, 630 psi.

_ _ =25, 800 - 0,33/~17330) _ —240%7
A= T?;[ﬁ‘ ‘4//#474’)]— OréO‘SXWé = 30mxi0t
=84, 300mH = 0.06¢ X

SYSTEMS 144t REV. 8.87




TRW

ONE SPACE PARK * REDONDD BEACH, CALIFORNIA

REPORT NO. Pace B-11]

ExTRUS /0N L ONCEPT.

PREPARED

CHECKED

MODEL

FLEXIBIITY AND STRESS N sSOFT <EAL

Ri&giD WALLS
FOR REFERENLE, SOLVE ELASTIC CASE WHERE

CON FINING WALLS ARE TOALLY Ric/D [([SZERO
LATERAL s*r'/-?Aws} _ CONSIDER £, KNOWN

Ee,= £, -7 1. -7
&=ty =V = =0
Ecr= {7 —0VF - VA =0
fr= 7%r sy L7
“V (VAP0 — Vi =0
(1=92)# —-/%&7/2)74 =0

= FO+2)
f //+7/)/7;7/)7£A =% 4

TﬁT:_fZ-/?A‘—/’Q*’ —V—/_Zé:’,“g}'?ﬁ
=[5

IF 7/ 0-23 -

— +33
‘Fr«"‘%‘.r — '3{7 #A' = 04473 a

- _ Z(M% A - .

[’ 0.67 | E 0:67% E

EQUIVA LENT COM I>R‘E$S/5/L/T'Y _
E = PA VO ‘)CA /S
E L4585 E For

AV 72/'544 (I— =032




TRW

SYSTENES SROW
ONE SPACE PARK * REDONDO BEACH, CALIFORNIA

REPORT NO. PAGE 5-12
PREPARED

CHECKED EXxTRUSIIN CONSELST:
MODEL I
—

ELEMI BILITY AND STRESS /N SOFT SEAL
Rigll> WALLS

AT DESIGN FPOINT $'TEE$$ p

f=F = 0v73 (-25800 Psi)= = 12,700 psi.

= 0474 (225 ‘Z”f’B - 12}~ L
1 2,.3%70 é /N,

AXIAL DEFLEL TION DURING SEATING
2= € 4 = 0.5 (~ 0.001%2) = = 0,00022 .

COMFPARING THE MORE REAL/ISTIC FLASTIC
FLEXIELE WALL STREZSES WI7TH THE IDEAL IBED
ELASTIC RIGID WALL sSTRESSES, ONE FINPs
LITTLE DIFFERENCE | I1LE. WITH RLASTIc ACTIO4

THE STRESSES APFROACH R/ (r/b WALL s TREsss
AS A L/MIT.

SYSTEMS 144t REV. 8.87




TRW

ONE SPACE PARK * REDONDO BEACH, CALIFORNIA

REPORT NO.

EXTRUSION <LNCEPT

pace B-13
—

PREPARED

CHECKED

MODEL .__1

LOAD REQUIRED TU LNSEAT SEAL FROM OVTE® sueed
WHEN THE SEATING LA /s REDU«ED 7€
ZFER), 4 =0 BUT THE PFLAST/c PARTS OF
fr &£ CANNOT RELIEVE UNLESS THE
HARD WALLS &AN RETURMN 70 7THE /R
UNBEFLETED POS/IT/IONS, /N PARTIcULAR
TWE RELAXED VALVUE OF 45 Wite cONTROL
THE FRICTIONAL FORCE REAUIRED 74 BaAck
OFF THE <EAL. THE ELAST/c FPARTs OF
fo & fr WiLL RELIEVE, LEAVING THE FLASTI

G'

PARTS Z _
£,=0
fr= —€700 psi +302ps7 = —E400 psi

foo= 10,620 + §452Psi= —2)Q0 psi.

FURTHER RELIEF WOVLE OLCUR IF ¢
UND>ER THESE STRESSLES |5 SEVERAL

TIMES YIELD, IN WHICH <2ASE THEY W/iee
YIELD THE SOFT MATERIAL N THE Ax/4L
DIREcTION, IN THIS CASE THE LATERAL

STRESSES ARE AT NOT ABoVE, YIELL

S0 FURTHER RELIEF |15 CNL/INKELY.

SYSTEMS 1441 REV. B.67



TRW

SYSTEMS OR0WP
ONE EPACE PARK * REDONDO BEACH, CALIFORNIA

REPORT NO. pace B-14
PREPARED .

CHECKED ExTRUS 100 £LIONCELST
MODEL

LOA> REQUIRED T(Y UNSEAT SEA, FROM OUTER j.@#

FRIC TIONA L LOAD T¥ VANSEAT = COEFFICIENT
OF FRIcTION OF ALUMINUM ON MILL STEEL £0.60
A FOR ALUMINUNM ON INCO-PIE NUST BE MEASURED.
., SO0LVE FOR =02 AND U=).0 (NORNAL RANSGE

Lo(COULOME FRICTION = {2 27 (RotHs)
= (02506400 P5I) /6. 28)(.262)(.15¢)
=Y 0/ 2546 W) = '3>8 L&
IF THE ZOEFFIC/ENT OF FRICT/ION |s. FOUND
TO BE HISHER |, L4, coviDdD ExcEED Lo, -
FOK EXAMFLE IF A =1.0 , [y = 1640 +&

THIS SITUATION AN BE REMEDIED BY RUDLU/NG
THE LATERAL cCONTAZT AREA (4

FOR EXAMFLE |F 4 =/0, TO REDUZLE

_ 015¢ o . _ -
/€ ?'35 0'0‘*7”/1) LU - 4?3 /-.P.

T0 PREVENT TENSILE VYIELDING WHEN
Ly 15 APPLIED , £, #AS A MAXIMUM VALLE:
et

—— By I

P /‘{%'—%MAY Ly = Ry FZ,/’R"'*HSY-" Eai]

Ly

/-

SYSTEMS 1441 REV. 8.67




TRW

ONE SPACE PARK + REDONDD BEACH, CALIFORNIA

REPORT NO. PAGE 8:15
PREPARED
ExTRUEION & ONECEPT.
CHECKED
MODEL
—— —

LCAD REQUIRED T¢ UNSEAT SEAL FROIM JUTER SLELVE

(/é)MAX = 0.4%7 (£090 psi) ;mes )

493 LF
= 0.0 .

LOOK LIKE = "W‘L/\‘”\
€ e,

MIGHT AS WELL MAKE Ao =0, THEN WiVt

N,
o
\

SCALE =20/,
\~\\

~

e L
—_~ S

@ :
@

R

SYSTEMS 1441 REV. 8.87




TRW

ONE SPACE PARK « REDONDO BEACHKH, CALIFORNIA
REPORT NO. race B-~16

jigx'rﬂ)s/ﬂ/\/ CONEEP,T

PREPARED

CHECKED

MODEL

EFFECT OF SEALING INTEKFACE SHAPE ON [Oc4)
CONTACLT FRESSURE RYFILE

IT HAS BEEN SUsGESTEDL THAT AN INCKEASE /N
LOLAL ZONTACT FRESSURE MIGHT EBE OBTAINED
By VARYING THE SHAFPE OF 7THE sSOF7/ZaepD
CONTALT SURBALE, SvckH AS *

ANGLED m | |
r\ RAD/USED

AS AN EXAM FLE, THE
I (SOFT Ry RS )
L P L CYLINPRICAL cONCEPT
Sus’ ; LB WiLL BE EVALUATED As
T”-> B ‘ VoA RUNE TTION OF LOCAL

CYLINDRIcAL BULK ELASTIc FROFERTIES

AFTER SEVERAL INIT/AL
RUN M cYclES IN WHICH YIELDING TAKES PLACE

HEETZ CONTALT STRESS FURMULAS WLl && vser

FROM ROARK, TAELE XI, CASE &.

ﬁV\AX = 0.79%

— }?%/?H
! =44 _+_ I—:’“a‘z |

SYSTEMS 1443 REV. 8.87




PREPARED

CHECKED

TRW

SYSTENS aROowr
ONE SPACE PARK * REDONDQO BEACH, CALIFORANIA

REPORT NO.

race B-17
——

ExTRUS/0A LONCEPT.

WMODEL

EFFECT OF INTERFACE SHAPE JN <cONTACT PRESUREH

UN FAR TUNA 71—?'1_\()' IF  Re /s SET EQUAL T Ay
IN THE UNSTRESSED S7ATE Fype =0
WHicH MEANS THE SOLUTION BREAKS DowN
UNDER THESE COND)TIONS AS /:VEPAéer- _ZH;;S_
THE KANGE OF POTENT/AL FRESSURE
INCREASES sSHOVULE BE <OVERED, HOWEVER, BY
STARTING- WITH THE SOFT SEALING SURFALE
FLAT (Rs =2 °2) AVD VARY IN& Ry . FROM
ROARK, TABLE TIV; <ASE 4

/

FMAy = ¢ 298 V Ls
2Ry [l=&T  1=%*
"[TEs T TE,

s

=0.79% 493 LB /) so5 _0.798
— = } ez/w‘]

L/ —ony , 1 —.09 £, Ve,

12.3x10% 32,><!6’6

= 31,100 P$/.
- Vs |
IF Ry = 'zL Hs = é/,A/zS =0.006 W (FULL A’AD/US>
Faax = L2229 = 401,000 Psr.
0.0775
Iax _ 491,000 _ 5 cc

Pave 25, 200

SYSTEMS 1441 REV. B8-67



PREPARED

TRW

SYSTENS GROW

QONE SPACE PARK * REDONDD BEACH. CALIFORNIA

REPORT NO.

PAGE fé;]h8 '

CHECKED

MODEL

EXTIUS/ON < ONEEFPT.

EFFECT OF INTEREALE SHAPE ON <ONTRT FPRESSURE)

—
—

—
—

THE cONSTRAIN/NG-

Ee

Ey

OF cOUVRSE ONE MWMEHT MHAVE TO LUVSE L8555
THAN A FULL KRADIUS /F
WALLS CANNOT EBE MADE  STIFE ENOUSH

TO RETURN THE SOFT MATEKRIWL T2 A FLAT
SURFACE AscA/N.

THE W/ILTH OF THE ONTAcT ARE4 /s
GVEN EY =

b=1¢ %zk,,Ls’

: 1[2 (29255 ) /9,0009 510 ~¢ ‘i@ o

2.6 x10"2 /R

FOR R, = 0.00¢ [Fure Rabivs)

- -3 k _ W/2 _
b= 077507 T’}',aoaq?s' '2-3
SIMILARLY, FOR OTHER Ky = |
Ru/Hs /ﬁln) /m) /Pl’g’gx };'0 Fansc/Pae| Hs /b
0.5 | 1006 | 07275 | 40/,000\,000775]| 15.55 | 12,3
1.0 012 | 1097 | z5%,000|.00138 | ). 00 2.70
2.0 024 | LI5S | 201,000(.00195 | Z8C -1
$0 0% | 219 | 14200 |, 00276 | 5.50 4.35
2.0 096 | -310 | 1002001 .00390 | 3,89 3,08
10.0 120 /346 | 90000 |, 0043¢ | 2.49 | 2.75

'
.

WHICH 1< PLO%‘F@D ON THE NEXT FPASE.

SYSTEMS 1441 REV. B-87
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APPENDIX €

BULK COMPRESSION SEAL
DESIGN ANALYSIS



ONE SPACE/ARK * REDONDO BEACH, CALIFORNIA c ] .
PREPARED J L RE,E VE ? 27/ EPORT NO. PAGE V=

TRW

CHECKED

BUL K cOMFPRESS) 0K POINT

MODEL

DESIEN STRESS ANALYSIS

——

s/&A

SCALE =10/

'//_" y

Ls

l —_———
|
gL

\NE

HARD MATERIAL =
Bp= 0.280 N
Hg = 0.050 IN
Hp = 0,003 IN

ﬁ =0.100 IN

ASSUME AS TENTATIVE STARTINEG DIMEANS/IONS -
SOFT MATERIAL = 1100 —0 ALUM INUN

INEO =218 (AMS SE64)

Ly =493 o8
B= ).su4® = 0.03 RADIANS

SYSTEMS 1441 REV. 8-67



SYSTINS SROWP
ONE SPACE PARK * REDONDO BEACH, CALIFORNIA
REPORT NO. PAGE C'2

B i COMFPRESE/ON = NEES,T

PREPARED

CHECKED

MODEL

‘-

BuL K <OM PRESSION POINT DESIAN.

SOFT MATERIAL VOLUME = /f yd, + He) Z- j
= 6700 /3.9 /3\?—_/2531_'( =/ 1)/, 0863)
= 40CE6F INT
SEAL /NG SURFAcE AREA = zm /R '*'/7‘5,} /
= 422 /.255Y. /D= 0./5% m*=

LONSIDER AXxIAL EQUILIBRIVM =

ASSUME <CON TACT ONLY

%W- -« /. OVER A -

[/

_ T fr (o (TR B Y ) -

|
LA = ZFI?M F,{[—é"é .+—/f] —)s=
ASSUME & =0.6 , =4, 0= 03 RADIANS
P =__Ls = 493 L8 — 49 s

znkw bLTANG 0] 0158 [ 03 +0~5] NOT > E,

NEXT LO0K AT OFIGINAL SHAFE =

e -

SYSTEMS 1441 REV. 8.87




”/
TRW |

ONE SPACE PARK * REDONDO BEACH, CALIFORNIA / '
REPQORT NO. PAGE C?3

Ll
BUL k' N FRESS JON oA EFT:

PREPARED

CHECKED

MODEL

N

BULW cIMFPRESSION FOINT LES/GA.

ASSUME HYDROCSTATL ASSUMFTION 1S5S LOLALLY
VALID IN RADIAL DIRECTIONS

RIGOROVS sOLyTION cove; EE FOUND w/TH
FINITE ELEMENT ELASTIEITY PROGRAM
SUCH AS TRW'S AS I7/B PROGRAM, BUT
TIME DOES NOT PERMIT, |

// /)/z;rkM)/q p + /apcosﬁ/zW?M —/ig'
-+ ,PS»/NQ/ZFAM)(‘( _, = >TEMP[}// -hé«ﬁ/]

ASSUME 50,6 [LIKE ALLWM ON MiLD STEEL)

pP= L < LET Ls = Y92 LE
’ ST R [ 4 /»'—' 0.100 ¥
n [od] +Zan b4, ] R
. 493 6= 487

LE8 [0.6/1) + (1.0057 F4T750ps;. SAME RESULT,

TWE AVENCES OF IMPROVE MENT ARE AFPFPEARENT =

A WITH COAT INGS, FLATINGS AND DIFFERENT
MATEFIAL SELFE TIONS ONE CAN REDE 4 TV
PERHAF= 0,] —0, 2

D BY BURYING MIST 0F SOFT NATERIAL IN HARD,
4 eAN EE REDULED,

SYSTEMS t441 REV. 8.87



SYSTEMS GROLP
ONE SPACE PARK * REDONDO BEACH, CALIFORNIA )
REFPORT NO. pace (-4

B & FRESS/GN < INZEPT.

PREPARED

CHECKED

MODEL
S

BULK cOMPRESTON PONT DES/GN

THIS KEV/ZED. ZONFIGUK&TION MIGHT LPPK LsnE -

\\,__ ,é: 0.080 .

Ho=o0.60/v,
X R, = 0,600 IN.

=0.00¢ , £, = 0.003
(Q ‘fto //4{-"—'&,2

= 74,300 Psi,

F':- $4-F3
0.58) [0.20006)+ (1 (.002)]

2o 7%.300ps; _
vy i5, 000 ps;

495 ~ G x YiELp

FROM GENEFAL PDESIGN CURVES <
FIGURE |, REDULTION OF SURFAcE ASFERITY

W -
LK T = = 10,2 2
HE 1€ hu(} LOA D> v

FICURE 3, INPENTATION OF WEAR FARTIZLES
: > THE'R DHMETER

FILURE €, sAPS REQUIRED © _:,’_C:: 0.014

He = (f;zr’/u/’()@g> -
£ 0.000042  WARD TO MAINTAIN, BUT
4 SMALL HARD TAE LOADED A6ANST (3) BY P WOULD HELP.

SYSTEMS 1441 REV. 8.87




TRW

SYSTEMS asOUP
ONE SPACE PARK * REDONDO BEACH, CALIFORNIA
REPORT NO. PAGE" G~5
PREPARED iy
CHECKED
MODEL

Ty AND STREST N HARD WALLS

CLE S LT

INSIDE WALL , RAPIAL

BY SAME FORMULAS As U=ES

Fo= TEzeo Psi, A=, L= 0250

PR LT P PN
'x( ;! M .“_______'___/..;.,-,,,.._._.._. — )
: Lyl A=—a” ~

= P OICHOE [ INWAREN

FZ, Jé A4 _,-"."»"[ £4T "!'" —

ELAS T/ T SEZT

I8 060

M (-\"}, = -~/ =
| 1.0/ 74 200

Mz = w0, 000
{/L'f, =~ / -

.5 ¢200)
QT g WALL | RADIA
l/‘ . ! = - - 7 ~ ”

be=C, Pr= 74, 300 Fsi., a4 =,3¢0, L=.6

'SEL FOR ExTRUSION PESISN,

. —-——/“[‘ ‘IT(\'/ 3 ‘1\\ N
A D e

op
f

(SR,>F__£' = =4/ ‘{Z*’ﬁaq—f/ _ « 350/ 7430
' Ew b =< 2> x706

1e 00" = 0.00i160 V.

FeEs by = 1660 Tt 2/
P 2l ’

a2 -
\[.2€0+.090 4 3]
.340-.040. -

SYSTEMS 1441 REV. B.67




TRW
l I PAGE C_‘g

SYSTEON GROUS
ONE SPACE PARK * REQONDO BEACH, CALIFORNIA
REPORT NO,
PREPARED
CHECKED

MODEL
, AN IN _HARD WALLS.

FLENEILITY > ETTEST
STRESSE S AT | =4 :
fo= 2 / L2\ _ 09 7 300) /
LE—a% 7%) ,Bé-— J7 Y 25)
= =420y
4/‘;': M,{i}_‘i{-_. /f/_}_ _'tf \“, -— 7‘# ;0(‘\
' /-}_’4"( (7:: , a-‘: -‘-"ﬂ? >
=4 124 06C ps
N THIS CASE THERE WILL ALSC EE 4
STRESS, ASSUME THE

SUFE K /A FOSE L. Ax [AL
Ri&/> WALL S0LUTION, THEN

THECRE Y /£ A&
AGANINET Hg IS =

= 0,493 / 74 20057

F‘R"" S FE

aterar = 0472 £,
= 3,400 FSI.
AXIAL O <AVITY AREA 77‘[7'?0""//3)1“‘/?421
0.0565 W2

= "/“L 070 ——,0525_]

ANIAL AREA MEMEBER (@ —V[ﬁ /A’a"'ﬁ’s)]
0.47 w2

/L/[Zéﬁ - 070 ( =
£y = ,_Lm = (3¢, 400 psi\(0.05¢5 N7
A 0. 847 Nz
= +3740 PSsi. :

SYSTEMS 1449 REV. B.87



SYSTEMS GROW
ONE SPACE PARK « REDONDO BEACKH, CALIFORNIA
REPORT NO. pasek C=7

PREPARED
CHECKED
MODEL
e

FLEXIEBILITY AND STRESSES N _HARD wAlLS

FEQUIVALENT sTRESS -

= [r-6¢ +A4.—¢,>z+//7 4]

= 0707 [15.74 +70.3Y H A3 =126) H (24 5,5 [
— - “ A ) ’é
=¢. 70,7[[;0?0 -+ ,(‘Z YoC + . 4, 500] = 173 000 s/,

N ANIA L

WhieH Wikl YIELD INCO-IE @2 FEOF IF

VALVE |5 TO0 BE Acc EPTANCE TESTEDLD AT

ROEM TEMPE RATURE [Foy = 156800 psi)

AT 2RYC SENIe TEMPERATURE , s7RE<S
I1$ VERY <LOSE TO Y/ELD //1;.7= )25, §00Psf>

-

AR WALL SHOVULL EEFE MADE THICHER

AND JOR HIGHER STREN&TY MATER/AL
SURBSTITUTEDL AND CALCULATIONS REPE/ITE;

AXIAL CAVITY wa/g/L/ry:
= f_/iz-_—. (2¢ £00 #s)N(05)* - -¢
A FEA = 3.3C >0 IN
32x106 (L EY47) ) ‘?

GrthL FLEXIBILITY = Z2EXEL o b puu&C i =
>4, 300 ps '

2

SYSTEMS 144} REV. 8.87




TRW

SYSTEME RO
ONE SPACE PARK * REDONDO BEACH, CALIFORNIA

REPORT NO. race (-8

PREPARED

CHECKED

MODEL

#
FL b Bl Ty AND ZTRESS /N SOFT SEAL
Sl SAVITY VOLUME, Vo =277”E¢ ‘ é f/_s/s

= 628 (25040358 ((5) (050 50 = 17710 00125
= 000222 N

FIND SHANGE IN SOFT MATL VOLLME @ P =>4300ms)

-_E
B = pe = HESE = 1435 (123x0%)
= ?’/ZSX/Oé y 2T

A = Ll _ fo4 smps,)/ g0=22 IND —
4 Er 14,25 o1g€ por, =I5x10° w3

FIND CHANGE IN HARD AV ITY VOLUME @ p=74% S0ps;
Vﬂ E He /3
Lo = !éfr-r/w&—f—% Ao +L K

{/OV» & ///5 4‘

VSING DPEFLELTIONS AS APPEdX/MA TIONS TO
DIFFERENTIALS T

/# =,000404 +.000 =+2004 x10
4/ =+z 28 X106 N,

4/? -i[wwo Wé x/ﬂ‘ +547x;/ ¢

AVH... 5¢7>(/ﬂ 3 33)(/4__ 04232
Vo 283\ + IS =0
=4

DVy = 0423 fr222)= 940 X/{

SYSTEMS 144) REV. 8.67
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TRW

SYSTRMS QRO
ONE SPACE PARK * REDONDO BEACH, CALIFORNIA

REPORT NO, eace C-9
matiivunney

PREPARED

CHECKED

MODEL

# -
FLEX)BILITY AND STRESS N =0FT SEAL

A ONE INCH STROWE OF THE CO.003 /4.
INTER FERENZE. STEF <CREATES A VILUME

E -
CHANLE O Ay = ()W) 003y /¢ 22/ 25/9//««\
= 0.0047% /N//A/
STROKE OF SWHAFT 70 FPROPUcE

v 0

pP=7¢300 psi®
STROKE = A Ve +A VY, /‘7‘#0*7/5)*//
AV A = 21.9x10 /N
= 0.022 /N

WHICH INDICATES THAT THE ALLOWANZE FoR

STROWE OF (if —4 )=ﬂ,003 N THAT WAsS MAPE
ON F# s INSUFFICIENT, AND 4 MUsT BE
INCREASED, LOWERING THE SEAL PRESSURE

//‘/) /ﬁozzw\/ it

= —6
=00 = 0276510 " p

_ QQZ .
=T m%,@/] S [p -4+ 2/

=_2/2
02(0.276 X10”p)+0.00¢ a4 +W"#,XMBP - 528

P= 38000 Fs.
//Q'//) = 0.27¢ x107¢(% X102 )= 001125 IN.

SYSTEMS 1441 REV. 8.67




TRW

ONE SBPACE PARK * REDONDO BEACH, CALIFORNIA

REPORT NO. pace C-10
PREPARED
CHECKED
MODEL
——

ELEXIB/ILITY AND STRESS N S0FT SEAL.

s0 .£-r—— - M = 2.553 T/MES WIT'/./ FAICTI0R
Fay 15 007

WHEN. ACTUATOR LOAD )5 RELEASELD, #ARD
WALLS W/ieL RELAX, "ExTRUDING S0FT MATL
BAcK oOUVT O0F cZAVITY. AREA RATIO =

AREA RATIO = D2 W +.003m _
| 0. 050 N 0.30

AT THM RATIO, EXTRUSION W/le TAKE
PLACE UNTIL ./,[

=)W WwrHoUT FRIcTION
Fa

x 1.9 WY FRIcTION
THEN LOAD 70 OVER COME FRICcTION AND

OPEN VALVE
Bomanpen = /,7//s,oaoB= 27 500 ps’.

AREA = £.28/26p(.0)5 N = 0.0236 N2

Lynspar = 27500 (022E30.2)= |30 LE
WITH FRIC TION FAcTOR OF €2
L 493 LB SEATING LoAD .. O k.

SYSTEMS 1441 REV. 8.67




APPENDIX D
PROPELLANT ISOLATION VALVE
STRESS ANALYSIS



TRW

ONE SPACE PARK * REDDNDD BEACH, CALIFORNIA

pmeranen U- . REEVE l/l//73 REPORT NO. PAaz_D-L
PROPELLANT |SOLATION VALVE

STRESS ANALYS/S

CHECKED

MODEL

=
{
A

A -
MATERIALS :

SOFT SEAL MATL = (06O-0ALUM (FURER THAN 1100 ~

SAME MECHANIZAL PROFERTIES)
HARD SEAL MATL = INCONEL 718 [Re 38 —40)

SEAT MAT'L = INCONEL (€ (B, 32— 36)

SYSTEMS 1441 REV. 8.67




SYSTEMS S00W )
ONE SPACE PARK * REDONDO BEACH, CALIFORNIA
REPORT NO. PAGE 0'2
PREPARED -

CHECKED

MODEL

- _PROPERT/ES
WNed =2(8  (MiL-HwDB-5SEB, SECTION é.3.5)

J0°FE
« = EY4xto™t W/ OF
Fro= 180,000 e = /ﬂ?ﬁ

Fry = 160, 000
E=290kg¢
V= 6. 3¢
—300% (AERO. STRUCTURAL METALS HANDEOOK)
 Fry = 116 (180000 = 209,000 ps/.
Fri = 117 //5&,0@0) = |75 500 ps;,
E = 110 /29.0 x08)= 32 0x/04

SYSTEMS 1441 REYV. B8.87



VTR GRS
ONE SPACE PARK * REDDNDO BEACH, CALIFORNIA

REPORT NO. ‘ race D=3
PREPARED ———

CHECKED

MODEL - ‘ '

SEAT/ING STRESSES

THE ~PRELIMINARY VYALVE ANALYSIS NITED
THAT THE SEATING STRESS 0F THE SOFT —HARD
SEAL THEN UNDEE clNSILERATION WAS ON
THE LOW SIDE OF THE RANGE [NEHEATELD BY THE
PLAST (€ éEAT/Né THEORY THAT HAP BEEN 'DEVEL”@H
(REF. TRW 72,478).6— 251, P.55), THE SEATWG

STRESS OF 25 800 Ps/ 1N vSE AT THAT T/AE WAS
Pic TATED MAINLY BY THE 493 POUNDS AVAILARBLE
FROM THE COMPANON ACTUATOR, IF THE VALVE
PESI&GN 15 DELOVRPLED FROM A SPEc/F/c
ACTUVATOR, A SEATING STRESS <AN BE
SELEcTED ENTIRELY ON THE EBASI= oF
SEATING CONSIDERATIONS

A TEST SERIES UNDER ANOTHER PROGRAN W/LL
SOON MEASVRE THE SEATING STRESS NECESSARY
TO BEACH VARIOUS LEAWASLGE LEVELS, 'NAPVANCE
OF THESE RESULTS, THE PLASTIC SEATING THEIRY
OF THE REFERENCE INDICATES THAT BULK STRESSES
OF 2—3 TIMES THE VYIELL STRESS ARE REQUIRED
FIR 600D SURFALE ON FORMANCE,

ANOTHER REASON TU INCREASE THE SEATING-
STRESS 15 /ILLUSTRATED JIN THE NEXT PASE.
ZONVENTIONALLY THE VYIELD STRESS |5 DEF/NED
AS THAT NECESSARY 70 FPRODUCE A PLASTIC STRAIN

SYSTEMS 1447 REV. 8.87




TRW

© veTens asew
ONE GPACE PARK + REDONDOD BEACH. CALIFORNIA

REPORT NO. race D-4

PREPARED

CHECKED

MODEL

SEATING STKESSES

0F 0.2%. FOR MOST 'WARD MATER/IALS THIS

STRESS /5 NEAR THE FONT ON THE STRESS-STRAN|
CURVE WHERE A MARWED NLREASE N STRAIN
OccVRS WITH A SMALL WEFEASE /N STRESS.

' THE METAL WORKING TYPE OF FLASTIC SEATIN G
THEORIES ARE BASEL ON AN IDEALISZED ELASTO—
PLASTIC $TRESS STRAIN cURVE EOMPOSED OF
TWO STRAIGHT LINES., IN THE cASE oF SoFT!

 MATERIAL S SUCH AS ANNEALED ALUMINGM THE
0.2% YIELD STRESS 1S OFTEN MNMUeH LOWER
THAN THE STRESS AT WHICH AN ELASTO -

PLAST/C <¢URVE WOULD GIVE A &00D APPRYX |-
MATION, IN PARTICULAR ACCORDING TO THE CURVE
BELOW, WHILE THE 6.2 YIELD STRESS JF 1)00-0 ALUM
MAY BE 7-IS S/, THE cURVE /s MIT FLAT UNTIL

~2% Kgo' ELASTO —PLASTIc cURVE

1100-0 ALU’
—3209F

STRESS (10%Psi)

0.2% YIELD STRESS

! 1 I I\ | 4 i 1 i 1
0 12 STRAIN 24 /%) 3¢ ¥z ‘0

SYSTEMS 1441 REY, 8.87




TRW

SYSTINS G
ONE 8PACE PARK * AEDONDO BEACH, CALIFORNIA i

REPORT NO. PAGE 9-5
- ——

PREPARED

CHECKED

MODEL

SEATING STRESSES

THE VALVE WILL BE STRESSED FOR AN ACTUATIR
LOAD PROPUc/NG 2 TIMES "YIELD STREsSS ' N THE
SOFT SEAL, YIELD STRESS BEMWN& DEFMNED A<
THE ELASTO-PLAST/IC VALVE OF 2B ksi. IF
LEAKAGE TESTS INDICATE THAT 3 T'MES
VIELD 15 NECESSARY TO ACHIEVE 2ERJ LEAKASE
ANY MARGINAL SECTIONS OF THE DESIEN
CAN BE REINFORCED BEFIRE FABR|ZATION.

scaTme, = 2xA28000 PS7) = — 56 000 FS.
SOFT

Ayer = (2W)00.012 Wy = 0.024 w?
SEAL |

Le = 540000028 < 1344 1
AS IN THE FPRELIMINARY CANALY S!S 508 /s
ALLOWED TO SEAT THE HARD 3SE£4, -

Aunes = (0.0/5 rwm)/z,ﬂ?m PERIMETER

SEAL
= 0.03!1 In®
fopars = S04 < 1610 Psy.

HARD ’ 0031 In*

SYSTEMS 1441 REYV. .87



TRW

ONE SPACE PARK * REDONDO BEACH, CALIFORNIA
REPORT NO.

race D-6
il

PREPARED

CHECKED

MODEL : ' '

(CLOSEDD

.. J o |
ALTUATOR LOAD BUPGET (. L%”%AD DPENME - +
—_'&Q CLOSING ~> =

SOFT SEAL LOAD = 4+ | 34y : :

HARD sEAL LOAD = + &0

WORST <CASE HYDRAYLIL = + %2.5

IMBALANCE (BELLOWS

DOWNSTREAN W/ITH

DOWN STREAM VENTEL)

SEAL BELLOWS FORCE = -+ 0

€LosE b\

OPENING SPRING LAAD = ) 00

(CLOSED)

ACTUATOR FORCE + 1572 LB

SYSTEMS 1441 REV. 8.67



TRW

ONE SPACE PARK ﬂEUQNbQ BEACHK, CALIFORNIA . ) N
REPORT NO. ) PAGE 2-7 :

PREPARED
CHECKED : ’
MODEL | S ————
— asmnd

MAIN SHAFT

CROSS SECTION AT A (MINIMUM BIAME TER\
LOAD = - 344 LB —50 th = —|374ck,

_ > |
Asecrion = Z 739?(56&/#3 = 0,196 w2

= —I374E

CLOSED 0.19€ g —7l 20
' 150 006
.S, = L = i
(m _‘\Y/ELD (1.0) (7120) 1200
(m.s) = 186,000
-] e [
GO FSy sy +_.§.'E |

STEP IN_CROSS SECTION AT B
WHEN I COMPRESSION ON CLOS/NG-, THE SHAFT

LOAD Wite SPLIT BETWEEN STEP AT B & WEL|
AT €. ASSUME 100% OF LOAD ON EacH.

- , z 2\
Aper = 0-78SY [ 750°— 440" ) = 4,259 v

£, .. | - 139G 4 B
LOSED = = —-4—?20,,‘/.
0.2¢9/v% - ‘

. LESS cRITICAL THAN SEcTIONA.

SYSTEMS 1441 REY, 6.687



TRW

ONE SPACE PARK ¢+ REDONOQO BEACH. CALIFORNIA
Pace D-8

REPORT NO.
PREPARED
CHECKED
MODRL

MAIN SHAFT
WELD AT € BELAUSE OF ASSEMELY CONSIEER-
ATIONS | THIS INCO =218 WELD cANNPT EE
HEAT TREATED TU THE SOLUTION TREATED
ANE AGED LONPISION (THE 1P60-0 ALUM WOULD
MELTY, VUSE ANNEALED WELD Au,ou/xsgzgs/
ASSUME MINIMUM 0,095 PENE TRA TION -

AT 700,:') 0.7 WELD FAcT7Ik

Fry= 30,000rs/, Fr,= 75,000 ps;.
Fu= 0.€/75) = w5000 psr
CLOSIN G LOAD = -IBi4 LE (CONSERVATIVED
SHEAR AREA = 3./4/0.220 W)/0.005uN\ = 0, 0656 w7

£ I 34% L8 .
SHEAR = —————= < 20800 ps;.
cLoSING 0,065bin* /

Ms) = 2590miD_ -, po=
-en  (15(20500ps)

CL0$)IAI&

WELD AT D |

CcoULD BE HEAT TREATED AFTER WELLD To0 NEAR
PARENT METAL STRENGTH. IF THE TWO WELDED
SURFACES AT D ARE GROUND FLUSH, WELD /5
NOT PLACED IN SHEAR, IF TOLERANZE MISMATCH
CAVSES FULL |1344 LR LOAD TRANSMISS/ON THROVE&H

WELD, MAR&IN sSTiLL POSITIVE IF
PEN E TRATION 3/,049/\/)( 22 '") = 0.075 v,

231 N

SYSTEMS 1441 REV. 8.67



TRW

SYSTEMS GO

ONE SEPACE PARK * AEDONDO BEACH, CALIFORNIA o
REPORT NO. racs D9
PREPARED ——————y
CHECKED
MODEL
m D ﬂ
MAIN SHAFT

LOKGEST SPAN = £.2 ek, , F/INNED ENBS
MIN. DIA. = 0.50 Ney. |, A= .19 in2

z[“’ B0, Zx10™¢ /‘4
(b Z{-/ ﬁzféf )(/‘9'1%_-}7 - ‘9 /JZE; /N,

L _ 6.7 .
© " 2028 =3¢
Bes ZEL _ 4.85(co0)/ 305510 WY
L‘& P
‘ 41,9
= /?goo LB :

Y

14500
(m-2) = /,;[/;444) —) =183

EUVLER BuchL/NG OF SHAFT SESEMENTS = A MiD> —SFN
BEARIN & AREA /5 FPROVIOELDL T7 PRE VENT TH/S,

SYSTEMS 1441 REV. K87



SYSTEMS 144Y REV. 0.87

svorang ssew
ONE SPACE PARK * AEDONOO BRACH, CALIFOANIA

REPORYT NO. ) : PaGE !
PREPARED i

CHECKED

MODEL

FLEXIBILITY AND STRESS /N SUFT SEBA/

CONSIDER A UNIT WIDTH OF SEAL FERIMETER:

. .‘\“ .
4 LN
. 7 Y
/—\ W\
Y

= 1 z:asx

£ — 1
. {‘r, 280 K

FOR NON RisID WAL.L-S IONE <ANNOT A PRIOR AssaME

THAT THE HYPROSTATIC A$$UMPT/0N WiLe HoLD -

FOR LOw SEALING LOADS, FOR A Sédﬂo PSI SEALINE

STRESS THE ASSUMP TION SIMULD BE 44.055
THEN A,

FIND LOADED DEFLE&TMNs IN 60£/F/KI/A(G WALLS
FOR 4, =f, =fF = 54000 ps/.

INNEXR WALL THIck WALLED <YL, EQ.
(TIMOSHENKD,; STRENGTH OF MATERIALS, SEC. 40)

Fo=5¢4000, =0 =0.00mw b= 6,28 W, ¥=0.3

- b/’o 2+b2 '
(55)" By —7/)




ONE 8PACE PARK * REDONDO BEACH. CALIFORNIA 3
REPORT NO. PAul,Dvll
PREPARED ;

CHECKED

' MODEL

FLEXIBILITY AND STRESS IN SOFT SEAL

W o2
(g) . —(0-281)(5¢ 000 0,051 40020 p 37 0,000
7 3o x /d 6 ﬂ,ﬂ??é—:ﬁﬂ/z/ 3= s/

RADIAL FLEK IBILITY = /= 52/ x/107én _

7_1
¢ 00058 = 7.3/ x10
ELASTIz STRESSES AT p=h-

£ = —/’o b ) (= 5£000ps7\/, 070/ ,072/)

b2 —a 0791 — gﬁa/z./ (' o)
= —5¢,000 Fer. .
= —Pa // ) A ';4000;%,}/ 0291) +I‘;/_'"’_’J_2_/>
L) - 002 47,
= — 7¢ EO0 psry.

MARG&INS AT 7S89%

1.0 (54,000
(-5, = NOT MEANINFUL IN
COMPRESS 0N
ELASTIc STRESSES  F=4 -
fr= 0
- — 2P0 b= _ —2(54000)(07%) _
L= ==
T b2— 4% - 74/ “-0, olz) 32 200/:5]

150 000
M.S, = <

SRERERSEE—

SYSTEMS 1441 REV. $.87



ONE BRACE PARK * REDONDO BEACKH, CALIFORNIA .
REPORT NO. D=1
PREPARED ul . — A 0-12

CHECKED

MODEL

FLEXIBILITY AND STRESS IN SOFT SEAL.

QUVTER WALL THICA LY LINPER STRESSES
Po = 0 pPsi. , Fr= 5¢ 0w LI 3225, b= -491/4'.

2 . >C

' +4PI 2 52 / -
(5), -, = az+b®, \ _+(3225)600) [G10wp 207 ]
e Ey( -2 // 3210 6 |24 — 104 103

=+), 204 x10”>

Eié'ﬂ¢27 - 22//£;fk?Z7 7;;5

ELASTIC STRESSES &) F=4

1[': a%FPr J—£3) = (:M?S/SJWA
4 - ,M

RADIAL FLEXIBILITY =Ly = 1204517 e _ 7

Az—'d r*

42‘/‘1/;//&6“
= T 540900 psi.
fr=22_Y _ 1 (seod\ [ 70

52743(/" R e /’”’M
= + 2u44(56000)= +136, 7&0 50

SINCE FART /15 UONDER <OMBNED TENSION —<IM PR/
FING bISTORSION ENEREY EQUIVALENT STRESS-

e 1 a1/7= :
7(‘54' FZ— 1/1?, +/Fr “ﬂ)z* fr?' =.9.707[;/40+32w+/8;4iﬂ]

:/7//000 Por. WHIcH WOULD INDICATE AN
OUTER WALL YIELD ZONE.
THIS ANALY SIS NEGLECTS THE REINFIRING
EFFECT OF THE UNLOAPED OUVUTER WALL ADJALENT
TO THIS SECTION. NO WELL ESTABL/SHED METHOD
ExIsTS FOR CALCULATING THIS EFFECT IN THICK
SHEWS , s0 A THIN SHELL METHOD WiLL BE UsEP:

SYSTEMS 144V REV. 687




ONE BPACE PARK QEDONDQ .EACH CALIFORANIA . .
. mEPORT NO. : : race ‘O=13,

PREPARED

CHECKED

MODEL

ELEXIB/LITY AND STRESSES /N SIFT SEA)

OQUTER WALL BENDING ANALYS/S
ANALYSE As CYLNDER UNDER RADIAL LINE

LOAD, Yy = / 56000 ps;\(,060 W= 2340 % Kwrumm:)
APPLY ROARK, TABLE XIIL, <ASE I0.
R= /32254 4= QW) | = O176m.

> % ’
A= ;k/'é;?z = 12BE _ 128¢ = 478w~
V,«f////zg) 269

= _Er® . 32308(5u4Cx1073)
1z=0- T2 («4/)> 2= 1592510 Sps:.

{S) = —VW _ —/3360)
- — clzﬁup éff;' "
"5’”’ ,j;ﬂl?); = (5,470 70008 - pes
= /7,2.2>«/4 7 In/PST.
./f -

= C2 %605 /%73)/0#///;4}

Enp. f (0:176
TH/N SHELL SOLN. W/'mour savw

= + 75 000 ;
/ 3 ;g_ 5¢000 ( i
: /7“‘ ,151/ 0027/a97 )
() =M M X
AT x=0.060 3 S -+ V,l_ s /\k} X=,2

= 6/3360) (.75))( 283) .
60) 06 (031)(%.78) 28 90 psi.

= 0.707 [( fa-f.) -+/ﬁ -7 4{(_’,-{-’,’)

= 0.707 [ (~2%. 9+56) +(- ;4—75) +/75f§9!)]
= 120,000 psi. -

SYSTEMS 1441 REY. S.07




ONE SPACE PARK * REODONDO BEACHKH, CALIFORNIA
REPORT NO., *

nuﬁé”,.

PREPARED

CHECKED

MODEL

FLEXIB/ILITY AND STRESSES (N SOFT SEAL

OVTER WALL
MAREINS AT ZSOF [HI6HER AT —300°F)

(M.s) =159 _, _ 5

, v B, //>7) /] = +4.25

(2At€;' - —lzzfi———. —— o ) ’
wur fe)ize /= 22

L OUTER WALL THICKk NESS 15 TUST ADEFUATE
- FOR 56000 psi RADIAL SEAL STRESS, SUBSEQUENT
PLaSTIc ANALYSIS TO FOLLOW SHOWS RADIAL SEAL
STRESS LESS THAN —SE000 psi AkIAL STRESS
S0 MARGING ARE APERUATE. IF AXIAL SEAL /NG
STRESS WERE LATER INCREASED BASED ON
FUTURE TESTING, A THICKER OUTER WALL
SHOULD BE cONSILERED,

SYSTEMS 144 REY. 8.07



ONE 8PACE PARK * RECONDC BEACH, CALIFORNIA
REPORT ‘NO. race D=15

PREPARED —————
CHECKED : .
MODEL . . B

FLEXIEBILITY AND STRESSES /N _SOFT SEAL

AS IN THE FRELIM INARY ANALYS /S, THE SOFT
MATER JAL W/LL FLASTIZALLY FLOW ONLY T@
THE EXTENT THAT THE CONFIN/NG HARD
MATERIAL WALLS DPEFLELT. <CONSIDERIN& AN
ECEMENT OF THE SOFT MATERIAL CRIENTED
To THE AX/AL, RADIAL AND TANGENT /AL

PIRE € TIONS <

b e Eferhrt)] o
s - -
ﬁ—:"/,i —ﬁl £a Ys ér= ép‘r—}//ﬂr +'/'A>]=4 -/;/2)
M n T LRI )

WHERE THE RADIAL AND TANGENTI4L STRAIN
FLEX)BILITIES €, § <, ARE FOUND FROM:

PEFLECTION OF saFr SEAL &:
= L
Ars = o £ (Ch-C

,éT —3A Ar‘s - (C ="l /1222—73/x/ﬂ
o s 7—( 0302 w
= — 3./ x10"7 4, ,c,.,z‘
€, = AY; ( (/7 22-+43//WJ/-;-
(0.042 /x5

= —43/ wo“’ﬁ- = C,.ﬁ',

SYSTEMS 1441 REV. 8.87




TRW

ONE SPACE PARK * REDONDO BEACH. CALIFQRNIA

REPORT NO. ' PAGE D-iﬁ
PREPARED -

CHECKED )
MODEL .

FLEXIBILITY AND sTRESSES NN éZET SEAL
/3 727-: Criy = +V/€4 +14r-) = 7/7[4 ‘f’//‘*ﬁrﬁ)ﬁ_

(=GB = H 4 = i+ 7y Viotreas]

L= V(1+7) 4

I-C E -V -‘7/4-55
THE SOLUTION OF THIS SET OF EQUATIONS Is
NECESSARILY |TERATIVE A5 E =Xte s 4
FoneTion oF 4 ,Fr ¥ 4. e RAN&,E&&&F'LMELY

SECANT MODPULI FOR HIGHLY YIELDEDP cRYI&&ENE
ALUM IS INDICATED AS F ¢ R ON P4

AS FIRST TRIAL TArE HYDROSTAT/C ASSOMPTION AS
TRVE, FIND STRAINS THEN FIND DIsTORSION
ENERGY EQU/VA LENT STERAIN, USE THIS STRAN

TO ENTEE STREsS STRAIN CURVE TO FND E5§ 7.

b= S6000 psi AND IF KYPRISTA TIC =4, =4

£ = =131 x10" H55000) = + 734 x /0™ sy
&, = —€3/ x10" 156,000 = +35 Boxm"w/,,,
l ; .

=-l1$0 —42¢¢ = -5 '-444,4,”/,,,,

FOR INITIALLY TI&GHT &4 Fs T#Ef-e' ME LARSEST ] .
97-7?,4 INS THAT <UL ﬂa,uk I

SYSTEMS 1441 REV. 887



SVSTENG SN0
ONE 8PACE PARK * REDONDO .EACH{ CALIFORNIA B
‘ eace D-17

. REPORT NO.
PREPARED
CHECKED _
MODEL — —

ELEXIEILITY AND STRESSES [N S$OFT SEAL

DISTORSION ENEREY EQUIVALENT STRA/M =
(REF BARER, SHELL AMALYSIS MANUAL N E6-34802, r +M)

=~/
= [z"[(fA‘érBZ‘*‘/fk'éT)Z +E,— A)jé

= 07/ [' (-54-3530) “+(z530- 754A +/734+5~¢J
= 0471 [80.57 177+ 78 507038, 2207 = 8300 4

< -
fo= 1,000 ps;. FOR Eg= 5300/« |
(PEFENDS N PESREE OF WORK HARDENING)

= 11,000 psr E v /) :
Es 53004 = 2 x/0° PSI. / Hp TH ELASTIC m.us)
v € 2y + E2 /55.: 3 /o LI o
éTOT( Eror S?UP«A > S‘Wﬂ/ >
= 0.4% |
SUBSTITUTING INTO FREcCEDING EQUATIONS =
{= VO +%) {4 _ Y9148 (54 000)
RN T A 2 - /—,230+£,;§z+ 0.0/3
= -/4 500 Psi.
fr= Vh +#+rE ) = 48/~5¢000) -r/lfg-o 026)/—/?5&

= -26900 — 8’%50 — 35, 790Ps/

FURTHER |TERATION MIGHT IMPROVE ALLURALY OF SOLN.

SYSTEMS 1441 REV. 8.67



ONE BPACE PARK * REDONDO BEACH. CALIFORNIA
REPORT NO. ’ PAGE D.ia

PREPARED

CHECKED

MODEL

ELEXIBILITY AND STRESSES /N SOET SEAT

TRANS VERSE . FRICTIONAL CONB/TIIN BETWEEN
HARD AND SOFT SEALS :

AS BEFORE, WHEN THE SEATING STRESS f4 Is
REDU<ED T 2ERD, THE FLASTIC PART 0F 4,

(AND {1 CANNOT RELIEVE UNLESS THE WARD
CONFIN /NG WALLS <AN RETURN. TO THE/R OR/SINAL

FOSITIONS, AS . $ &+ REMAN LESS THAN ~28000ps;
LITTLE RELIEF WiLL TAKE FRLACE.
COEFFE/CIENT OF FRICTION OF ALUM INUM ON MILD
STEEL , MM =4.6. 4 FOR ALUM 1060~0 ON /NcO-7I®

MUST BE MEASURED. VORMAL
e SOLVE FOR # = Jd.2 AND /”g/'a /K’AA/&_E

RADIAL <ONTALT AREA = SM‘/&‘*‘SWBK%OWB-
-_— 6L /21/5;,/Af%

f. =-19500 psr.

L, } = 19500£1218)(1,0) = 237018
A=), 0 ' A
FOR M=0.6 L, = |420L8, FORM=02, [, = H7%.5

THVS THE NOMINAL 50 LB BELLEVILLE SPRING
W/iLL NOT BE SUFFEIC/IENT TU ADVANCE THE |
HARD OVER THE SOFT SEAL IN' THE VALVE
OPEN POSITION, AS THIS FRICTIONAL. STTEN/A&
CANNOT INTERFERE WITH VALVE OPENING, THIS |S
ACCEPTABLE, '

SYSTEMS 1441 REV. .67




SVETONS 0RO
ONE S8PACE PARK « REDONDCO @EACKH, CALIFOANIA

REPORT NO.

PREPARED

CHECKED

MODEL

FLEXIBILITY AND STRELGSES /N SOET SEAT
SHOVLD EROSION OF THE SOFT SEAL FACE OUR, THE SEATING
LOAD OF 1B %4 LE Wi NOTBE SUFFIC/ENT
TO ADVANCE THE SOFT SEAL RELATIVE 0
THE HARD IN THE VALVE c<clLised Posimion |

FOR A NOMINAL <cOEFFIcIEN T OF FRICTION

’/AL4 - ‘?"é: . ‘ :
A DESIGN CHANGE FRIM A 0.060 INcH <IMTACT

LENGTH TO A 0.050 LENGTH WIiLL cORRECT

THIS. THEN
LU/ = 420 %;.) = [/89 L& < /36‘-4446,‘
MmM=4.¢ ' ’

SYSTEMS 1441 REYV. 8.67
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