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FOREWORD

The design study described in this report was conducted
by the Aerojet Nuclear Systems Company under NASA contract NAS
8-27568. Mr. Kenneth Anthony of the National Aeronautical and |
Space Administration, Marshall Space Flight Center, A]abama,
25812 was the NASA Project Manager, ' ‘ '
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I. SUMMARY

The overall objective of the program was to generate sketches during
Phase I of the most promising concepts of nuclear stage regulators and shutoff

‘valves that can be designed with characteristics which render them suitable for

being space maintainable and capable of operation under the conditions set forth
in the RFQ. The six most promising valve, regulator and remote coupling concepts
were then selected and subjected to further investigation during Phase II.

N During Phase I, following a literature review, specific design criteria

‘was established as the basis for designing and selecting valve and reguiator

concepts. The concepts generated took into consideration the problems associated
with the selection of materials and design configurations (including tolerances)

to ensure that the designs are capable of meeting the performance requirements

under specified environmental conditions. Problems associated with leakage, wear
and operating life, contamination, storage life, temperature, pressure, radiation,
and vibration environments, and remote in-space maintenance were solved for each
concept. '

During the Phase I effort, concept design sketches of eleven valves, six
pressure regulators and five remote couplings were completed. These sketches
ranged from radical design concepts to current "state-of-the-art".

For the Phase II effort, three valves, one pressure regulator and two
remote couplings were selected for preliminary design. This selection represented
the more radical design concepts from the Phase I package of twenty concepts.

The three valves utilized unique methods of performing the shutoff
function. One valve designvhas no moving parts because shutoff sealing is
accomplished by an eiectromagnetic.fie]d which ionizes the flowing fluid. This
principle has been demonstrated by electromagnetic pumps in a liquid metal system
(SNAP-8 Program). Another valve uses liquid metal to obtain sealing. In the

~ third valve, high sealing forces are generated by heating and expanding trapped

hydrogen.

The pressure regulator selected is an electronically controlled, electro-
mechanically operated, single stage valve. This has been made possib]e by
advancements of radiation hardened so]id state miniature electronics components.
Thus, the complexity is in the electronic circuitry rather than in the mechanical
devices. Compared to a conventional regulator system the ANSC design results in
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~ less weight, increased reliability, increased performance flexibility, and multi-

purpose app]iéation.' The flexibility and multipurpose capability results because
the‘valving can be programmed to various positions; thus, the tank pressure can
be varied in flight, the unit can be shut off, or the flow can be reversed.

The two remote couplings selected feature the minimization of weight and
mechanical complexity for the flight article. The objective was to put the

"~ complexity into the manipulator and manipulator tooling. One concept uses a low

melting temperature metal alloy which is injected into the joint cavity. Upon
solidification, the alloy provides a seal and a structural joint. The,secondgi-

concept is based upon the differential thermal expansion of the coupling.mating -

parts. At thermal equilibrium, over'the operating temperature'nange, there is a
predetermined interference between the male and female parts. Sealing is achieved
by the interference loading. ' '

Since the Phase II designs represent the more radical design concepts,
it was concluded that a fabrication/test program would be required to quantify
the variable parameters ana to establish feasibility of each of ‘the six concepts."

This report provides all of the information developed on the program
including all drawings and the detail calculations.



I1. TECHNICAL DISCUSSION

This section covers the work done in two parts. Phase I includes the
work leading to concept selection, and Phase II covers the preliminary design
of those selected concepts. ' '

. A. PHASE I, CONCEPT SELECTION

1. Requirements Analysis

The objective of the requirements analysis tésk was to
establish the performance, environmental, and storage requirements which must
be met and those design criteria (e.g., materials, producibility, and service)
which produce guidelines for design. The information neéded to obtain this
objective was extracted from existing literature, evaluated, and then cpmbined
with the pertinent information from the RFQ "scope of work" into one suitably
organized document for the valve, the pressure regulator, and the remote
couplings. These design goals were originated and then revised following a
meeting with MSFC. They were used as the requirements for the design sketches
formulated during Phase 1 and are presented as Appendixes A, B, and C.

2. Literature Review

A brief synopsis of major references reviewed was prepared

‘with respect to shutoff valves, gaseous pressure regulators, remote cbupling and

R

uncoupling devices, seals and sealing techniques. The synopsis of the literature
review is shown in Appendix D. Many other references such as supplier bulletins,
supplier drawings and text books have been reviewed but not noted as references.

A review was made of the nuclear shuttie system definitions
studies by LMSC, MDC and NAR. The review showed that the MDC final report (G-2134,
Part B, Class 3RNS Book, Volume II, System Definition) presented the most
comprehensive information on valve réquirements such as valve size, description
and design conditions. The information permitted a more judicious selection of
the kinds of valves to be studies during Phase I. Appendix E presents information
taken from the MDC report. Appendix F presents the propulsion system schematic
proposed by MDC. ' ' '

3. Problem Areas

The following section‘preSents a summary of the most important
problem areas considered during the Phase I effort.

-3 -
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a. Seal Leakage and Wear

The'paramount determinant of valve success is the rate
of leakage. Thus, the cyclic 1life must be considered in terms of resultant
leakage. There are many inter-related factors that determine the leakageArate
that will be obtained with any sealing arrangement. These must be identified
and their relationship structured for proper evaluation.

(1) Shutoff Seals

The shutoff seal is the heart of the valve.

7 sccs helium leakage per circumferential inch of seal 1s

Attainment of 1 x 10~
a particularly critical problem. High sealing-interface loads are required to
achieve this leak rate; therefore, careful consideration must be given to friction
and wear parameter "tradeoffs" to assure that the long Tife requirements are

also achieved. To avoid the high sea]ing-interfacé loads, positive sealing by
forming a bond between the valve element and the seat were considered.

o  Factors'that determine the rate of leakage are:
1) pressure dffferential across the sealing interface, 2) the fluid being sealed,
3) physical material properties of the seé]uand seat, 4) interface contact
length, 5) interface contact width, and 6) surface finish. For the shutoff
seal, other factors must also be considéred; e.g., interface‘geométry, constraint
of the seal material, peak stresses'fromAfmpact, and seal streés levels in areas
other than the contact interface.

(2) Static Seals

_ Attainment of low leakage rates requires mini-
mization of the number of flow paths. One way this can be accomplished is to use
semi-separable and nonseparable seals at all interfaces other than the shutoff
seal. The most critical problem which this approach presents is in the area of
remote "changeout" of the component and component parts.

One solution is to use automatic orbital welding
of the valve to the inlet and outlet lines to minimize exit and entrance joint

. leakage. The main problem area is in the detachment and subsequent reattachment
. of a replacement module while maintaining system cleanliness. The solution to

the problem lies in development of a remote capability for cutting and welding.




b. Thermal

, Thermal gradients during chilldown transients, as well
as during nominal steady-state conditions, are potential problem areas because
of thermal stresses induced in the components. Although all component parts
are subjected to thefma] stress, the cdmponent housing or body in most designs
is the most severely affected. Fluid heating rates, solar heating, nuclear-
heating, “soak-backs" from adjacent hardware, nonsymmetrical housings, supports,
and mechanical restraints all contribute to the magnitude of thermal stresses.
These stresses can be sufficiently high to cause severe distrotion which may
result in seal-seat misalignment, binding of moving parts, and/or opening of
leakage paths past seal assemblies.

Solution of the thermal-gradient problem cannot be
defined in specific terms. Each design requires evaluation, and the correct
approach for one component may not be entirely applicable to another.

c. Deep-Space Pressure (Cold Welding)

One of ‘the primary problem areas of a space environment
is cold welding of contacting parts that must have relative movement during use.
The adhesion mechanisms are accentuated by increased temperatures, surface-film
instability, and increased surface Toading. Oxygen and other gas species
contribute to the prevention of adhesion of contacting parts designed for relative
movement. Adhesion is prevented by the integrity of the surface film upon the
contact surface. The sliding of surfaces and other mechanisms disrupt the residual
contamination effects of the gas species. Thus, S]iding surfaces are more subject
to adhesion thatn "push-pull" contact surfaces. The solid-film lubricants
generally used to prevent adhesion have a finite life; however, spacecraft
experience justifies the use of MOS2 and WS2 for surface preparation. The life of
the solid-film Tubricant used is dependent on a combination of mechanical,
physical, and chemical processes. '

The primary approach in finding the general solution
to this problem will be to select hard materials and/or coatings that have complete
insolubility for the contact areas. Pressure welding can be avoided by designing
these mating parts with a contact stress less than 50% of yield strength. The
one specific area where this approach is most diffﬁcu]t is the shutoff seat and
seal required to meet th 1 x 10'7 sccs helium leakage requirements. However,

-5 -
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seal design and test experience has demonstrated that sealing interfaces con-
sisting of gold-plated surfaces in contact with electrolized surfaces will prevent

surface adhesion.

d. Radiation

‘Radiation effects upon fluid control system components
present both unique problem areas and some possible beneficial aspects with
respect to increased strength. The phenomena can be categorized into areas of
gamma dosage or nuclear heating and fast neutron dosage (nvt).

Considerations involving aerospace fluid control system
configurations must take into account the results of expected radiation dosage.
While gamma rates do not degrade physical properties of metals directly, the
resultant molecular excitation increases the bulk temperature of the component or
part. Sufficient gamma rates, combined with other sources of heating, can create
severe problem areas for sophisticated hardware (e.g., loss of material strength
at elevated temperatures, or an excessive expansion of parts, inducing leakage |
and binding). Large neutron flux dosages (]O]S,f 1022 nvt) have a definite effect
upon material properties of most metal alloys and organic materials. In general,
physical properties of metal alloys (e.g., yield strengfh, ultimate strength, and
shock sensitivity) increase while ductility and fatigue strength decrease, which
is very similar to work-hardening of common stainless steels.

Degradation of commonly used elastomers (e.g., Teflon,
Kel-F, and Viton-A) has shown these materials to be relatively unsatisfactory in
extended radiation environments. However, a'comparative]y new class of polyimide
plastics have shown stable properties at dosages%of 108 to 109 Rads, indicating
promise for possible seal and bearing app]icatidhs. Since the component location,
radiation level, and exposed duration have not been established, the conservative
approéch of all metal construction was selected for the Phase I design effort.

e. Line-Size Variability

Nearly all design parameters and considerations are
directly affected by the size of component parts. Therefore, it is of major
importance to select component configurations that are not too sensitive to
changes in line size. The Phase I approach was to design the components to meet |
the specified requirements at the maximum size established from the literature

-6 -
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survey. Fewer'problems will be encountered when scaling down to a smaller size
than when scaling up to a larger size because in most design considerations the
size-effects decrease as the part size decreases. For example: (1) distrotion
and relative motion between mating parts because of thermal cycling, pressure
loading, and external loading is greaten in a larger valve, (2) meeting the
internal and external leakage requirements is more difficult in larger valves
where sealing surfaces are larger and distortion is greater, (3) large components
require greater actuation requirements to overcome inertia, pressure, and frict-
ional forces, and (4) vibration considerations are more significant in the larger
component because the natural frequency of a part decreases as the size increases.
However, these design problems can be overcome by careful consideration of the
particular concept configuration and by sufficient engineering analysis.

~f. Storage Life

Environmental conditions during the storage life of
component parts are usually less severe than those imposed during operating life.
However, each component should be capable of satisfying all requirements of its
controlling specification after being stored ten years in warehouse'faci]ities,
provided that the component has been adequately de51gned and proper packaglng
and preservation procedures have been followed. ' '

A long storage life requirement makes it mandatory
that the component design incorporate features that will not be affected during
long inoperative periods. Two major problem areas that will require design effort
are creep-properties and galvanic corrosion.

- Creep may be defined as an increase in strain in a
material under a constant static load at a given temperature. The total amount
of creep varies with time, while the rate of creep is a function of temperature
and stress level. Under less severe conditions, material relaxation (i.e., micro-
creep) can cause yie]ding in various critical areas, subsequently resulting in
malfunction of the component. For example, the valve seals may be degraded
because of a loss of bolt preload at a flange seal or loss of spring preload at
a poppet seal. S

Solutions of the potential creep problems rely upon
stress analysis in conjunction with heat transfer analysis and a knowledge of
material characteristics. General guide]ines concerning allowable stress levels

-7 -
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were used for preliminary design work; however, each design will require further
detailed analysis to ensure that desired performance can be maintained for the
designed storage life of the component.

Galvanic corrosion occurs when two dissimilar metals
are coupled in the presence of an electrolite. Galvanic corrosion also occurs
when electrodes of the same metal contact different electrolites, or the same
electrolite, but at different strengths. The extent of galvanic corrosion depends
upon the type of metal, the electrical resistance of the electrolite, and the
duration of exposure. Thus, a material combination which is acceptable for a one:
or two year lifetime may be unacceptable for a ten-year lifetime. The use of
dissimilar metals will be avoided wherever practicable. Where it is not possib]e;
meta]s were selected as close together as possible in the galvanic series.

Dur1ng operation and space storage, both 11qu1d water and oxidizer are exc]uded

In fact, a high concentration of hydrogen in the environment will tend to retard
corrosion. However, protection must be provided during storage. The usual method
is to employ a more-or-less impermeable seal around the contact interfaces to
prevent liquid from reaching the metal surface. Additionally, a coating (which
also prevents cold welding and increases wear 1ife) can be selected to be less
subject to corrosion than the base metal.

g. Vibration

Vibration can be 1ntroduced in several ways when a
component is in use. Flow-induced v1brat1on from cav1tat1on collapse, and vortex
shedding must be considered with vibration 1nduced through the structure.

Although vibration may not be s1gn1f1cant in short term app11cat1ons, the effects
over a three-year operational 1ife may be detrimental to component functioning.

In addition, vibration levels which may be acceptable in a 1/4-inch shutoff valve
or regulator may be detrimental in a 20-inch shutoff valve or a 6-inch regulator.
Experience has established that more components suffer reduced performance as

a result of vibration testing than in any other form of environmental testing.

“Common causes of component failures under vibration are: (1) fretting of two

interfaces surfaces, such as a poppet against a seat seal, (2) internal reson-
ance of springs or structural supports, such as sleeve-gate supporting webs, (3)
rubbing between springs, (4) physical impact between parté, such as a seal mass
supported by a bellows impacting against the mating sealing surface, and (5)

flow induced vibration, such as chattering of flow control elements in a.regulator.

-8 -



Based upon previous experience, design of vibration
sensitive components can be minimized and vibration problems can be avoided
through dynamic flow and vibration analyses. When necessary, the component
stiffness and configuration was modified to reduce vibration sensitivity.
Examples of methods considered were: (1) use of unsymmetrical parts, such as
five as opposed to four sleeve element supporting webs to reduce the effects of
part resonance, (2) increase stiffness, if required, to increase resonant
frequency, (3) use of nested springs to prevent the load from resonating at-the
same frequency, and (4) the use of parallel stacked Belleville springs where

friction between parallel discs can be utilized to provide spring damping.

h. Remote In-Space Maintenance

As a design goal, the valves or regulators were
designed for long life so maintenance would not be required during the storage
life of ten years or an operating life of three years. This would be accomplished
by selecting materials which are least affected'by nuclear radiation or aging
and by providing adequate margins for the as-aged or irradiated condition. The
NERVA materials evaluation program has made available an extensive bank of data on
the properties of many materials in cryogenic and radiation environments.

Maintenance consists of replacement of the entire valve
or regulator or of a component. To obtain an optimum design, the requirements
for maintenance or replacement should be considered throughout the program from
conception to application. Consideration of maintainability early in the design
process produces an integrated design with an inherent space maintenance

“capability.

i. Contamination

Contamination of some form and degree is alwyas present
in fluid systems. To attain a reliable flight system, fluid systems are cleaned
to the most stringent ciean]iness level within practical and economical constraints
for a giveh syétem. This is based upon the numerous variables associated with
fluid contamination and upon the lack of adequate information concerning specific
effects of contamination upon fluid system components. Only a small amount of
data was found to exist on the sealing characteristics of seals and seats in
contaminated environments. Most of these data are for a specific system and are
based upon broad assumptions and/or limitations in the existing state-of-the-art.
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Particulate contaminants found in space vehicle fluid
systems origihate from sources that are internal and external to the system. The
various sources of these contaminants have been divided into four categories:

(1) manufacturing process residuals, (2) operating fluids, (3) system generated,
and (4) environmental.

Contaminants remaining from manufacturing operations
(e.g., metal chips, weld splatter, and lapping compounds) are very detrimental to

- fluid systems. However, these types of contaminants can be minimized by employment

of rigid cleaning and inspection methods during the manufacturing cycle. Fluids
used for final testing of a product, as well as operating fluids, are a]éo a

source of contamination if adequate filtration has not been provided. Many times
test fluids are overlooked as a source of contaminants becéuse they are assumed

to be clean or the filter in the system is assumed to be clean. Partic1es and
various contaminants generated within a system as a result of friction, wear, and
fluid deterioration are another source of system contamination. These system-
generated contaminants are difficult to control since their origin includes the
attrition and breakdown precesses of all parts of the system after it has been
designed, assembled, and tested. The cleanliness of a system éan only be as clean’

as the environment in which it was assembled. Inevitably, airborne contamination -

will enter a system whenever the system is not adequately protected. A means of
controlling this type of contamination is to provide a "clean" room where the air
has been filtered to a specified level of cleanliness. The degree of cleanliness
required varies for each application, and the contaminants from all four categories"
must be controlled within limits specified to achieve the desired results.

4, Concepts Considered

During the Phase I effort, concept design sketches of eleven
valves, six pressure regulators and five remote couplings were completed. A
complete listing of the concepts completed is presented in Tables I, II, and III.
In this section each design is described and éketch included as a figure. The
"Concept No" refers to a method used to identify the concept in the tradeoff
matrices discussed in Section II.A.5.

a. Valves

Each of the eleven sketches depict solutions to the

7

problems of meeting the 1 x 10~ standard cubic.centimeters per second leakage

- 10 -
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ANSC

Drawing Number

1139890

1139892

1139893

1139894

1139895
1139896

1139897

1139899

1139012

1139930

1139931

Coﬁcept

1

10

No.

TABLE 1

VALVES

Drawing Title

Drawing Depicts

Solenoid operated and
shutoff valve with filled
tank remova] capability.

8-inch in-line poppet tank
valve motor operated -
remote replacement valve
from a pressurized system.

In-1ine poppet valve,
motor operated.

Solenoid operated mul-
tiple poppet va]ve.

374-inch electromagnetic

-"in=line valve - no moving

N

parts.

90° balanced poppet with
electromagnetic skirt
seal.

Balanced poppet with
liquid metal skirt and
poppet seals - motor
operated.

90° poppet valve - motor

Joperated with spherical

metal shutoff seal.

8-inch in-line poppet
tank valve, motor
operated.

Poppet valve - remote
actuator removal.

10-inch visor vaTve -
linear seal withdrawal -
motor operated.

- 17 -

Remote removal of valve from
manifold.

Spherical metal shutoff seal.

Gaseous hydrogen energized
poppet valve, shutoff seal.

Solenoid operated valve with
multiple poppet valve arrange- -
ment for redundant module

step control package.

Since valve has no moving
parts, valve can be welded
into the Tline.

OnfOff valve,
Position control valve.

On Off valve.

Low leakage capab111ty

Similar to 1139893 except for
seals.

~ Low leakage.

"Remote replacement of the

actuator and ball screw drive
mechanism.

Remote removal of actuator.

Rack and pinion.

Low leakage poppet shutoff seal,
hard metal seal, 304 CRES on
7075 AL,

Spherical metal main shutoff
seal,

s T T -
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ANSC Concept
Drawing Number No.
1139923 1
1139924 2
1139925 3
1139926 4
' 6\ 1139928 5
o *1139929 6

TABLE II

PRESSURE REGULATORS

Drawing Title

Drawing Depicts

Regulator - flow control.

Regulator - pressure or
flow control.

Regulator - pressure or
flow control.

Regulator - dome load.

‘Regulator - dome load. |

Regulator, pressure

Pressure regulator.

Pressure reguTator concept.
Shutoff valve concept.

Remote replacement of actuator
and subcomponent concept.
Pressure regulator concept.
Shutoff valve concept.

Pressure regulator concept.
Shutoff va]Ve concept.

Upgraded "state-of-the- art"
regulator.

Pressure regulator concept
with split element to provide
tank shutoff capability during
coast.

* Late concept presented to MSFC but not covered in the Matrix or Ranking effort

of Append1xes G through J.

®
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TABLE III

REMOTE COUPLINGS

‘Drawing Title

ANSC : . Concept
Drawing Number No.
1139920 1

1139921 2
(Sheet 1 and
Sheet 2)
‘ 1139922 | 3
\v/
1139927 .4
1139891 5

Remote coupling - structural
joint seal.

Low melting alloy structural
coupling and seal.

Thermal interference joint.

Remdte coupling - in-line.

Concept - In-Tine remote
coupling.

=13 -

Drawing Depicts

Remote coupling of a line -
to a line, or to a manifold.

Remote coupling of a com-
ponent to a line or to a
manifold.

Remote coupling and sealing
of 1ine to a 1ine or to a
manifold,

Remote coupling and sealing
of a component to a line or
to a manifold,

Remote coupling of a line to
a-line or to a manifold.

Remote coupling of a com-
ponent to a line or to a
manifold.

Remote coupling of a regu-
lator to a line.

Remote coupling of a shut-
off valve to a line.
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rate, the remote coupling and uncoUpTing of the valve, or the remote changeout
of components and component parts of the valve. The sketches ranged from radical
design concepts to current "state-of-the-art."

1139890, Concept No. 1, Figure (1) - This is a solenoid
shutoff valve that could be removed from a manifold without draining the inlet or -
outlet cavities. The secondary valve performs a quick disconnect function to

prevent loss of propellant during removal of the valve. This éohcept is

~applicable only to the smaller valve sizes.

1139892, Concept No. 2, Figure (2) - This concept is
similar to 1139012 but with the capability of removing the valve from the tank
without depressurizing or draining the tank. The concept contains an extra poppet

that seals tank fluid under pressure prior to final removal of the basic valve.
The design is readily adaptable to a side mounted actuator that could be replaced
without removing the valve from the tank. The concept also incorporates the
Aerojet developed spherical metal seal. A large amount of effort has already
been expended to develop this seal for low helium and hydrogen leak rates for use
in fluorine and hydrogen applications. Helium leak rates as low as approximately
1 x 10'7 standard cubic centimeters per second had been observed using a 2.0

inch diameter seal fabricated from phosphor bronze. Other seals fabricated from
gold plated stainless steel have also been tested.

1139893, Concept No. 3, Figure (3) - This concept'.
features a seal that traps LH2 or GH2 in a cavity and expands the gas by heat to

generate large sealing forces against a poppet in the closed position. The poppet
js placed in position by a motor driven ball screw that is designed with a lead

of approximately 12 degrees so that it is not backdriVeab]e. When the valve is
opened, the bellows trapped.high pressure fluid is vented downstream. A check
valve system allows the bellows surrounded cavity to be recharged prior to the
next closure. :
‘ 1139894, Concept No. 4, Figure (4) - This multiple
poppet concept is a means of achieving very low leakage by utilizing four small

poppets rather than one large poppet. This'is because small precision hard
poppets and seats are more readily obtainable from a manufacturing standpoint

than are large hard poppets and seats. A certain amount of redundancy is also
offered since the four poppets are in parallel. An additional multiple poppet
valve could be installed in series for additional redundancy. Modular manifolding

- 14 -
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for Targer line sizes is an additional feature. This concept can be considered
when striving to develop shutoff valves with very Tow leakage requirements because
small poppets and seats are less vulnerable to thermal distortions, deflections
and tolerances. ‘

‘ 1139895, Concept No. 5, Figure (5) - Because of the
electromagnetic seal concept, it is possible to design a valve with no moving

parts. The design is based on the principal of electromagnetic liquid metal pumps
and would work in a liquid metal system since the media is a good conductor.

Thus, feasibility in a hydrogen system cannot be assured until development hardware
is fabricated and tested. This concept, as shown, is applicable to small line
sizes. ,
1139896, Concept No. 6, Figure (6) - This concept is
an extension of the electromagnetic seal principle to large line sizes. Diamet-
rical sealing between the body and a large diameter poppet is accomplished by

the electromagnetic seal principle. Several possible variations exist for this
design. Two.electromagnetic seals could be utilized to seal the skirt clearance
of a sleeve for a shutoff valve (i.e., sleeve valve). Also, electromagnetic
input power could be modulated to produce a regulator if the sealing principle is
workable. This concept should not be pursued until concept 1139895 is proven

and design variable parameters quantified. '

1139897, Concept No. 7, Figure (7) - Positive shutoff
sealing is accomplished by 1iquid metal which is heated for valve actuation and
frozen by the hydrogen for sealing. This concept is temperature limited and would

require hardware testing to define the variable parameters.

1139899, Concept No. 8, Figure (8) - This uses the
NERVA Cooldown Shutoff and Control Valve approach which is a soft spher1ca1 meta]
seal seating into a hardened cone. This seal sat1sfactor11y completed 1000
liquid hydrogen flow cycles with 600 micron contamination in the fluid. The seal

and seat guides were designed for contamination resistance and protection.

1139012, Concept No. 9, Figure (9) - This concept is a
large tank or line mounted shutoff valve with actuator and ball screw removal

capability. The actuator and ball screw are mounted in the central structure of
the valve and benefit from the cooling effect of the hydrogen flow. The valve
design is conventional but does show the prob]ens and complexity resu]tlng from
an actuator/valve element changeout requirement.

- 19 -
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1139930, Concept No. 10, Fiqure (10) - This'depicts
how a side mounted, external electromechanical actuator could be used with a tank

shutoff valve so that the actuator could be removed by a remote manipulator.

1139931, Concept No. 11, Figure (11) - This is a visor
shutoff valve with a retractable seal similar to the existing S-IC 17-inch

prevalve. The design differs from the S-IC valve in that it incorporates the
Aerojet spherical shell seal and has a more positive seal retraction and
sequencing mechanism.

b. Pressure Regulators

The six regulators completed during Phase I included
“state-of-the-art", upgraded "state-of-the-art", and closed loop control valves
driven by electromechanical actuators which are being developed as part of the
NERVA program. | '
‘ The electronically controlled electromechanically
operated single stage regulators offered many benefits over the conventional -
mechanical pneumatic devices. The electromechanically operated servo regulators
with the appropriate inputs and feedback 1bops can be designed to control tank
pressﬁre on a programmed basis to minimize the loss of propellant due to venting.
This can be done by starting a mission with a low tank pressure, sufficient to
maintain the minimum NERVA NPSP. - This requires programing the tank pressure to
a predetermined schedule throughout each burn rather than using a constant single
level tank pressure througnout the entire mission. The electrical command for
positioning the actuator is a digital input signal. With the advancements of
radiation hardened solid state miniature electronic components and techniques,
it more reliable with less wéight to put the complexity into electronics rather
than into mechanical devices. This way, regulating devices with two or more
sensing bellows or diaphragms, with their attendant fatigue, tempefatUré éompén-
sations, vibration, creep, manufacturing and adjustment problems are avoided.
The performance of the digital electronic servo controlled regulator is predictable.
It is also possible to calibrate and check out the electromechanical stage in
space with simulators wifhout flowing large amounts of GHZ’ which is generally lost.
This would simplify the logistics problem Other benefits in some of the requlator
concepts presented is the ability to positively shut off on command, ability to
nhold reverse pressure {tank pressure) dufing coast periods, and the ability to
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act as relief or vent valves with a separate command. This latter feature can
be accomplished by permitting flow through the engine during filling of the tank
and during coast.

) 1139923, Concept No. 1, Figure (12) - This includes the
ANSC electrical system concept described above and is essentially identical to
the NERVA Bypass Control Valve (BCV) electromechanically operated visor regulator.

In this concept the valve element or visor is rotated through a large angle. The
angular rotation includes visor to seal shutoff area, flow control contour and
then full open area for minimum pressure drop. Thus, the valve has a combined
control and shutoff capability. ‘ '

1139924, Concept No. 2, Figure (13) - This includes the

ANSC electromechanical system concept described abqve. The valving element is a
floating shear plug. This design is especially adaptable to modification with

reversible sealing to hold tank pressure during coast. The shear plug regulating
element is an optically flat element operating pressure unbalanced and intimate
contact with an optically flat seat.

1139925, Concept No. 3, Figure (14) - This includes the
ANSC electromechanical system concept described above. The valving element is an

optically flat rotary shear plate in intimate Cbntéct with an optically flat stator.
The metering area is exceptionally fine because the metering area extends for 270
degrees rotation plus the shutoff angle. The design is ]imftéd to smaller sizes.
The unit can be used in-line or as a pilot for a large regulator.

1139926, Concept No. 4, Figure (15) - This includes the

- ANSC electromechanical system concept previously described in conjunction with a

metering valve (similar to that described on Drawing 1139925 above). The metering
valve programs pressure into the dome of a normally closed dome loaded shear seal

" regulator. The predetermined pressure determines the dome loaded regulator

position.
1139928, Concept No. 5, Figure (16) - This concept is

.....

pressurizing the piston of a large dome loaded shear seal regulator. The design
is not capable of programing tank pressure and requires temperature compensation.

1139929, Concept No. 6, Figure (17) - This includes the
ANSC electromechanical system concept described above. The valving element is a

floating shear plug which seals in both directions. The concept is the next

iteration of 1139924 describe above. :
- 29 .
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c. Remote Couplings

The five remote couplings completed during Phase I
include three mechanical, one thermal interference and one low melting alloy
concepts. These concepts are described in this section.

1139920, Concept No. 1, Figure (18) - This design is a
recent approach to coupling component packages on NERVA. It varies from the

existing Vee couplings in that it utilizes a three-segment device with two
operating points that must be operated in synchronization. The coupling features
-two operating points either of which could be used for greater accessibility.

1139921, Concept No. 2, Figure (19) - The Tow melting
alloy concept is a seal and a structural joint. After the liquid lTow melting

alloy is injected into the joint cavity and then allowed to solidify, it
structurally resists pressure area loads in shear. Sealing is accomplished due
to expansion on cooling and due to pressure area loads acting on the inclined '
plane (re-entrant cavity). The concept provides a simple joint without the nuts
and bolts approach. NASA-Lewis has used joints similar to this. concept with _
success in laboratory pressure vessels. The barrier seals are provided to prevent
the liquid metal from migrating internally or externally during injection or
ejection. For injection, the integral cal-rod heaters are activated. The liquid
metal supply is attached to a port in the joint and pumped into the joint cavity
until full. A similar port .is located in the joint opposite the supply port to
allow excess liquid to be collected into a porous catch receptac]e that is
impervious to liquid. Space vacuum cou]d aid in the. pumping operatlon . Ejection
would be accomplished by pumping the liquid out of the Jo1nt cav1ty pneumat1ca11y
and collecting it in a porous catch receptacle. The metal thus can be salvaged
for future use or disposed of as desired.

1139922, Concept No. 3, Figure (20) - The thermal
interference Jo1nt is a s1mp]e shrink fit where a thin wall tube, initially
"fabr1cated to a predeterm1ned interference with its mat1ng male part, is
expanded to a predetermined clearance by heating. The mating male part is then

inserted and the tube is allowed to cool and shrink around the male part thus
generating high contact stresses which could provide good sealing. The 5eal
requires structural support from an additiona] mechanical device. Surface
finishes, materials, dimensions, and plating must be studied and evaluated in
- order to determine the effectiveness of this sealing joint.

- 36 -



] v v v v ] I £ e oy
- l P I | I I I
2z € | v ¢ s l 9 1 Z | _—
=T < T RS .
PP S row yravol, OO0 L g
SRCECCIN 20 E  =i :
R 4(mw3nww« s corel  Jreies wmenal g
INIDT Gvenidnel
d - EN1TN0) 3:0e32 =g T e = LT
—— ) ]
3 2ITE I T e LH T ) Nu bl Y 8
e TeeT 5E S —
=] R, W live Dt S aw]
B L)
Py T w3504 GALINOWAI . . m
WA Y w0 081836 O
WA Trwes wo wide @ O
R stvs Low 09 -.lﬂo!n“ur“hln . Pt
. [N
i €
. QV3HHL 3dAl 3WOVY
QN3 ¥3HLII WOYS
Q314340 39 AVA
b aoy 9NILYHIdO B
- Ju:_ L ) — - !¢ * 35¥34239 Inv Nwmmmuo_@m“ B
= N I
A — G I (oo 1 s QO BEA) g
2277777 S AL > AYW $3Jva4NS  Sniwv3a 40
h NOIO3Y N S¥3ININ dvivid
0 - L
. '
> R . B [
3 & w i 3
= N . ;./ .,\ i I H
<] . E
NOILYTIVISNI _HO
. T - IYAONIY ¥0J NOILISOd .
ST : Q30N3LX3 NI dWY1D
> T
. OL B0 N0 (NIN04NET B0 SINIOr BMIVOU-JNIY 204 4 h ]
’ CININE S0°01 OF 6270 W) 083°0¢ 01 SL9°0 WOUd hl
" .

- 37 -

T

g




i

At - .

G 4

—
—
—
=g

—

. % \n..ml Z m v _ 9 _ L — [ J—
e T TS I u— [T RO I e | ) :
TRE T o. Phallt =TT ST TR L T
i 12656€ 11 ]2€9v€| A fac =7~ — o~
- AL NOISIQ
Tw s ] taaevroen] 17 Pl —
g ey wme| T - Y
>OJJ_d\ ANYmivINg 9 0
SNITIZW M1 -] NI —
b bl TG BT L) 2c . .
ey Yy, o x«d..u/u\ ,:;us N —
=
4 Qs ' ﬁu 896:2-5 SYN Tapen L
SRV IRNSIS BN D L o irveinon w )
Trve . o
7] a0 [Rlis
= aveaaT e iT. | s IS w3 15 iy s wd . S o
UM W03 9IS s Wy pepeiva eg, H Q-
- m.\nf-C\v‘HN'\ #INIIND OITIHON AT
WOy IwKIcING A0kis30 O N
o ‘ROIIIA TYNID WO NiviGy 8 e L ur e U sbury i
llf AN il OL a o .13 at angisdung
f WWrIEEYL LONW 00 'KINQ CHORI5 HOd © ar s - Survom R
) aul a8l (173 ast BNt srepay
7]
« # oy Ausunuy .
o . 3] [ o uyt
- 3.4 Kw P
- ow 0w (3 054 wawsg
{0 suopyisoduon “Is0 w1 tOm 1=
N T T e, NIHM IHIOT JHL WOUS Q2AOWIV JUY SmILSAS WOILIIND ONY NOILIIMNI I P
- . noow .E_-Esi T 210¥1 Nt NMOHS Ju¥ SIHINId0O¥4
R - “v “w? «7D | woneppaios saye st ININHIEZS UITHL OKY QINI0ISNOD 24 O SAQNIY ONILVIN-NOY Y314kt Jwos R
Jnupy sury) aenpA B
9 1NV 8)
- %o %1 LD %7 (P110§ GIHSIIAVIST 30 01 AOYIY ONIITIW-MON 40 ALIVTILY4ADI VEINT INOHIAND A4
. o P sdury) swniop
o . " ™ s oo SU - g ui IS ST mN EPE°0T - JUNSSINL NOILITCT B0 KOIAICNY O3ivmlis) - W
PUISNS —proy 125w
- ' N0 . 52070 3248 INIY LIVWIROD4IY
~N d o o bl IR g Al oL 000} Nors? - TaBIValawdl 1
~ IW §-~ P07 GIAWTP Yy, LNIOY OST) @I 0521401 HIININIS BVINS JTEVEOITY
] o1 -] ] SU - 2uIm) INIER " yg20°e HI01A RYIHS
o TR OE-- PR wWnwjrTye LRLTI 3¢ 1] - e -Zs<_n UYIHS
- el hed o B v miurs e ISINIWA IN1I1105 ML KD
-, a
L o ey SKHD "RjAnsrsy QISYE (NILTY CELN J@IN 6CO°LI S1 NMOHS LNIGE 40 J¥ASSING s003d asae NP
! i “w? “wy %L1 | 100803 ng uim aedwon “AIIVIIIVAJHOS NMOKS THY SWIISAS NO11310
B (RO ajonpucy GRY KOLIJITNT JIVOIONYD  “WIISKS NOILIIF N¥ AG L1 ONIADAIZ QNY J1ViS
U 134 QINDEY IHL OF AQ1IY ONLIVIW-MOY IML ONILYIH AG Q31400INN 19 SvI (NIOT YuL
[~ « . - w3 - 96" “(INY14 GINEIIND O) ING) WIS 0ICIV-JANSSIA4 v ONV (vIgy NYINS OL §AQ) INIOf
| R . - @ . E WIAIOS) WUNEINULS ¥ SWHOJ SAHL ONY A1101108 GNY 1303 01 GINOVIY $1 AQTIY SNILIIW
zu o) jriiag) MG INL ANV QILYAT13VIQ NIHL S §3I¥IN 341 “1IN1 VIIND ALIAYD INIOf Mg
- OINI J12ICNI NIHE S) ACTIY ONIIIIW MO GINDIY 3HL  "JIVIS GiA3EY JHL 01
by AOTIV ONILIIW MO1 JHL IVIN 01 QILVALLIY 1V SL&IWIN1 SHELYI4 811I0UINOI
iy ATWIIVASOWRIHE JH! "3¥14 NI STY3IS 1IINYYE I41 MLIS
. . . o . . 1t -
30510000 - 255TO00 2700 worsurty Y S13YJ INIIYW QAL 4L C3N003 01 INOIIYVNIN0 10 Vorlenessie N
moityl 0 Juwpiyae), * ) “SINIQr 0104 INYI -
01 MO INIT-OL- INING4WOD ¥O SINIOF INIT-0L-INIY BOJ QItva 14IING X
a ® LU} TV ey pae, . o . . .
i 20" P e pies 1o Supatey (SIHINY 02707 01 620 W2 0G8°05 O2 SO°0 WONS QITVA 1412W03 ¥
b “QICHITYW
o L 0" oo PN deaH Iy, ¥ 05 NO INIT ¥ OL ININOJWOD ¥ 40 ONITVIS ONY ONi14N0) 3i0ald
2 o z m ¢ SSULLY [PUUQ .
a2 « vy Y o i @ Uipeey *QI04INVW ¥ %O TNV Y Y 01 INI1 ¥ 40 INIINIE ONY 3N1V4N03 JicWl Y
mts .2 up uonrbuoiz, F$L31a10 INIBYEE h
y STIOT AINE GE 6TIVE ATITLAVNIVINIYN 13V48
b e s o ?5 3 B i 03 DNYNPOIND ONY DN1T4003 JI0A3D 404 SIWOD. L) 01 GINDISIE T
) w o a .5 i wbom € WE04 0031-Q-UW ¥I4 INIRYAS L3BANNINY Rj
o (] ™= -1 & dany sy
o-R o ®”AR -2 g shury , wion
ey Aok ey w (-4 g urpdua) bupw
HHDCIIN) SHRUIR) iy B ]
(R ] T b Ceee v
! “ m kx.._ $31DWD SIHAIICH 4
w | uw i awm T |
) i VYV ¥ 1o
L . ° T < 1 =

TN

- 38 -




P .

vz 9 v v ] 2 b a 9
[
U B | . Joo _ [ . [ .
. N z s ! . 9 _ ¢ I 8 ——
T DAL vaamiaw] MLE]
[ _Nmmm,: 2e9ve| A
P ot o~
u_h<§uxum:4d< TN
NOILI3rNI o P
aremEe 4wk o y Lia-] —
v v A I @D = w Yoy
RIS
| STl e e ey ko a3 = 1Y,
0} o
2 — |]a.
2 [
— 1
= IYNSSIyd
s A0V DLYW3IHIS WNNJVA lu
& ONILT3W MO QINDIT NOILo3r3 VYV JHLVAAING.
N}
a L 370v14393Y
PUELERE| g
i HD1VD SNOY04 ot Ly 3 -
at ' A0V
- . 34nsSS3bd ONILIIW MO o
[ wonowa ~— JILYWN3Nd
el o . < ]
- B - - .o
- 31V143934 - ™
| HOLYD SA0HOd i
oL SINIWII3
. . ONILY3H .037I0EINOD A
- . . A1IVOILYLS OWH3NL L
. viQ , .
vIgyy
YV3HS . \
. A\ NANVANNAN )
| SIS
| RN \ ]
3NIT %
HO LN3NO4W02 GI03INYN
s : $32vid 2 - ¥O 3N
$8d) 1v3S WIHUVE 3QINIAY
(s89) yuve 3 0d t vauy uvins Y
NV GINIIONI
q
| (VW) A0V ONILTIW MO —
B o . .
| S| 1IERIY 4 ectTm
Bces | uw | e w 19% @ g
e UM elele EROAE u e .-_.Bl =N
_ ! ! € ] v t S | S ] r2 ] e
;./J./-l . .
~.
!

P T




| [N S e e, e e o e e

PEREE STV PSS

I

; 9 4 ve ] [} v A \] Yy .. [} "9 124 . q
. . .
1l 1 L Ll T I Y NN SURR P I |
~x\~ : : . -
, b X z | € | v | s o [ L _ o
S T) NI FCTATE S RE) N /H/ _ o ivzivar e iy, on] 1ve
2266¢11 J2E9NE| Q o e e s o TISTRR P S S T
T ovomilevisrmfary asuuR admig /.a...: .o
el Y
resol et woma
INIOP 3ON3H3JUILNI wymivivl —— o
LR ezl IS Ak . ~
- e R DR 3w
— g e WrORTSCTIvRGI .
v ey T __,,..._ 99642-9 S¥YN 0 v non Ll A
MR LR R A MR o .
PR
=] oA | i [~ e Eﬁ ‘ 3
ﬁ INIOf 3ONIHIJUIINI WAYIHL 40 JUYWINISY L
N ST T NN GOy ’ * ° .
_— CRAITIA WD w2 ACRiSIT O ’ ;
- SRNTTIA IYNIDING NiviZe B !
- ANId SN OL
= UYIIWEYS LON 00 4INOD Cb03I3w KOS
I
|
. ~ : . : ’ TooSSULS 12vINDI 15d . C
L , - 000°09 3Ai9 OL 437002 .
- g
, | .
gk
1 - ‘ .
| 100
: - ] '
. ﬁl R
: i . . =
‘ . 777777
! - e e 3INYHVID  VHLIWYIQ '
; - Ny 2007 3A1D-01 G3LV3H 03 .
N o] & . 3NIY YO : ONILV3N .
[ ~ LIN3NOJWOD 3TvR 4 .
- -
H - .
m : 3IA30 ONINIOT AWVITIXAY ) . 4
¥ .. : 340 mWZmMuumw_.z_
3 .
: HAONITIAD TIVM NIHL BNIVY3dN3L WOOY e
3 ;] l“ -— ‘U\.M\Jr . .
i - . ‘ TR T _]
i ) ) LAVE ONIAVW 3H1 S0 SIHSINIZ-IdAL ONITVIS IHL Q
3 - B MO INIDDY SIALS LIVINDD IHL AG OIHSI1AWOIIY 51 INNWIS Y/ ) -
, \ava 5383 ¥ o1 SN114107 “GT04INVW ¥ 01 N0 3N1Y V.01 ININCJWOI ¥ 40 ON1T4A0I JiOWIE 8
: BIAN(TAT BIJ40T WOITIANIE ¥ O QISVE T4V SNOTIVINIIYY IViLiNT ‘QI04INYN ¥ 01 4G INIT ¥ 01 NNV ¥ 20 ININNDI UGN 'Y’
. TNOISNYXY TYREIHL §0 INIII 14309 HOIH ¥ ONV HIONINIS DUSNIL 15191430 INTAVEE <
i . G000 JAYH ISAW ¥IANITAD 1TV NIHL JHL BCY SIVIBILYW ILVGIGNYD L “LLSL A0 0K 031¥O <AZITEYRIYINIYN 13¥ds
; ALINOTING TYENIINYLS HO4 QIHIVILY NINL S1 1IIAJO t %
: ONI1907 ABY L1ex g HDUNL IVERLINN1S BOS QIHIVLLY ML S e ¥04 ININANOIND ONY ONIV4N0D JOWIA 404 W02 L1Iw 04 €1NDISI T
i QIMOTIV NIHL ST BICHIIAD JKL ¥IANIIAD Q3ANY4XT IHL OINI GILNISNI 6 WE04 '0001-0-UIW N34 OMiavEd Lpaaum 1 |C
: | NINL §1 INET HO ININOJWO3 3IvW ¥ 11D ONIIYIH ¥ A® QIONYIX] : cucm
“ la . . $1 WIGNIIAD VIVA KIHL ¥ '27400D 04 'NOILYEI4O 40 NOILJINISIC @
i ' *SINIOF Q10 INYW
% 0L U0 INIY-OL-INTNOJWOI ¥O $INIOF INII-01-INIY BOJ GIIVA L41INOD  °§
: “144005) ¥ol€§ AVIIVW
! | 1] “IXO¥ 44V OL WIGKITAD IHL INILVIN NQ 0ISYE SI NOTIVIIWIY 32IS INIY
B | uw ] o _.:_.IL_ T tTISIHIND 00702 O 00°2) W) 08705 O 907§ WOUd GIWVA 141INOD v Db 20 BIMIS CNALNN TV TN 6w SUSON Dab
i ) _ 4 _ . € _ y ) » [ _ . 9 . _ r'3 _ . 8 . /
H

el et o

o ———

PPN pa W TSI



{

1139927, Concept No. 4, Figure (21) - This coupling
concept was designed for most of the in-line regulator concepts but is adaptable

to many types of in-line components. The coupling is a gear driven device, with
two manipulator operating points, either of which can be used for accessibility.
This coupling requires a line mounted expansion joint or elbow for coupling or
uncoupling. Face seal surfaces are protected from damage during installation or
removal of the regulator or -other component.

1139891, Concept No. 5, Figure (22) - This design is a

-remote coupling that does not require an additional expansion joint in the upstream

or downstream lines. Two manipulator operating points are provided, either of
which can be used for greater accessibility. Component replacement is relatively
simple. A good mechanical advantage in the ball screw is available for high force
loading for the two face seals. The two bellows are protected from torsion loads
because of an indexing key that prevents rotation of the mechanism during
operation of the ball screw.

5. - Design Selections for Phase II

At thé~comp1etion of the Phase I design work, ANSC recommended
three regulators and three valves for further effort during Phase II. The basis '
for this selection was a design selection matrix comparing'each cbnceptﬁto each
kequirement using a weighted numerical scoring system. The selection matrix is
presented in Appendix G. The results were then summarized in Appendixes H, I,
and J. The ANSC recommendations are shown in Tables IV and V..

The drawings, selection material, and other Phase I material
was then reviewed in a meeting at the George C. Marshall Space Flight Center (MSFC)
Huntsville, Alabama in Building 4610, on 19 October 1971. -

Attendees: Kenneth Anthony  S&E - ASTN - ENC
Jack Potter " " "
L. D. Johnson Aerojet Nuclear Systems Company
. A. Shearer " " o w
. A. Smith " "o " "
E. DeKlotz " " " "

G < m

Authority to proceed into Phase II was received in a letter
dated 17 November 1971 from the contracting officer, William J. McKinney. The
design concepts to proceed with, throug Phase II, were:

-4 -
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TABLE IV .

RECOVMENDATIONS
" . SHUTOFF VALVES

Contract NAS 8-275€8

Rating

Concept
No.

ODwg. No.

Description

Reason for Recommendation

Requirement/Source

1139895

Similar to sketch
shown. HWill have
capability of a
parametric test
bed to measure
variables involved.

If the concept is feasible
there can be no simpler
valve, '

Size to optimize test
flexibility and minimize
costs,

1139894

Basic design shown,

Optimize the design of one
valve, then by building
blocks, determine how many

-applications and sizes can

be satisfied. Compare
results with conventional
valves., :

McDonnell-Douglas Nuclear

Shuttle definition study
G-7134, Phase [II, Final

Report, -Yol. II.

1139892

Basic design as

shovin except
removable angle
drive actuator.
See 1139930.

Provide a space maintainable
tank shutoff vaive wiich can

be replaced wholly or in

part with a filled LHp -

tank.

10 fnch: tank valve or

venicle fill and drain

valve.
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TABLE V

RECOMMENDATIONS

PRESSURE REGULATORS

Contract NAS 8-27568

3

Description

Reason for Recommendation

Requirement/Source

A

Basic design shown

Low leakage, long life

potential of a shear plug

metering element - good

~control range.

Approximafe Tine 0.D.
~ 4.00 inches

Inlet pressure range -
£723 psia to 219 psia

Inlet temperature range
. 238°R to 415°R

"Minimum flow rate

4.00 1bm/sec

. Main tank pressurizdtion

regulator - single tank,

VAN
VN
A

Basic design shown

Low leakage, long life

potential of rotary shear .

plate metering elcment.

- Broad control range.

Approxiﬁéte line 0.0.
1.00 inch

Inlet pressure range
723 psia to 547 psia
850 psia to 400 psia

Inlet temperature range
232°R to 415°R

“. Minimum flow rate

0.82 1bm/sec
0.60 1bm/sec

pb
2
X

Concept
Rating No. Cwg. No.
2 2 1139924
1 3 11139925
1139923

Basic design shown

Long life, broad control
range. E

Same as Concept 2

PR B P

723 psia to 319 psia - ANSC N4110:0067.
319 psia -100 psia = 219 psia (due to assumeq line drop)

238°R to 315°R - ANSC 34110:0067.
315°R +100°R = 415°R (due to line temperature rise)

LMSC A984555, Vol. VII - Sec. 3, 1 May 1971.

Minimum pressure based on 415°R and 0.82 lbm/sec - 0.33 lbm/séc-based on [CS .

May 1971 - minimum pressure based on 415°R and 0.60 1bm/sec.

L
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A. VALVE CONCEPTS

1. ANSC 1139893, In-Line Poppet Valve, Motor Operated.
ANSC 1139895, 3/4-Inch In-Line Valve, Electromagnetic Seal.
ANSC 1139897, Poppet Valve - Liquid Metals Seals.

B. REMOTE COUPLING CONCEPTS

1. ANSC 1139921, Low Melting Alloy Structural Coupling and Seal.
2. ANSC 1139922, Thermal Interference Joint.

C. REGULATOR CONCEPT
1. ANSC 1139924, Regulator, Pressure, or Flow Control.

B. * PHASE II, PRELIMINARY DESIGN

The Phase II design effort was initiated with the revision of the
design goals which are included herein as Appendixes K, L, and M. These goals
serve as preliminary design specifications and contain all of the major parameters
required for the RNS application. Eachvof the valve and regulator designs was
designed to accept the remote couplings which were also designed during this
period. The valve line sizes were selected from the MDAC RNS studies to cover a
broad range of valve sizes. The magnetohydrodynamic (MHD) valve was designed
as a tester to evaluate the variable parameters pertinent to the jonization
principle.

1. Valves

o The three valve concepts studied feature unusual methods
of perfarhing_the'shﬁtoff sealing function. One valve has no moVing parts and
utilizes the principle of gas ionization of the hydrogen to retard flow. The
other two valves use liquid metal and the heating of contained hydrogen.

a. MHD Vvalve Concept

The magnetohydrodynamic (MHD) valve concept shown in
Figure 23, Drawing 1140003, is a valve design in which (MHD) forces are used to
modulate gaseous flow or completely impede the flow.
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The principal of the conéept is based on the ionization
of a gas within a magnetic field, whereby a conductor (ionized gas particle)
moving perpendicular to the magnetic field experiences a force (F) perpendicular
to the current (i) and the magnetic flux field (B). The magnetic field vectors are
so aligned that the force may be expressed as follows:

F

1B

The sealing principal (Figures 24 and 25) involves the
localized ionization of the gas between two concentric cylinders with an
0.0457 cm (0.018 inch) radial clearance identified as g in Figure 25. The
jonization of the gas is produced in the radial clearance region, where the current
is conducted within the annular gap and flows from the anode to the cathode.
The force exerted on the ionized gas is produced by the magnetic field of the
stator ring whereby the field is diverted in a radial direction by the soft .
iron center core. The vectors are thus aligned in order to effect the highest
possible force between the two vectors (i and'B). The force produced by the field
is distributed along the annular area of the conducting path, thus producing the
back pressure necessary to overcome the system pressure.

A visual sight glass has been designed into the houéing
to observe the glow discharge characteristics for several values of volt-ampere,
flux density and pressure parameters. The following equations have been utilized
in, or to establish the baéip concept, as shown on ANSC drawing 1140003. Both
U. S. Customary and System Internal (S.I.) units have been used in these
calculations. However, the final results of important parameters are always
given in S.I. units. Equations are extracted from “"Marks Handbook” and other
common sources except as noted in Footnote 1. Calculations are based on room

temperature conditions.
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_ B = Flux Density = 125,000 lines/in.2 _ ‘ Item 1
‘ . (this flux density was arbitrarily
. assigned for wrought iron from
Figure 3 since it yields the highest
flux density for a reasonable magnetic
field intensity) '

—te
]

Current (ampere) flowing through the Item 2
conducting gas '

sy
n

Circumference of the conducting path of - Item 3

the gaseous GH2 =-in. and & = 7D.

" The force acting on the conductor of circumference (&) may be expressed as

F=g2i (8.85°x 1075 Eqn 1
Q where 8.85 x 10'8 is a conversion factor fof the appropriate units.
Hence, the pressure (P) excerted by the field can be stated as

. | | Eqn 2

mDg ' -
where -
P = Pressure - 1bf/1'n.2 e Item 4
- -F = Force = 1bf Item 5

D = Mean diameter of conducting path = in. [tem 6
(see Figures 1 and 4)

g = The radial clearance of the annular flow - Item 7

path between the center ccre and the
outer housing = in. (see Figures 24 and 25)
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By substituting F from Eqn 1 in Eqn2

' : . -8 ‘
: p - B2i (8.85 x 10 °) 5 -
| . P =g | Egn_2A
~ but
2 = wD (from Item 3)
Therefore ' -8
p - BimD (8.85 x 107°)
]
or . 8
p - B (8.35 x 1077) . Eqn 3

which is the expressibn for the retardation pressure. Based on 8 selected in
Item 1 which gives an H value = 210 ampere-turns/in. for wrought iron with a
B = 125,000 h'nes/in.2 (Figure 26), Eqn 3 may be stated as follows:

Figure?27 was then plotted with current (i) versus various selections of radial
clearance (g). The pressure (P) was established as a constant = 30 1bf/1‘n.2
which was assigned for the design shown on ANSC drawing 1140003 , (Figure 23).

The radial clearance (g) was selected as 0.018 inches for further calculations.

From Figure 2 for a'design pressure (P) = 30.0 ]bf/in.2
g = 0.018 in. (0.0457 cm) (Figure 27) , Item 8
i = 50.0 amperes (Figure 27) o Item 9

- 53 -



8°849 0°80¢

(Wo/SNANL -~ I¥3dNV) H

o .

¢'Lsy v'90vF 9°6G6e 8'b0¢ 0°'bGe 2°¢0¢ v°29T 9°1I0T 8°09
L | | | | | | { | | _ |
(NI/SNYNL - 3¥3IdINY) H
0ce 00¢ 081 09T ov1 0cli 00T 08 09  OoF 0¢ 0
/
\\
Nodl LSY9 |
| —
S
316 13ans QWY |
NO¥I Ew:om\s

S733LS ANV SNOYI TVIDYINN 0D 40 STAYND NOILYZILINOVI

0¢

09

08

00T

0cl

O
N
L
=
[da]
o
- 0
L 1¢ m
./Qu - 29
m =
= @
m
= lLes B
N <
x u7u
— =
O R ZA R
A
- 66T
- 981



ABCDEFGHI JKLMNOPQRSTUV

i

40

275.80y

AW WY

/
Zans
p

/ DESIGN PRESSURE
k_g . .

|
I
|
|
i o
| <
1 O
[ (8]
| w2
| <
. Wl o
| =
ad
: e
\ X1
=5
ol <
N | e
Il
' i
\ e
=
wn
w
. | wl
. o
\ Q

7

A

ZNl/:l8'l '3¥NSS3Ud

N

---------
ra o

206.85-

137.904

68.95+

Zli':I.I.EII/\I/NO.LMEIN0'1l)l

0 10 20 30 40 50 60 70 80 90 100 110 120

AMPERE



g = RADIAL CLEARANCE GAP INCHES CENTIMETERS
A - 0.001 0.00254
B 0.002 0.00508
c 0.003 0.00762
D 0.004 0.01016
E 0.005 0.01270
F 0.006 0.01524
G 0.007 0.01778
H 0.008 0.02032
| 0.009 0.02286
J 0.010 10.02540
K 0.011 0.02794
L 0.012 0.03048
M 0.013 0.03302
N 0.014 0.03556
0 0.015 0.03810
P 0.016 0.04064
Q 0.017 0.04318
R 0.018 0.04572
S 0.019 0.04826
T 0.020 - 0.05080
U 0.021 0.05334
V 0.022 0.05588
W 0.030 - 0.07620

FIGURE 27
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4

The cross sectional area of the radial clearance annular gap was then determined as

A = 1Dg
A = area = in.z
D = 7.0 inches (Figures 24 and 25)
g = 0.018 inches (Item 8)
A = 0.396 in.2 Item 10

Therefore, the flow passage area approximates the area of a 1.905 cm (0.75 in.)
0.D. line.

Using the reference shown in Footnote 1, the normal voltage drop for both the cathode
and the anode can be stated as:

R 1 o '
V, = 1§-zn 1+ F) A Eqn 5

where, for hydrogen

Vn = Normal cathode plus anode voltage drop-volts D.C.

B = 130.0 volts/cm/mm Hg = the Stoleton . Item 11
constant from Footnote 1 for hydrogen
gas

A =5.0 volts/cm/mm Hg (based on the Townsend - Item 12
ratio of the ionization coefficient (E)
to the pressure (P) from Footnote 1

r = 0.05 = coefficient of electron emission by - Item 13

positive ion bombardment for hydrogen
gas and was selected for a copper cathode
in hydrogen from Footnote 1
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therefore

‘ : V= 475 volts D.C. | Item 14

Now based on the voltage and the current, the power required to cause a glow
discharge within the ionization region of the radial clearance gap can be
expressed as '

W=i (v +V) | ~ Ean 6
W

power - watt

i = 50.0 ampere (Item 9)

vV, = 475V D.C. (Item 11)

43,300 V D.C. (Appendix N) = Item 14A
the voltage drop across the conducting
H, gas at room temperature with no
temperature rise in the gas and is a
’A. worse case condition. As pointed out
in Appendix N, this voltage decreases
with a gas temperature increase, and
decreases considerably with other media
such as He and liquid metals.

V.= Vn + V = 43,775 Volts D.C.

I
W=2,188,750 Watt. : Item 14B
Footnote 1:  “"Gaseous Conductors Theory and Eng1neer1ng Applications",

by James Dillon Cobine.

N
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Now the length of the radial clearance gap must be calculated by the following
formula '

L = 5 3 Egn 7

L = Length of radial gap - cm (see Figure24).

However, both (i) and (g) have been previously determined and it is necessary to
find 6 using the following equation from Footnote 1 in terms of system pressure.

5.92 x 10714 & g2 (K, P) (1+ 1) p2

1 Egqn 8
an [0+ F]

5.0 volts/cm/mm Hg (see Item 12)

b
N

130.0 volts/cm/mm Hg (see Item 11)

B =
r = 0.05 (see Item 13)
K, = 6.38 - 4.89 cm?/volt = mobility.
p = 30.0 ]bf/in-.2 = 1551.3 mm Hg using Items 8 and 9
from Figure 2 and the design pressure of the valve
therefore
8, = 32.17 amper'e/cm2 Item 15

and L in Eqn 7 can then be calculated using Items 8, 9, and 15

L =3.4 cn (1.34 in.) ' Item 16
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4
o 4

A summéry of the major parameters established thus far are as follows (see
Figures 24 'and 25).

p = 2.07 x 10° Newton/meter2 (30.0 ]bf/in.z)
g = 0.0457 cm (0.018 in.)
i = 50.0 ampere

= 1.94 Weber/meter2 (125,000 ]ines/in.z)

B

L=23.4cm (1.34 in.)

D = 17.78 cm (7.00 in.)
VT = 43,775 volts D.C.

T = 294.4°K (530°R)
W= 2,188,750 watt

A = 1.000 cn® (0.396 in.%)

Line Size = 1.90 cm (0.75 in.) 0.D.

H = 82.24 ampere turns/cm (210.0 ampere turns/in.)
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The next step is to size the stator: First,the ampere-turns required to establish
the desired flux density across the radial clearance must be determined. Two
wrought iron pole pieces are used:

B = 125,000 lines/in.? Item 1)

p
n

210.0 ampere-turns/in. (using g and Figure 26) Item 17
Then the number of lines (¢) is given by

¢ = B.a b : ‘ Egn 9

g = 125,000 h'nes/in.2 (from Item 1)
a =2.0 in. (determined from ANSC Item 18
drawing 1140003 and Figure 25) .
b = 5.0 in. (determined from ANSC | Item 19
drawing 1140003 and Figure 25)
¢ = 1,250,000 lines ' ' Item 20

and since the same number of lines (¢) must also pass through the armature:

NI =2.0HY ~ Eqn 10
2.0 = number of pole pieces (Figure 25) Item 21

H = 210.0 ampere-turns/in. (Item 17)
Y = 0.75 in. (arbitrarily determined from [tem 22

ANSC drawing 1140003 and Figure 25)
NI = 314.0 ampere-turns Item 23
and
=- ¢ . .

B-Z.OD : ) : Egn 11

Flux density of each pole piece

1,250,000 lines (Item 20)

o © W
]

7.0 inches (ANSC drawing 1140003 and Item 24
Figures 24 and 25) ‘
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@

2.0 in. (from Item 21)

g = 89,000 1ines/in.2

and

NI =HD

H =11.0 ampere-turns/in. (using B and
Figure 26 for wrought iron)

D = 7.0 inches (Item 24)

I = 77.0 ampere-turns

Now for the radial clearance gap (g)

-9

*
B-'era
¢ = 1,250,000 lines (Item 20)
- D= 7.0 inches (Item 24)
a = 2.0 inches (Item 18)
*
B = 28,500 lines/in.2
now *
= 2.08 2
NI =26
2.0 in. (from Item 21)
* ~oL
B = 28,500 lines/in.2 (from Item 28)
2 = 0.394 (reluctance of a in.3 of air
for both gaps)
1.26 = conversion factor for the appropriate

units

- 62 -
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Iten 25

Item 26

Item 27

Eqn 12

Item 28

Egn 13

Item 29



The total ampere;turns required for the stator windings for both pole pieces is
shown as follows:

NIy = NI + N7 + NI
ﬁT = 17,800 ampere-turns (Item 29)
NT = 77.0 ampere-turns (Item 23)
NI = 314.0 ampere-turns (Item 23
NIT = 18,191.0 ampere-turns - Item 30
or
NIT = 9095.5 ampere-turns for each pole Item 31

piece

Brown and Sharp copper wire gage No. 20 (0.031 inch diameter) wire was arbitrarily
selected in order to generate a feel for the size of the winding and the heat
losses in the windings. Future designers experimentating‘with the MHD valve
concept may select any desirable wire size.-

P=2.0(a+b) | Eqn 14

o
n

winding circumference for each coil =
in./turn (see Figure 4) '

a=2.0in. (see Item 18)
b = 5.0 in. (see Item 19)
P =14.0 in./turn Item 32
and NIT
N:—i— ‘ . Egn ]5
N = Number of turns/pole piece
NI; = 9095.5 ampere turns per pole piece

(see Item 31)

i0.0 ampere (arbitrarily used as a trial Item 33

[
n

to minimize heat losses)
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then

and

now

and

N = 909.55 turns Item 34
T = PN Eqn 16
L = Total length of wire - in.
N = 909.5 turns (see Item 34)
P =14.0 in./turn (see Item 32)
L = 12,734.0 inches ~ Item 35
R = }g%og Ean 17
R = Resistance of the wire = OHM
L =12,734.0 inch (see Item 35)
;?080 = Resistance (OHMS)/12,000 in. of 0.031 in.
: diameter copper wire
R = 10.61 OHM | Ttem 36
V=13R |
V = Applied voltage = volts
i = 10.0 ampere (see Item 35)
R = 10.61 OHM (see Item 36)
V=106.1 volts ‘ ‘ Item 37
o= 7 (@)
a = Cross sectional area of the wire =
in.z/turn
d = 0.031 in. diameter
o = 0.00075 in.%/tum | Item 38
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now

a=aN Eqn 18
o = Space area for wire = in.2
a = 0.00075 in.z/turn (see Item 38)
N = 909.55 turns (see Item 34)

& = 0.6864 in.’ Item 39

and using a space factor = 3.0 for the windings'

2

a T 2.06 in. Item 40
now for the heat loss for each coil
. _ .2

W=1"R A . Eqn 19
W = Heat loss = watt
i = 10.0 ampere (see Item 35)
R = 10.61 OHM (see Item 36)

W =1061.0 watt Item 41

These calculations were made without any wire insulation considerations. The

heat losses through the outer frame were not determined since they were considered
negligible as far as the total number of ampere turns for the entire circuit. The
selection of a larger wire size would also reduce the heat losses in the circuit.

Appendix N is a theoretical "evaluation of a MHD" concept including suggestions
for a modified design approach.
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b.. Electromechanically Actuated In-Line Valve with

High Pressure Heat Energized Poppet Seal

General

The in-1ine balanced poppet valve, shown on ANSC
drawing 1140002, Figure 28, features a high pressure energized poppet seal. LH2
in the annular cavity is heated by a cal-rod type heater (submerged in the cavity)
when the poppet is closed. The heat expands the LH2 into GH2 to produce high
seat loads on the poppet.

The concept also shows an in-line shutoff valve design
capable of being remotely coupled and uncoupled through the use of remote coupling
designs shown on ANSC drawings 1140005 and 1140006, (Figures 39 and 40).

ANSC drawing 1140002 (Figure 28; consists of two sheets.
Sheet 1 contains performance notes for the valve, a main view of the valve with the
thermal interference remote coupling ports compatible with 1140006-3.  This sheet
also shows estimated area versus stroke, K (f]owﬁresistance coefficient) versus
stroke and torque versus stroke curves. Sheet 2 depicts the cross section of the
valve with materials and with low melting allow remote coupling ports compatible
with 1140005-3, (Figure 39). .

Discussion

-The objective of this concept was to produce a uni-
directional flow shutoff valve design with an extremely low liquid hydrogen
leakage capability. The shutoff valve shown utilizes an unbalanced poppet. The
valve poppet is actuated by a D.C. torque motor to drive a ball screw system which
in turn either opens or closes the valve. This method of actuation was selected
because of the simplicity of a direct drive between the torque motor and the ball
screw. The design also incorporates an anti-backdriveable, spragging type, locking
device to mechanically prevent the poppet from moving away from the seat in the
closed position, since in the closed position extremely high seat loads are
generated by the expansion of LH2 to GH2 in the annular cavity.

Thé shutoff seal configuration consists of the main
seal assembly with a bellows, a ball check valve, and a cal-rod type heating
element.

With the poppet in the closed position and filled with
liquid hydrogen, the seal operates as follows: The hydrogen flows into the total

pressure pickup probe, past the ball check valve, and intq thg annular cavity fqr
| | | -6 -
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filling. Power is then applied to the héater to raise the temperature

of the hydrogen and expand it from a liquid ta a gas. The pressure developed in
the annular cavity by the heated and entrapped gas can be extremely high and will
force the seat in the mechanically locked poppet by flexing the bellows. The
pressure developed in the annular cavity is clearly dependent on the heat
generated by the heater and can be varied for different leakage requirements.

The high pressure developed in the annular cavity acts
on the cross sectional area of the annulus to create a high seat force against
the mating poppet conical area. Thus, a high unit compressive load (pressufe)
is created between the two conical seating surfaces.

During the opening of the poppet the action of the
torque motor will release the spragging locking device and move the poppet to
the open position. The high pressure entrapped in the annular cavity is then
vented through the pressure relief orifice, located in the seat, and allows
the seat to return to its open position stop.

The sealing capability of this concept should be extremely
effective because of the high unit loading that can be developed between the mating
conical sealing surfaces. Surface finish and conical accuracy of the two sealing
surfaces will be important factors in the Phase III design.

Although the design is rated from 20.5°K to 322.2°K

(37°R to 580°R),it is essentially a liquid hydrogen valve. The power required. to
expand LH, into GH, (temperature rise) is small for high pressures in the annular
cavity compared to the power requirements and very large temperature rises
necessary to expand GH2 to generate the large pressures for very low leakage
sealing. :

' Following is an analysis that will aid the designer
in determining seat poppet configurations,in conjunction with various cross’

sectional areas of the annular cavity.
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SCHEMATIC OF POPPET AND SEAT ARRANGEMENT
SHOWN ON ANSC DWG. 1140002 (FIGURE 28)

LN = Oy A] Egn 1
LN = Normal load on conical poppet area ’ ' Item 1

(see Figure 29)

oy = Fcy (compressive yield stress of Item 2
conical poppet and seat materials)
or any desired contact stress level -
required by the designer (see Figure 29)

A] = Conical poppet contact area that will Item 3

be in intimate contact with the seat
when the poppet is closed (see Figure 29)

Now .
L = LN Sine - : Eqn 2
Ly (see Item 1)
Sin 6 = The poppet and seat conical half. Item 4
angle (see Figure 29)
L = The axial component of Ly (see Figure 29) Item 5
Then , _
L = oy A Sin 6 Egqn 3

Figure 30 is a graph of Eqn 3 for 0, versus L for various
A] and 6 values. Curve e closely approximates the poppet
and seat configuration shown on ANSC Drawing 1140002, (Figure 28).
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The dotted 1ines shawn.on figure 30 reflect a oy = 8.067 x 108 Newton/meter?

(117,000 1bf/in.2) and gives an L = 3.1136 x 10° Newton (700,000 1bf). This

value was selected for the Fc of the A-286 material of the poppet and seat shown
on ANSC drawing 114002, (Figure 28). The FCy was selected from the ANSC "Materials
Property Data Book", Volume 2, Page 431, using room temperature properties.

Now
P =5 Eqn 4
2

L (see Item 5)

A2 = Annular LH2 expansion area to produce | Item 6
the load (L) on the poppet and seat
(see Figure 29)

P ‘= The pressure acting on A2 to produce Item 7

the load (L).

Figure 31 is a graph of Eqn 4 for P versus L for various values of A2 and
Curve d], eys and f] closely approximates -the A2 shown on ANSC drawing 1140002.
The design as shown, could be expected to produce a poppet and seat load L =
3.1136 x 10° Newton (700,000 1bf) with LH, expanded to P = 3.7233 x 108 Newton/
meter 2 (54,000 1bf/in.%). |

Using Figures 29 and 30 for the size valve shown on ANSC drawing 1140002, (Figure 28)
the designer can select any values of P, L, A2’ oy> 0 or A] that he chooses. For
other size valves the designer can use Equations 1, 2, 3 and 4 to generate his own
Figures 29 and 30. ’

P is a function of the initial LH2'pressure in the A2 annular cavity, the cavity
volume and the temperature rise in the cavity due to the heat produced by the
cal-rod type heater. Power requiremehts for heating the LH, (GHZ) to various P
values are shown in Appendix 0.
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c. Electromechanically Actuated In-Line Poppet Valve with
Liquid Metal Seals

General

. The in-line balanced poppet valve shown on ANSC
drawing 1140001, Figure 32, features an electromechanically actuated valve with
two types of liquid metal filled seals. In addition, the concept shows an in-
Tine valve design capable of being remotely coupled and uncoupled through the
use of remote coupling designs as shown on ANSC drawings 1140005 and 1140006’

(Figures 39 & 40) .
ANSC drawing 1140001 (Figure 32) consists of two sheets. Sheet -

contains performance notes for the valve, a main view of the valve with the
thermal interference remote coupling ports compatible with 1140006-2. This sheet
also shows estimated area versus stroke, K (flow resistance coefficient versus
stroke, and torque versus stroke curves. Sheet 2 depicts the cross section of
the valve with materials and with the lTow melting alloy remote couplings
compatible with 1140005-2. '

Discussion

The objective of this concept was to produce a uni-
directional flow shutoff valve design with a low leakage capability that could be
used with GH2, GN2 or He in temperature ranges from 216.7°K to 366.7°K (390°R
to 660°R). A

The concept shown is a balanced poppet valve featuring
two types of main poppet seals. For the main poppet seal, liquid metal is the
primary seal. The secondary main poppet seal consists of an optically flat
poppet in intimate contact with an optically flat seat.

-~

The poppet skirt shaft seal is a 11duid metal filled
double metal lip seal cavity arrangement. The valve poppet is actuated by a
D.C. torque motor to drive a ball screw system which in turn either opens or
closes the valve. This method of actuation was selected because of the simplic-
ity of a direct drive between the torque motor and the ball screw.

The seal main shut off consists of a reservoir contain-
ing a liquid metal volume that is enclosed on one side by a bellows and the other
side by an optically flat seat plate. The seat plate is forced against the seal
stop by the pre-load of the bellows with-the poppet 1in the open position,in
order to retain the liquid metal. '

- 74 -



e gt — -

—— At

l iv] 1000¢

ue mm P, ~
_ | » win
- 3 3 . yy i e = '
Jous eos O SCY w0y Nous dleee ) W0 WS g gur e
mes't 091 LU ] o0 o 001 L] . .
_— — v
———— by : . // ! .
e e ] n.. " e T *o ] wn H
T | .
=] e e [ ) |
+ w0 n'w
. i
S —— \
aTIs Tk sosisae O 0 ws .
- e sumw @ [ i
mies Sins 04 “qw -
AYDwlvi i IS KW Ge0OM $O4 ! - ‘11" ol nd .Amq {
T Al su wa H
" ai
- . . we em
oW 8 101310403 DAVISIST ROV rous u W . e
. on v uw
53V 2
03L3VUiIIV NNMOME MY WIINO
2-2000vn 9% 33S l—
ANIOF 9M)19N0D u.oauz\
(e v0'9)
vig®sr f—
7
13vd 2
N .
{~ 00'5)
ool
. 5
. .
R . \ v
. e ] - . o= i
0y - : .
L1 . 3
, .
- S - T
i '
- B . = 00't€) v b—
LI -
- -
‘rous f Mew
- - 23] ~ aNrs
ey
AT 4 -
L CI5T1) —amy
. Al e
. sy 0 T
FRUS 13047 1T _.- <
. . . . - -
...... el %1 e o 0 . womary e aewm T 9 ]
.- ! — ¥t oy BOTVE ¥ .
01 WE 1 I - « NCD 10T 1T Y B L0 DY IR YT
Jna. : ; "o - g PR 1701+ 0 T YT Y WO $TWA UM WE NN ETI0U BT ®© 4 T o \ .
N N NERON W 0070 8 T Y MM (e LADaD
(OBO35YIZ 0T Jtwvnaa | f Ve P
i VA MUVE D404 QYO WK . D
s g w1 L Hew e IOINIOY CNOD ATV W MGE I MW Y .
RTINS 4 1 1 . WOLLOW LOVVE NYINIY KO ANYION ¥ 01 THYI Il $ 4D IWNG) LU KIXI] ¥ ST TAWS .
(o Braasehe | FEX1 wisrraed | 58 B4 oIS WO 0170134 ava 100 01 BV D RUEVEE 259 D13 20 WOCON) ¥ WD LOWE BTV B o
A0S Ned 4TUN oY l»..m%::&»ﬁ:i o' vat T TWISNIEWIS 41V WOR ORI R0 SISISHD WIS LS BU WK WG . Aicatiothidinmned
1 B . . © PO B ING00AD W SWE WO GO I 0 SAMDD ¥ .
. 100 VST sgesoress e e o [ . - foovind WM me
L QEAT 0 BRBAMOTN G0 0eonSSIINT T on 150 ‘TN LK ATTW LTIV 837 DU VO POITE WO Q10N 341 40 307 341 SIVAMS SATTUS By V1M QNN DG . L
. Eomi103100 AR T i S04 O SWULYR HII® 'y SO UWA TIDS ¥ NIYIOU O 4015 DU BNIVOY 41 11V WS B4l STOX0) W10 8 DU L DR £ QIS U SED LS PO DT & NI Tow
_ ;” TN LOKT DATATN VAT LI EROIS VS B0 £y RITESI KGLSAS DU &4 LAY WO D) QN1 TOVE Cws OTY IV TRVTIVE 3 W 0% L DA () GVS T W W —
n o e SO HIA WWA 31 83 Y O SUON VAP T IDE ¥ S17WEM GIOTYBU ALIAYD WIS J41WCRF CAOWE §1 04404 DUV WHUI00W YYD 41 O 5Y R TV T OWDKD
[ O .ﬂ””ﬁ.ﬂ - TABITON B DLO) AVIEIHG OIS T WS ARYNIE4 ¥ 1IVIND OF D404 DU 10 TS V128 VM JOTY DV TR 3 THOD (DM e PO ¥
Wittt WO £33 ILINIARI7OR IV WL mgY BLTHOW 40 KOV 0 W RINGEY Bt ST LAY WIS BU il T W08 TE N TS VA Y
Tow wioe W SVT CARWWADROLOOI® T 0440430 0 PIKDYUATE DU "1V WIS L3YCUDTS 3U WIS VIR Xn108
auwias) YO TN T mn NIV NOLLISOE NI WIS 244 13 RGOS $1 D4 NS WIS XRIGS NIV
QR 01 MG (T yoowe : ¥ wom siron = H
TR FIORNCAT AT DNYIN0 WO vl .
oY ¢ S ixstne 10 3401 GRE VUV Deadd CIWWY ¥ 58001 1LEOND P i o e e SR .nu..-“m 3
o W10 0 AN - B . SR LR NN i
K3 ] € ] [4 ] S ] 9 l. [ [] .
—— SR AU U - e mrene e b mn e e e e o en ISR SR UOOUPIY QSN AU S

FIGURE 32
Page 1 of 2




- e — RS SEEN

."' -

ISR

——— e A vmea s .

P e —————— e - e P - - P - - e an . o e R
. Bl
2z | € i v 4 s | 9 | L | 8 - .
. |
. Frawss . : {
W P32 woiisos 035013 !
Nt YUg I
. cne (» ce%
now w0 1vy v
Tei3n .
anoin o2y
7 H
4 .
NYCIMIIN TN VS Il.
YYD IMiuIIIS mrNioYS / v
(A a
OntET36 v 208 $3v) -
g . wus-2810-§-0001 ws.n (vos04
) . RON ~3 BLO —eflam . '
. B Q3Iv3NNY 20f §3ud é.(.q s t
. e . .- $Iv3S 1t G3ivIe 00D OGNV eQ18 | g ¢
: . 20t 39> H
TUs widM QoY 301D Lavus i
) 49T S38D - - N
iaoe . .
I[>] AN0D * 018 e . ¢
! 1 3EN1UTE30 MIN (> $1°28)
et AILAPIFN ) TP L] . v 3a Or2¢ viger a2t m
— 1404 Tha T¥L3M QiADIY 9..1908 [\
£ AcTiv W H
H : THe WIN 60T H
il ALIAYY w38
: 982-¥ $3u) : $39v7d 2 1
AV3SYSMCTIIE CINmva Q10vyLIy NMONS IAIITS i
I $33v70 ¢ i-5000v1 oAD 138 L)
0347 070Y ANIOT 9%18N0) 310A3Y .
™IS W . :
& !
04 w, ", 0 Az L. |l|”
4
‘
'
al 4
. #0731 @ Q
\ . c,\
i (~oen
vig o6t /
—] \ + .
. VA Y
e = R /
-
3 91-19C8 10T W ive $3W2 . R4 [3
. N BNy IRIEIY; -A3THE JATVA (» va) >
. . © -
. A . Nronoin - aviiary ad ) :
. WSS NIYIIS mYM .
. W w33t 4SSV M348 SNiuvie b
p— h . Tive Q3141008 - 0 L
' - -~ . 915-0020 -1£90 .
- - .
. 9179) ° ¥Hvd YOONYD |,
ADOTONKIIL L3NS YR .. —p—
208 $3u w10m 3NTYOL T L
. 01§ W3S e $61 - 006D 4 -
K - OYIS 13¢dod £
v 902 v ST~ {= os'e}
‘ ~ 13400 L1331
- £30vM € e i -
. ot 53w -
- - A3 -
. - {(=oue2) -
©yrse ‘ N . -
. 5 “
B> hd o} -
i . A b e "t
B - A - Tt T - .
. -
— i N =
1
v
- H o L)
I srmT e o s SIS
e e ) X el TR e R 4
——a [
: T T g _ € _ v 1 g _ ) _ —Z ] . )
Mt e e ———— —————— e i e s s oo . e e o - et - e - e st e o ———— e s s e
B d s it

FIGURE 32

Page 2 of 2




To energize the seal, the poppet must actuate the seat
plate to a stroke of .076 cm (.030 in.). This action displaces a predetermined
volume of the liquid metal, to a calculated height of 2.41 cm (0.95 in.) between
the walls of the poppet and the seat plate. View A of Figure 32 depicts the
energized state of the seal. '

l

During valve opening, as the poppet is moved away from
the seat plate, the liquid metal sealant is forced back into the seal cavity by
the pressure differential across the liquid column.  Simultaneously, the preload
of the bellows forces the seat plate against the stop to again retain the liquid-:
metal sealant. Sealing is accomplished by the column of liquid metal entrapped
between the walls of the poppet and seat p]ate;' Since the sealing capability
is dependent on the liquid metal volume, any majof lToss of the metal would

~

destroy the effectiveness of the sea],

In order to prevent leakage of the liquid metal sealant
between the poppet face and the seat plate, the sealing surfaces must be optically
flat lapped to a surface finish of approximately 5.08 py cm (2.0 p in.). Optical
flatness will be on the order of 1/8 of a helium light band.

Tne poppet skirt dynamic seal consists of metal lip contain-
ment seals installed back to back with a liquid metal sealant entrapped between tnemu.
The sealant is contained on the dynamic surface by the poppet skirt. The ‘

surface of the poppet skirt that is in contact with the liquid metal seal is
closely mated or fitted to the liquid metal containment Tip seals.

Reference 14, Volume 1,0f Appendix D offérs an excellent
study and references of liquid metals and the wet seal concept.

The following data, Figure 33, and information was used
from the reference noted.

“When two highly polished surfaces are placed in contact,
or in near contact, a small volume of porous structure can be visualized as
existing between the two contacting surfaces. Numerous leakage paths result
from the microscopic nonuniformity between the two surfaces. )

Utilizing this concept, sealing by a liquid metal can
then be visualized as the closing of the capillary leakage paths by the liquid
metal. The force necessary to overcome the retention of the liquid or break
down the seal is directly related to the capillary forces.
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The capillary force between a liquid-solid interface

' depends upon the manner in which they meet. Between a liquid and a solid, the

contact angle is the angle between the solid and the tangent to the liquid-at

~ the point of contact. The surface tension of the solid and .liquid phases and

interfacial tension between these phases determined the magnitude of the contact
angle and thus the capillary force. In a confined volume the contact angle
results in the formation of a meniscus. The contact angle is direct1y related
to wettability of the liquid which is described at equilibrium and neglecting
gravitational effects as:

ASV = ALS + ALV cos ©

where: Agy = surface tension solid: vapor

ALS = interfacial tension liquid: solid

ALV = surface tension liquid: vapor

For complete wettability 6 = 0° so that:

Asy = Ms t ALy

- The general equation relating the pressure difference across a curved liquid

surface is:

where is the interfacial tension of the liquid surface film and RT and R2
are the radius of curvature of a curved liquid surface.

For closely space parallel plates

R2 = o and R] D/2; the above equations reduces to:

AP = -A2/D
where perfect wetting is assumed (cos 6 = 1).

This equation is plotted in Figure 33.
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CAPILLARY PRESSURE AP VERSUS SPACING D
BETWEEN PARALLEL PLATES, BASED ON SURFACE
SURFACE TENSION OF A = 0.005 NEWTON/CM

( 500 DYNE/CM ) AP=25/D
n wn
E 0.254 - W A
_ 5
o, no.
o ] ‘ 2
4 2.540 { = | :
e p /
= o v
5 < 7
o  25.400 i o 10
= = A
= | //'
i E 0 2 7~
22 254000 { E'o 10 ,
Lt x L v, 3 1!
0 s 0 = 1/
W 254000 4 = & 10° :
& =
7 e 1
25400.000 - 104 5
| 10 102 10> 0% 10

: AP - LBf / IN?
PRESSURE DROP ACROSS SEALING CLEARANCE

]
5
6.895 x 10 6.895 x |07

AP - NEWTON/METER?
PRESSURE DROP ACROSS SEALING CLEARANCE

6.895 x 10>

NOTE: (extracted from Volume I of Reference 14,
Appendix D and modified to include both
U.S. customary units and System A-
International units.)
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Figure 33 illustrates the significance of surface finishes for wet seals.
Surface finish is important in reducing the spacing between parallel plates, -
For both mercury and gallium alloy liquid metal systems at room temperature,
the surface tension is greater than 0.005 Newtons/cm (500 + dynes/cmz). Any
contaminants present in the liquid phase or on the surface of the solid will,
in general, tend to degrade wettability by lowering the surface tension.

While more rigorous mathematical solutions are available for treatment of
idealized geometries, their contribution does not provide more direction to
the engineering problem than this simple model.

The mercury-ihdium—tha]]ium (Hg-In-Tg) alloy was
tentatively selected for the liquid metal sealing concepts. This alloy possesses
the following properties and the lowest melting point now known for a liquid
metal alloy: - '

Liquid Metal System: Hg-In-Tg

Melting Point: 214.4°K (386°R)
Surface Tension: 0.00532 Newton/cm
(Room Temperature) (532 Dyne/cm)

The mercury-thallium alloy is highly reactive with oxygen and will rapidly
degrade to form thallium oxides or hydroxides. Purified hydrogen can reduce

the absorbed oxygen and prevent or retard additional reaction. It is the
formation of the thallium oxide which probably produces the widespread wet-
tability of this liquid metal system for most materials. For sealing purposes
the presence of oxides is not detrimental. The mercury-thallium system does
require : special care and handling, although precautions are not prohibitively
complex. The alloy system is reported to have incurred no apparent degradation
after nuclear exposure to 1.35 x 10]6 n/cm2 greater than 1 Mev, 4.75 x 10]5

n/cm2 greater than 2.9 Mev, and 2.9 x 108R gamma.

This alloy was also selected since the work statement
(Reference 1 of Appendix D) did not specify oxygen service."
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Based on a maximum operating pressure differential of

206850 EEEEQ%_(3O 1bf/in.2) and utilizing Figure 33, it can be seen that the
meter

- radial clearance between the metal lip seal containment system and the poppet

skirt diameter cannot exceed 0.00056 cm (0.00022 in.) so that the selected
liquid metal cannot be lost due to the insufficient surface tension.

For the optically flat poppet and seat plate seal, the
capillary pressures can be much greater. By doubling the D values (due to two
contacting parallel surfaces)

D =10.16 x 107 cm (4.0 x 107 in.)

and from Figure 33

AP across the seal can be greater than 6.895 x 106

Newton/meter2 (1000.0 1bf/in.2) in order to effect
a seal.

2.  Electromechanically Actuated Pressure or Flow Control Regulator
a. General

‘ The pressure regulator shown in Figure 34, ANSC
drawing 1140007, combines the features of ‘the electromechanically actuated
regulators originally shown on ANSC drawings 1139924 and ]139929. The concept,
as shown, is an in-line design capable of being remotely coupled and uncoupled
through the use of the remote coupling designs as shown on ANSC drawings 1140005
and 1140006. These remote couplings are described in subsequent paragraphs of
this report.

' ANSC drawing 1140007 consists of four sheets. Sheet 1
contains performance notes for the valve, motor and electronics and transmiﬁsion.
This sheet also contains a flow area curve, a va]ve-torque curve, a sine wave
response curve, a step response curve and a motor torque and current curve.

Sheet 2 shows the cross section of the regulator along with materials and Tow
melting alloy remote coupling ports compatible with 11400005-1 and -5. Sheet 3
shows the plan view of the regulator with the thermal interference remote cbupling
ports compatible with 1140006-1. This sheet also contains the actuator electrical
schematic and two simplified RNS tank pressurization system schematics (one for a
constant tank pressure system and the other for a programed tank pressure

system). Sheet 4 contains the electronics module block diagram schedule.
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b. System Discussion

4 The 1140007 regulator control function design was
patterned after the ANSC 1139960 bypass .control valve for the NERVA engine,
scheduled for use as the propulsion system for the reuseable nuclear shuttle (RNS) .
Reference 16 recommends the autogenous tank pressurization for the single tank
RNS for the lunar missions. The report concludes that large increases in payload
can be realized if the mission is started with the propellant load at 15 psia
saturation pressure, and the tank pressure - programed to levels that satisfy
minimum engine NPSP. This technique minimizes propellant losses due to minimal
venting of tank préssurant. The regulator, which is controlled by programming
from a digital controller, modulates to program tank pressure as a function of
burn schedule, burn number, type of mission and engine start up time. The digital
controller computes the tank pressure required based on liquid hydrogen temperature,
actual tank pressure and the stored NPSP versus liquid temperature requirement
combined with a turbopump speed measurement.

The unique e]eqtromechanica] regulation system is
capable of fast, accurate positioning of loads with optimized start, run, braking
and reverse drive characteristics.

According to Reference 16 the maximum turbine bleed
gas requirements occur during NERVA engine bootstrap startup in a malfunction
mode (one TPA operating - 80% thrust - during second burn of ALU(unmanned lunar
mission). Reference 16 was based on a single 10.06 meter (33 foot) diameter
liquid hydrogen tank. The most recent tank configuration for RNS appears to be
multiple tank system consisting of eight 4.88 meter (16 foot) 1iqufd hydrogen
tanks. Using Figure 35 it can be seen that the peak start up flow rate is
9.98 kilogram/sec (22.0 1bm/sec) occurring at approximately 26.0 seconds after
start up for the single large tank.

. Extrapolating for the small tank results in a flow rate
of approximately 1.81 kilograms/sec (4.0 lbm/sec) at approximately 26.0 secs.
Figure 35 can be rescaled for a peak flow rate of 1.81 kilograms/sec (4.0 1bm/sec).

Figure 36 shows turbine discharge bleed temperatures
and pressures versus start up time. Temperatures and pressures versus time were
assumed to remain constant, regardless of the size or configuration of the RNS.

" Therefore, an analysis was performed of start up time for regulator CA (coef-

ficient of discharge times regulator flow area) for a multiple tank system.
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This analysis appears in Appendix P and uses the flow rates of Figure 35 and'the
pressures and temperatufes of Figure 36. The critical CA versus start up time was

thus determined for regulator sizing. The analysis was accomplished disregarding
temperature rise or pressure drop from the engine bleed point (state point 36 of Referenc
"17) .(Appendix D) to the regulator inlet (due to the unknowns of regulator location.

line lengths and sizes and line heat leaks). Calculations start with the smallest

size regulator (8 multiple tanks). The critical CA of the single tank regulator

was also determined and an arbitrary intermediate size regulator was established

as the final Phase Il regulator concept. The tank configurations being studied

for RNS vary between the two extremes noted above and it was deemed desirable to --
design an intermediate size regulator that could be scaled up or down depending

on the final RNS tank configuration. Engine steady-state data (from Reference 17. (Appen
dix D) was required in order to evaluate the regulator turn down ratios, since it may be
necessary to consider the use of a large and a small size regulator for certain

tank configurations. Steady-state data appears in Appendix P and " should remain

constant regardless of the stage tank configuration.

As shown in Appendix P, the critical CA of the regulator
occurs at approximately 7.0 seconds after the initiation of start up. This
determines the minimum throat size of the regulator. In the case of the multiple
tank regulator the fully open CA = 10.84 cm2 (1.68 1n.2) at approximately 7.0
seconds after initiation of start up and the CA = 4.51 cm? (0.6986 in.z) at
approximately 26.0 seconds. The CA for the steady-state operating point extremes
lies between 0.0463 to 0.6497 cm’ (0.0718 to 0.1007 in.%) regardless of the tank
size. The CA for throttling mode is not known. However, the flow rate for the
throttle hold mode is estimated to be approximately 60% of steady-state flow
rates. The CA position accuracy from the start of thé throttling mode through
cooldown and pulse modes is expected to be liberal with the regulator possibly
shut off early during temperature retreat. It must be recalled that the regulator

“position is controlled by the onboard computer that maintains tank NPSP as a

function of tank pressure and propellant temperature. The CA turn down ratio

for the multiple tank regulator from start of bootstrap through steady-state
operation is on the order of 24.3 to 1.0. For the large single tank regulator
the fully open CA = 59.61 cm2 (9.24 in.z) at approximately 7.0 seconds and the CA
at approximately 26.0 seconds is 24.79 cm2 (3.842 in.z).
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‘regulator . CA=17.23 cn? (2.67 in.

The turn down ratio for the large single tank regulator
from the starf of bootstrap to the end of steédy—state operation would be on the
order of 128.7 to 1.0 and may require the use of . a large size and small size
regulator (see Appendix P for the NERVA engine operational phases). It should be
noted that the NERVA engine requi?es large flow rates at bootstrap start up (as
a function of propellant and tank pressure condition) and very small flow rates
during steady-state operation.

The regulator design, as shown on ANSC dwg., 1140007, (Fig;34),

was arbitrarily scaled up to incorporate a throat area of 20.27 cm2 (7 in.%) or .
5.08 cm (2.00 in.) diameter to allow for some line pressure drop and line temper-
ature rise. This would also allow for some requirement fluctuations until the
RNS configuration is finalized.
_ 2 .2
Flow Area = 20.27 cm” (m in.%)
Assume a coefficient of discharge (c) = 0.85 for a

reasonable rounded entrance orifice. Therefore, for the ANSC 1140007, (Figure 34
) .
)

‘ The CA turndown ratio is 37.2 to 1.0 from the start of
engine bootstrap operation to the end of steady-state engine operation.

The inside diameter of the line for the regulator was
sized at approximately two times the full open gebmétric area and yielded a
7.62 cm (3.00 in.) outside diameter line. This gave a reasonable wall thickness
of the line of nominally 0.254 cm (0.10 in.). Hoop stresses in the Tine are
compatible with the allowable strengths of the AISI 347 CRES material selected.

c. The ReQu]ator Mechanism (ANSC 1140007, Sheet 2)

The main regulator metering element consists of an
optically flat cylindrical shear plug operating pressure unbalanced on -an
optically flat stator. In the closed position the shear plug acts as a seal for
positive shutoff of flow to the tank. An auxiliary optically flat shear plug
also operates pressure unbalanced on a second optically flat stator to provide
positive shutoff from the outlet port (tank side) to the inlet port (NERVA
engine side) in the closed position with zero pressure supplied from the NERVA
engine. The auxiliary shutoff feature protects the tank from significant propellant
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tank pressure loss during the RNS coast periods. The metering and shutotf
elements are floating in a linear carrier that contains a straight slot for the
actuator output crank. The output crank which is attached to the electro-
"mechanica) actuator translates the carrier as the actuator rotates. This trans-
lation positions the shear plug in the desired flow area position as a function

of the controller input command signal and the position feedback and rate feedback
in the servo loop.

Presently, both shear plug metering elements are
constructed of POCO graphite (see Footnote 1) and are gas pulse impregnated with
carbon (see Footnote 2) which should yield permeability leak rates of less than
10-7 scc/cmz/sec of helium. The séa]ing surface is then given a silicon carbide
conversion coating (see Footnote 3) for extreme hardness, wear resistance and low
coefficient of friction. The sealing surfaces are then optically flat lapped
to approximately 5.08 u cm (2.0 p in.) surface finish. Optical flatness will be
on the order of 1/8 of a helium 1light band.

The stators for both shear plug stators would be
fabricated from A-286 material that has been electrolized (see Footnote 4) and
optically flat lapped to a surface finish and flatness the same as the sealing
surfaces of the shear plugs. The basic valve body is constructed from an
AISI 347 CRES forging.

Sheet 1 of ANSC drawing 1140007 reflects a curve of
flow area versus actuator rotation. This curve is basically linear for the major
protion of the open area. It is based upon a straight sTot in the carrier and
m radians (180°) of actuator rotation. Planimeter techniques were used in
determining the flow area versus actuator rotation. .The moment arh of the actuator
was established at 2.794 cm (1.1 in.) for the straight slot configuration and with
the shear plug and full open flow area shown. The flow area versus actuator
rotation curve can be varied by changing slot contours, slot lengths, crank
arm lengths and actuator rotational angles.

POCO Graphite AXF - product of POCO Graphite, Inc.

2. Gas Pulse Impregnation of Graphite with Carbon-Nuclear Applications
and Technology, Volume 8, June 1970.

3. Pyto-Tech PT300, A Silicon Carbide Graphite Conversion -
Product of ULTRA Carbon Corporation.

4. Electrolize - A Dense Chrome Plate Process of Electrolizing, Inc.
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Sheet 1 of ANSC drawing 1140007 also shows a curve of
- regulator torque versus actuator rotation. This curve was based on shear plug
friction forces that are assumed constant from the fully closed position to the
%-radians (90°) actuator rotational position. At this point the friction

forces are assumed to vary linearly to zero friction at 2.723 radians (156°)
(the point in the actuator rotation where the shear plug edge coincides with the
flow passage hole edge). The friction force then remains at zero under further
rotation to the fully open position.

ATorque‘can then be expressed as
T = (Fs) (R) (cos 0)
where (see Figure 37)

Torque = Newton-cm (1bf-in.)

T =
Fe = Friction force = Newton (1bf)
Fe=Fph
FN = Normal Force = Newton (1bf)

u = Coefficient of friction = 0.1
assumed conservative for the
materials selected

FN =P A |
.. " P = Inlet port pressure =
- 4985 x 10 NeWtor (753 16T )
meter in.
constant and then varying as
noted above.
A = Area of the shear plug =

9.655 cm? (3.8 in.2)

o
]

Moment arm of crank = 2.79 c¢m (1.1 in.)

(o]
n

Actuator crank rotation from zero to radfans
: (zero to 180°) ' ’

Using the above equation,regulator torque versus actuator rotation was then
calculated and plotted for a series of 6 values. '
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d. The Electromechanical Actuator and Electronic Module
‘- Discussion
The electromechanical actuator is essentially identical to the
..one shawn on ANSC qu.‘l1§§§60, Sheets 1 and 7, with the following modifications.

(1) = radian (180°) output rotation in lieu of
2.15 radians (123°).

(2) Crank type output drive in place of the direct,
on center drive.

(3) The test port on the actuator end has been
omitted.

A 3-phase squirrel cage induction motor of custom
design is operated in a variable frequency controlled slip mode. The.frequency
input to the fixed stator is a function of rotor speed. As a function of the
control mode, a frequency, called slip frequency, is either added to or subtracted
from the rotor speed and the total fréquency is fed to the stator. Such control
yields high starting torque as constant horsepower, optimum induction regener-

’ ative braking and maximum braking torques. This is achieved with controlled
starting current. Reversing and forward torques are identical. . For the same
current drain, full electric braking torques can be on the order of four times
that of starting. The systems uses DC power. The digital logic and power units
can be replaced on a modular basis. Both rotary position feedback and rotary
rate feedback are obtained through the incorporation of two separate optical
encoders in the electromechanical actuator. The all-digital solid-state
electronics are packaged in environment-resistant controller and power modules.
The controller module can be used to control one or more drives of the same or
different HP ratings. The regulator actuator and the electronics module are of
nuclear quality. The all digital electronic components and circuitry is furnished
radiation hardened. The nominal output torque of the actuator is 3842 Newton-
centimeters (340 1bf-in.) which is more than sufficient to accommodate the
requlation element peak torque of 3418.25 Newton-centimeters (302.5 1bf-in.).
The transmission consists of a compound planetary gear system and utilizes a
gear reduction of 71.8:1. The electromechanical actuator and electronics module
could be available for Phase III design and hardware modification.
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3.  Remote Couplings

The two coupling concepts studied during Phase II use a:
low melting alloy and a thermal 1nterference to obtain sealing.
a. Low Melting A]Toy Remote Coupling Joint and Seal

General

o The Tow melting alloy remote coupling and seal, as
shown on ANSC drawing 1139921, was reviewed in order to assess its most efficient
adaptability to the following ANSC design concepts:

New Line Size

New No: Original No. Nomenclature cm in.
1140001 1139893 Shutoff Valve 12.70 5.0
1140002 1139897 Shutoff Valve  20.32 - 8.0
1140007 1139924 - Regﬁlator 7.62 3.0

Concept drawings 1139893 and 1139924 reflect in-line ports. Originally, concept
drawing 1139897 utilized right angle ports but has been redesigned to incorporate
in-Tine ports for straight through flow and low pressure drop. The Tow melting
alloy joint was therefore redesigned so that the three valve and regulator concepts
can be installed in-line as shown on ANSC drawing 1140005, (Figure 39). Figure 38
shows the various 1ine and component routing possibilities for the low melting alloy
remote coupling, including the in-line approach. The design, as shown in Figure 39,
ANSC drawing 1140005, requires certain line axial deflections so that the pressure
area loads can produce pure shear on the solidified alloy. A similar low melting
alloy structural joint and seal has been used successfully by National Aeronautics
and Space Administration, Lewis Research Center (Reference 25), (Appendix D).

ANSC drawing 1140005, (Figure 39) consists of four sheets.
Sheet 1 contains general notes and the material properties of the 55.5% Bismuth/44.5%
lead Tow melting alloy selected. Sheet 2 shows the assembled design and materials
for the selected sizes of couplings. Sheet 3 reflects tabulated dimensions for
these coupling sizes. Sheet 4 establishes a suggested semi-schematic approach to
a manipulator hand injection system for a 12.70 c¢cm (5.00 inch) outside diameter
line as well as showing 1pjection and ejection system schematics.
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. VARIOUS LINE AND COMPONENT ROUTING APPROACHES

o , ‘ FoR

-REMOTE COUPLING

/\ INDICATES REMOTE JOINT

XA INDICATES COMPONENT
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The concept was developed from the original concebt
shown on ANSC drawing 1139921. The heater elements were removed from the flight
portion of design and integrated with the manipulator hand to decrease flight
weight and increase flight reliability. The sleeve was made integral with the
valves and regulator so that sleeves and polyimide barrier seals can be inspected
and replaced along with the component,-if required, at the space depot. The
integral manipulator hand heater injection and heater ejection systems can also
be inspected, repaired, and recharged with, or purged of, the low melting alloy.
The Tow melting alloy selected expands on solidification and produces surface
compression on the joint surfaces. The difference in thermal expansion between
the lTow melting alloy and its surrounding AISI 347 CRES cavity is more than
offset by the expansion_during solidification.

Installation of In-Line Components

An in-line valve or regulator component containing the

retracted_s]eeves (reference Figures 28, 32, and 34) is located between the open

line ports. The component can be indexed on the center of the line by the use
of two tapered locating pins which mate with two tapered holes that are a part
of the line or stage structure. As the tapered pins engage the tapered holes, an
electrical connection is also made. Magnets can be added to the tapered pins or
holes to positively locate the component and cancel any impact reaction forces.

The sleeves are then extended and indexed over the open
line ports, thus forming cavities ready to receive the low melting alloy. The
low melting alloy injection system can be a fully atuomatic device that is a part
of a special manipulator hand. The general type of hand suggested is shown in
Figure III of Reference 18, (Appendix D). The basic'components assogiated with

. _ hand are as follows:

[+

A spring loaded piston type Tow melting alloy reservoir
charged with the solidified alloy. The entire reservoir
portion is surrounded by a band type electrical heater.

A split band type heater syétem with each half attached

to each portion of the manipulator hand. The heaters

are insulated from the frame work of the hand to minimize
conduction and radiation losses. Four seals for the four
ports in the sleeve are incorporated in the inside diameter
of the split band heater system.
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° An overflow catch receptacle that consists of a porous
. ‘ outer housing. The porous design would be such that gas
and vapor would penetrate its walls, but the receptacie
walls would be impervious to molten alloy penetration.
The catch receptacle would include an internal splash
can, a normally closed solenoid shutoff valve, and a
temperature sensor probe.

The manipulator heater injection hand indexes on the
sleeve and then is maneuvered to lightly clamp the sleeve. The heaters are then
automatically activated and the solenoid valve is ehergized open. The sleeve
heaters lead the reservoir heaters so that when the alloy melts in the reservoir
at approximately 397°K (255°F),the coolest annular cavity areas are at a minimum
of 422°K (300°F).

The inside diameter of the sleeve and the outside
diameter of the valve and Tine ports are black bodies for maximum radiation
emissivity, due to the radial c]earance'betWeén the mating members. As the
molten alloy starts to flow into the annular cavities, thermal conductivity across

' the members starts to predon'n"nate and joint filling time decreases. This factor
is not accounted for in the power requirement analysis in Appendix Q and will
result in more conservative power requirements.

When the molten alloy has filled the annular cavities
and starts to overflow into the catch receptacle, a temperature switch is actuated
at approximately 422°K (300°F) temperature. The actuation of the switch shuts
off power to all heaters and de-energizes (closes) the solenoid shutoff valve;
stopping flow of the molten a]]on_ The molten alloy is then allowed to cool
and solidify. .
The manipulator hand is then expandedssevering the four
7"sbrué§ on the outside diameter of -the sleeve, and is then maneuvered away from the

coupled joint. The low melting alloy reservoir can be sized to join more than one
remote coupling joint prior to recharging at the space depot.

The barrier seals prevent migration of the molten alloy
to undesirable areas. The black oxided surfaces of the annular cavities prevent
surface adhesion (wetting) of the molten alloy. o
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Removal of In-Line Components

‘ ' The low meiting alloy ejection system can be a fully
automatic device that is a part of a special manipulator hand similar to the
injection system described above. The basic components associated with the
manipulator hand are as follows:

° A normally closed solenoid shutoff valve that either
blocks or allows pneumatic flow from the manipulator.

® . A split band type heater system with each half attached
to each portion of the manipulator hand. The heaters are
insulated from the frame work of the hand to minimize
conduction and radiation losses. Four seals for the four
ports in the sleeve are incorporated in the inside
diameter of the split band heater system.

° A catch receptacle that consists of a porous outer housing.
The porous design would be such that gas or vapor would
penetrate its walls, but the receptacle wai]s would be
‘ impervious to molten alloy penetration. The catch
receptacle would include an internal splash can and two
temperature sensor probes.

Thé manipulator heater ejection hand indexes on the
sleeve and then is maneuvered to lightly clamp the sleeve. The heaters are
automatically activated while the solenoid shutoff valve remains de-energized
(closed). When the molten alloy discharge tube reaches a pre-determined
temperature of approximately 422°K (300°F), temperature switch No. 1 is actuated;
causing the solenoid shutoff valve to energize and open. At this point the alloy

~in the annular cavities is molten. Low pressure pneumatics on board the
manipulator then pumps the molten alloy into the catch receptacle. When the
alloy is completely pumped from the annular cavities the temperature at the
discharge tube drops due to the lower pneumatic temperatures, thus actuating
temperature switch No. 2. This action shuts off all power to the heaters and
de-energizes (closes) the solenoid shutoff valve.

‘ :The manipulator hand is then expanded and is maneuvered
away from the uncoupled joint. The sleeves are.then retracted and the component
removed. The catch receptacle can be sized to uncouple more than one remote
coupling joint prior to being purged at the space depot.

- 103 -



Strength Analysis

/’ ' A , The basic load on the low melting alloy joint is a
shear load produced by pressure area loads. Figure 40 defines the nomenclature
that is used to determine the shear diameter length.

2

_P DK
O 4 wbD
_kKPD
O Ly
or
KPD
2 =
4 0
when
K=0.8 (see Figure 40)
then '
¢ = 0.§ PD
S
"i’ and
o = 0.50

o = Safe Tension Load (reference
- ANSC drawing 1140005, Sheet 1), (Figure 39)

‘ From this technique the shear dimensions, as shown on
ANSC drawing 1140005, Sheet 3, were determined. Other dimensions are somewhat
arbitrary for standardization. However, hoop stresses for critical sections
were checked for safety at proof and burst pressures. It was not necessary to
stress the shear area of the low melting alloy for proof and burst pressure since
the ratio of the maximum load for five minutes to the safe load (sustained) is
equal to 13.3:1 (reference ANSC drawing 1140005, Sheet 1) which is greater than
the ratios of 1.5:1 and 2.5:1 normally used for proof and burst pressures
respectively.
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LOW MELTING ALLOY REMOTE COUPLING
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SAFETY FACTOR = 0.8 (ASSUMED)
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Electrical Power Analysis

An electrical power versus heatup time analysis for
the low melting alloy remote coupling is shown in Appendix Q. The analysis
includes heatup times in space and on earth for three different power inputs for
each of the four basic dash numbers shown on Figure 39. The power requirements
and power applied durations appear to be reasonable for the low melting alloy
remote coupling concept. This analysis is for the installation of a component
and the making or coupling of a joint and seal. A power keQuirements analysis
" to uncouple a joint was not included since uncoupling power would be much less
severe than during the coupling operation. |

b. Thermal Intéfference Remote Coupling Joint and Seal
‘General

o The thermal interference remote coupling and seal,
as shown on ANSC drawing 1139922, was reviewed in order to assess its most
efficient adaptability to the following ANSC design concepts:

New Line Size

New No. Original No. VNomenc]ature S cm in.
1140001 1139893 - Shutoff Valve 12.70 5.0
1140002 © 1139897 ~ Shutoff Valve 20.32 8.0
1140007 1139924 Regulator 7.62 3.0

Concept drawings 1139893 and 1139924 reflect in-line ports. Originally, concept
drawing 1139897 utilized right angle ports but has been redesigned to incorporate
in-line ports for straight through flow and low pressure drop. The thermal
interference joint was therefore redesigned so that the three valve and regulator
concepts can be installed in-line as shown in Figure 41, ANSC drawing 1140006.
The design requires both lines to be fixed or restrained from axial deflections
so that the pressure area loads cannot produce axial loads on the thermal
interference joint.

ANSC drawing 1140006 (Figure 41) consists of two sheets.

contains general notes and the assembled design and materials for the selected
sizes of couplings. Sheet 2 reflects tabulated dimensions for these coupling
sizes, |
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The concept was changed slightly from the original
concept shown on ANSC drawing 1139922. The outer rings, each containing two
sealing lands on the outer ring I.D., are integral with the valves and regulator.
One sealing land of each outer ring clamps on the 0.D. of the line port and the
other clamps on the 0.D. of the valve or regulator port. The materials for the
outer rings, line ports, and valve ports are AISI 347 CRES to provide the same
coefficient of thermal expansion over a broad temperature range. The clamping

or contact stress of the lands, when coupled is nominally 413.7 x 106 Newtons

meter
(60,000 1bf/in.2). This stress is sufficient to provide asperity conformance on..

finely finished and round mating surfaces for zero leakage (1 x 10'7 sccs He).
The I.D. of the outer ring lands are also gold plated to provide dissimilar
surfaces to avoid cold welding in a space vacuum. The outer rings were made
fntegra] to the valves and regulator so that they can be inspected and replaced
along with the component, if required, at the space depot. The manipulator
hand, which contains the outer ring heater for both coupling and uncoupling the
joint can also be inspected and/or repaired at the space depot.

Installation of In-Line Components

An in-line valve or regulator compdnent,containing the
retracted outer rings (reference Figures 28, 32, and 34),is located between the
open line ports. The component can be indexed on the center of the line by the
use of two tapered locating pins which mate witﬁ two tapered holes that are a
pért of the 1line or stage structure. As the tapéred pins engage the tapered
holes, an electrical connection is also made. Magnets can be added to the tapered
pins or holes to positively locate the component and cancel any impact reaction
forces. N '

~ The manipulator heater hand consists of a split band
type heater system with each half attached to each portion of the manipulator
hand. The manipulator heater hand would be similar to the hand shown on Sheet 4
of ANSC drawing 1140005, (Figure 39) with the following major exceptions. It would
not -contain a spring loaded reservoir, ports for flowing molten metal, and a porous
catch receptacle. It would contain electrical circuitry and switches that accomplish
the following operations through the use of on-board manipulator electrical power.

The manipulator heater hand indexes on the outer ring,
and then is maneuvered to lightly clamp the outer ring. The clamping action
would operate a switch that turns on electrical power to the heaters. The outer
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ring would then be heated to a pre-determined temperature that would generate a
radial displacement for the required contact stress plus an additional radial
clearance of 0.0635 cm (0.002 in.) for ease of extension. The manipulator hand
would then be maneuvered to extend the outer ring along the axis of the line
until the outer ring end segments contact the shoulder on the line. At this time
the manipulator hand is expanded which unclamps the outer ring and shuts off
electrical power to the heaters. The manipulator hand can then be maneuvered
away from the joint. The outer ring then cools, allowing the sealing lands to

" shrink on the outside diameters of the valve and line ports, thus producing the

desired contact stresses.

Removal of In-Line Components

The uncoupling of an in-line component is similar to
the coupling of an in-~line component described above. The manipulator heater
hand is identical to the one used for coupling and in-line joint.

The manipulator heater hand indexes on the outer ring,
and then is maneuvered to 1lightly clamp the outer ring. This clamping action
would operate a switch that turns on electrical power to the heaters. The outer
ring would then be heated to a predetermined temperature that would generate a
radial displacement, to loosen the shrink fit, plus producing an additional
radial clearance. The manipulator hand would then be maneuvered to retract the
outer ring along the axis of the line until the outer ring end segments contact
the shoulder on the valve of component.

. At this time the manipulator hand is expanded, which
unclamps the outer ring and shuts off electrical power to the heaters. The l
manipulator hand can then be maneuvered away from the uncoupled joint. The
valve or regulator component is then removed to the space depot after both joints
are uncoupled. ' , |

Stress and Dimensional Analysis

A contact stress of 413,700 Kilo Newtons/meter2
(60,000 lbf/in.z) was selected as the nominal interface stress between the small
internal lands on the outer ring and the outside diameter of the two tube ends.
Using the Case 1 and Case 8 formulas from the 1954 edition of "Formulas for

Stress and Strain" by Roark, wall thickness, radial displacements and hoop stresses

were determined. These dimensions are shown on Sheet 2 of ANSC drawing 1140006.

(Fiaure 41). The formulas are itemized as follows with_respect to Fiqure 42.

- 110 -



[zt
TN SN —

ALL MATERIALS ARE AIS! 347 CRES ANNEALED
b=0.0635cm(0.025 IN) ALL THREE DASH NO.'s

FIGURE 42
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1 Contact stress between outer ring lands and outside
diameter of line ports = 413,700 Kilo Newton's/Meter
(60,000 1bf/in.%)

a = Land width = 0.0635 cm (0.025 in.)
ART = AR] + AR2 + 0.00508 cm = AR] + AR2 + 0.002 in.
Where
0.00508 cm (0.002 in.) = Radial extension or retraction
clearance of outer ring over line ports.
AT = Temperature increase to either install or retract the outer
ring over the line ports = °K (°F)
a = Coefficient of thermal expansion of AISI 347 CRES from =
.~ 14.4 x 10° cm/em/°K (8.0 x 10% in.7in./°F)
" 0y = Hoop tension on tube wall due to internal pressure P2
]
P, = Internal pressure = 689.5 x 103 Newton's (100 ]bf/in.z)
Meter '
for -1, -2 and -3 sizes and also 5000.0 x 10> Newton s
Meter
(725 1bf/in.%) for -1 size.
2, 1/4
A = [ 3 (+ r )]

RS ¢ .
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Where
r = Poisson's ratio (assumed = 0.3 for AISI 347 CRES

And _
- __— _ .2
A =1.00 in. ~ for Rt = 0.4 in. Egqn 6

For short cylinders of AL = 2.00

]

2.00
Correction factor for AR = 1.2.

L

i

And C

U. S. customary units were used for the basic calculations and the results

were converted to SI units when applicable.

The R] of the line and valve ports was established as 50 percent of the
line outside diameter with t = 0.4/R inches.

F was computed using Equation 3 and Figure 42.

‘ _ 6 Newton's .
. F=10.342 x 10 METE?T_—'(]SOO 1bf/in.).

° !



AR], o and t] were established using Equations 1, 2 and 6 and are shown

. in Table VI.

TABLE VI

VALVE & LINE PORTS PARAMETERS

Line 0.D. R, ti AR, (-) 01‘(-)
Dash
No. i , i ) Newton's/MetefZ
cm mn. cm in. cm in. cm in. 3
1bf/in.
6
29.052 x 10
. N
A 1o 9
-1 7.62 | 3.00 3.8] 1.50 | 0.678 1 0.267 °§ o
o o
< | 2 | 4213.50
o O
80.800 x 10°
> 3
-2 12.70 | 5.00 6.35 2.50 | 0.406 | 0.160 = | g
’ . 8 [=)
= 2 11718.75
O (o]
6
206.85.00 x 10
-
-3 20.32 | 8.00 | 10.16 4.00 | 0.254 | 0.100 3 3
& 3
< < 30,000.00
o [em)
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The inside radius (I.R.) of the outer ring was then established by adding
.0635 cm (0.025 in.) to the outside radius of the line and valve ports.
Using Egn 6,

0 an 2
RZ t2 = 0-4 .‘n-
Or
0.4
t, = =——
Then
t
- 2
R2 - IoRA + 2
_ 0.2
R2 = [.R. + =
2 -
R2 - (I.R.) R-0.2 =0.

R2 for this equation is solved quadradically, and is shown in Table VII.

ARZ’ oqs and tz were established using Equations 1, 2 and 6 and are shown in Table VII.

N
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TABLE VII

OUTER RING PARAMETERS

Dash

Line 0.D.

AR

0] 5
Newtons/Meter

No.

cm

in.

cm

in.

cm

mn,

cm

in.

1bf/in.%

7.62

3.00

4.500

1.772

0.5766

0.227

0.00210

0.00083

40.37 x 10°

5854.6

12,70

5.00

6.807

2.680

0.3810

0.150

0.00723

0.00287

92.39 x 10°

13,400.0

8.00

10.485

4,128

0.2540

0.100

0.02164

0.00852

213.47 x 10°

- 30,960.0

9/ AR

T = AR] + AR2 + 0.00508 cm

AR, + AR

! 2 + 0.002 in.

AR of the outer ring is tabulated based on the above relationship and AT is
found by use of equation 4 for extension and retraction of the outer ring overAthe
1ine and valve ports with 0.0635 cm (0.025 in.) radial clearance. Valu2s are

based on a data from room temperature to 589°K (600°F), This data is shown in Table VIII.

TABLE VIII
OUTER RING PARAMETERS

Dash Line 0.D, R2 ART AT

No. cm in, cm in, cm in, °K oF
‘.‘ -1 7.62 3.00 4.500 1.772 0.0081 0.0032 492.0 | 225.7

-2 12.70 5.00 6.807 2.680 0.0173 | - 0.0068 431.7 317.1

3 10,32 8.00 | 10,485 4,128 | 0,051 0,0201 593,7 | 608,6




Hoop stress was checked for the outer ring and the line by using equation

5 and is shown in Table IX for the various pressures involved.

TABLE IX

OUTER RING HOOP STRESS

Operating Quter Ring - Line
Dash. Line 0.D. Pressure
No. Differential R2 t2 Ty R3 t3 d,
Newtons - Newtons Newtons
Meter2 cm cm Meter2 cm cm Meter2
cm in. ]bf/in.2 in, in. ]bf/in.2 in, in, ]bf/in.z
689.5 x 10° |4.500 | 0.5766 | 5.38 x 10° |3.980 | 0.338 | 8.124 x 16°
-1 7.62 | 3.00
100 1.772 | 0.227 780.6 1.567 | 0.133 | 1,178.2
' 5000.0 x 10° | 4.500 | 0.5766 | 39.02 x 10°|3.980 | 0.338 | 58.897 x 10!
21 |7.62 | 3.00
725 1.772 | 0.227 | 5659.0 1.567 | 0.133 | 8,542.0
689.5 x 10° |6.807 | 0.3810 | 12.32 x 10° | 6.452 | 0.203 | 21,892 x 1¢f
2 |12.70 | 5.00 _
100 2,680 | 0.150 | 1786.7 2.540 .| 0,080 | 3,175.0
689.5 x 105 |10.485 | 0.2540 | 28.5 x 10° |10.224| 0.127 | 55.505 x 16
-3 |20.32 | 8.00 '
100 4,128 | 0.100 | 4128.0 4,025 | 0.050 | 8,050.0
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A11 compressive stresses are within the allowable Fcy of AISI 347 CRES

annealed of 372.3 x 10° N&WO8S (54 000 1bf/in.%) The hoop stresses are well

‘ meter . 6 Newtons 2
within the allowab]e Fty of 206.8 x 100 ————== (30,000 1bf/in.").

meter2

Electrical Power Analysis

An electrical power versus heatup time analysis for the
low melting alloy remote coupling is shown in Appendix R. The analysis includes
heatup times in space and on earth for three different power inputs for each of
the three basic dash numbers shown on Figure 39. The power requirements and
the power applied durations appear to be reasonable for the therma]vintgrference
remote coupling. This analysis is for the removal of a component and the
uncoupling of a joint and seal. A power requirements analysis to couple a joint
was not included since coupling power would be less severe than during the
uncoupling operation. |
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ITI. CONCLUSIONS

In general, it can be concluded that each of the designs if feasible
dependent upon the requirements of the application. The conclusions pertaining
to each of the six designs is listed separately in this section,

A, VALVES

1. MHD Valve Concept

Based on the analysis presented, the magnetohydrodynamic
(MHD) valve concept is feasible; however, large amounts of power will be neces-
sary (2.2 MW)to operate the valve due to the Tow conductive gas.

It is possible, however, that the initiating power may be
reduced once ionization of the gas has been achieved, since it has been demon-
strated experimentally that the ionization of a gas can be maintained with a
Vo]tage considerably lower than the ionization potential,

The amount of power that can be reduced in this case must
be determined experimentally.

It should be noted that the concept is sound, though, with
better conducting fluids the power requirements would be within more reasonable
levels. For example, he]fum would be expected to have a stronger interaction
with the MHD forces since He has a lower ionization potential than H2'

In addition, this concept would be particularly attractive
for liquid metal, such as sodium application, since the tluid conauctivity in

such a case js very high.

It should be noted further, that the concept presented is
limited to small size valves 1/4" to 1". However, it can be used as a skirt
seal for a balanced poppet valve to handle large flows, by using the MHD
principle to pump out the fluid in the poppet cavity. Thus, a pressure dif-
ferential across the poppet - causes the poppet to open when the MHD portion is
energized.
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2. Electromechanically Actuated Inline Poppet Valve with
High Pressure Energized Poppet Seal

Based on the analysis presented, the seal design present
is very feasible for controlling very Tow poppet seat leakages for LH2 shutoff
valves, Although the design can be used for GH2 service, it is limited power-
wise and materialwise for the temperature rises necessary to generate poppet
to seat unit loading. The design also requires an anti-backdrivable system to
prevent the poppet from moving with the seat when the poppet is in the closed

‘position with the heater activated. Also based on Appendix 0, very high LH2

boi1 off rates occur upstream of the valve seat.

3. Electromechanically Actuated Inline Poppet Valve with
Liquid Metal Seals

ANSC concludes that the liquid metal seal concepts are
feasible for both the optically flat poppet seal and the poppet skirt seal.
However, the poppet skirt dynamic seal will be far more troublesome to develop
than the optically flat poppet seal since radial clearances, surface finishes,
concentricities, etc. are by far more difficult to obtain and control for round
mated parts than optically flat surfaces in intimate contact. Thermal distor-
tions are also a consideration. Since the surface finish is important to the
sealing effectiveness of liquid metals, reactions between the liquid metal and.
the wetted surface which Wou]d produce roughening are of concern. Roughening
could occur in the form of etching, pitting, or material buildup through
amalgamation and alloying. The Aluminum Company of America summarizes the
combatibi]ities of gallium as readily alloying with all metals:as é]evated
temperatures and forming alloys with tin, zinc, cadmium, aluminum, silver,
magnesium, copper, and others at-room temperature. Material properties of the
substrate materials can also be reduced by 1iquid metal embrittlement. In

~addition to the alteration of mechanical properties, the possibility of liquid

metals in contact between two substrate materials may result in welding or bond
formation between the solid components and may be a serious consideration.

B. THE PROGRAMED PRESSURE AND FLOW CONTROL REGULATOR

ANSC 1140007 regulator has the capability of programing RNS
tank pressure by metering: turbine discharge bleed gas from state point 36 of
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the NERVA ehgine in order to maintain minimum required engine NPSP. This
technidue results in large increases in RNS payload capability because it
minimizes propellant losses by minimizing the venting requirement of tank
pressurant,

In addition, the regulator design features complete shutoff
on command. This action isolates the pressurization system from the tank and
precludes the necessity of a separate shutoff valve in series with the
regulator. During coast periods, when the NERVA engine is not operating, it
features reverse flow shutoff, through the use of an auxiliary shutoff feature
that prevents tank leakage or pressure loss from the tank through the NERVA
engine. By incorporating a separate controller, it could be switched to this
controller and act as-a tank pressure relief or vent valve during coast periods

- by relieving excessive tank pressure through the NERVA engine. Thus the regulator

could be utilized for three to four functions greatly simplifying the overall
system and enhancing reliability. The regulator can be tested and checked out
in space for proper operation, without the use of any kihd'of coét]y-gaseous
flow by the use of a simulator controller,

C. REMOTE COUPLINGS

Of the two remote couplings studied, the Tow melting alloy
which provides a structural, as well as a sealing joint, appears the most
promising. This is especiaT1y true as the Tine size and/or pressure increases.
The joint would be a very good candidate for a large joint such as a pressure
vessel end cover or a joint where a marmom type clamp performs the structural
function and the alloy is used as a seal. -

1. Low Melting Alloy Remote Coupling

The Tow melting alloy remote coupling is a workable and
7 sccs
He) at low pressures for long life in a space vacuum and a nuc]ear environment.

proven coupling and seal approach that should yield zero leakage (1 x 10~

Although somewhat bulky in appearance, .the concept has the capability of weight
and size refinements during the final detail design phase when a more refined
analysis can be utilized. The flight or stage hardware for the coupling is

simple and reliable, leaving the more complex heater injection and heater ejection
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systems as part of specially designed manipulator hands that could be serviced
at the space depot. The remote coupling design should produce reliabilities
similar to the reliabilities of welded and brazed joints and couplings.

2. Thermal Interference Remote Coupling

The thermal interference remote coupling is a workable
approach, based on a localized shrink fit that produces contact stresses of
sufficient magnitudes to achieve zero leakage (1 x 107 SCCS He) at low pres-
sures for long life in a space vacuum and in a nuclear environment due to its
all metal construction. The general confjgurétions can be somewhat varied by
manipulating the stress and deflection formulas, contact stresses and heater
powers. The joint, as it is now shown, requires axial restraint of thetwo
line ports to counteract pressure area loads to prevent slippage of the shrink

fit sealing points.
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IV, RECOMMENDATIONS FOR PHASE IIi

Each of the designs studied is feasible depending upon the'requirementé'
of the application. Since the designs presented represent "radical" concepts
rather than “state-of-the-art" it is gehera]]y recommended that a fabrication/
test program be conducted to quantify the variable parameters and to establish
feasibility of each of the six designs. The recommendations pertaining to
each of the six . designs is listed separately in this section.

A VALVES

1. Magnetohydodynamic Valve Concept

The valve should be built and tested. The Phase III
design analysis should include a parametric computer analysis to determine and
define the optimum combination of valve dimensions, magnetic flux, current and
voltage to result in minimum power, Phase I1T should also consider the alter-
nate design approach discussed in Appendix N. Tests should be conducted with
GHZ’
and currents.

GHe, GNZ’ Hg and H20 at various levels of pressures, temperature, voltage,

The tests should also be conducted with gases that are
seeded which will increase the conductivity to usable levels and reasonable
temperatures. Examples of good seed material are cesium, potassium, sodium
and lithium, and mercury vabor.

. The tests should also be conducted by varying.the gap (g)
distance to establish optimum gap distances for a given power input. Tests
should include, but not be Timited to, the following fér-the'various gases,
pressures and temperatures noted above.

° Pressure drop

° Internal leakage

Power requirements to determine exact glow discharge
region )

Regulation capability.
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2. Electromechanically Actuated Inline Poppet Valve with
High Pressure Energized Poppet Seal '

A simple tester unit should be fabricated and evaluated.
Experimental work should include techniques for matching the poppet and seat
conical surfaces and determining surface finish requirements. Different conical
angles and conical seating areas should be tested in conjunction with annular
cavity cross sectional areas and pressures for the most effective sealing.

The circulation system that fills the annular cavity with
2 should be evaluated and modified, as required, to ensure that the annular
cavity is always full of LN2 when the poppet is seated. The effectiveness of
the total pressure pickup circulation system should be determined with various

poppet strokes.

Thermal gradients should be determined by LH2 tests so
that heater power requirements can be coordinated with the power analysis, and
to support the thermal analysis. Also based on the thermal analysis shown in
Appendix O, fhe trapped volume in the annular cavity must be thermally insulated
from the valve seat or must be located at a large distance from the seat in
order to decrease the LH2 boil off rate upstream of the valve seat.

3. Electromechanically Actuated Inline Poppet Valve with
' Liquid Metal Seals

It is recommended that further research be performed}in
1iquid metal alloy technology in the following areas:

° Lower melting temperature alloys.

° Compatibility of liquid metal alloys with various
structural materials and service fluids.

° Problems of assemb]ing and packaging liquid metal
valving elements for use on RNS missions.

° Evaporation rates of liquid metal a1]oys in a space
environment.
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It is also recommended that the liquid metal poppet skirt
seal development during Phase III be secondary to the main poppet optically
flat liquid metal seal development. The Tiquid metal skirt seal can be
eliminated by utilizing an unbalanced uhidirectiona] valve design similar to
the one described in Section II.B.1.

ANSC strongly recommends a review and extension of the
research work performed in Reference 14, Volume 1 of Appendix D.

| B. THE PROGRAMMED PRESSURE OR FLOW CONTROL REGULATOR

ANSC recommends that 1140007 regulator be pursued into final
detail design phase with hardware testing. The electromechanical actuator and
the associated electronics module could be available as hardware with minor
modifications from another NASA program. Major hardware items to be fabricated
could include primarily the mechanical portion.of the regulator. Major test
parameters would include the fo11owing items: '

1. Coefficient of discharge versus shear p]ug position using
sonic nitrogen or air flow at room temperature.

2. Regulator torque versus shear plug position using sonic
nitrogen or air flow followed by torque determination using sonic hydrogen flow
from temperatures slightly dbove the liquid phase to liquid nitrogen temperatures.
This would allow a reasonable correlation between the shear plug coefficient of
friction with hydrogen to that of air or nitrogen.

3. Helium Tedkage tests over the temperature range and at
various pressures. This could be accomplished during a 1ife cycle test with
periodic leakage tests. '

4, The determination of regulator position accuracy and response
with various controller input command signals.

c. REMOTE COUPLINGS

1. Low Melting Alloy Remote Coupling

The low melting a]]dy remote coupling design lends itself

to a simple hardware tester similar to the design shown in Figure 42. Tt couldu. .
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be deve]dped and tested as a joint independent of regulator or shutoff valve
development.

Little information is available on the material properties
of the 55.5% Bismuth/44.5% lead low melting alloy at temperatures other than
room temperature. ANSC recommends the initiation of a test program .to deter-
mine shear, creep and thermal expansibn properties in the temperature range of
20.6°K (-423°F)-to 366.7°K (200°F). This effort could be followed by designing
and developing a refined tester design similar to that shown in Figure 42.

2. Thermal Interference Remote Coupling

A The thermal interference coupling design lends itself
to a simple hardware tester similar to the design shown in Figure 43, It
could be tested as a joint independent of regulator or valve development,

_ Contact stresses could be varied in order to determine
threshold stresses for various leak rates per unit of sealing circumference
for various fluids. Surface finishes can also be varied in order to determine
their affect on leak rates.
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Appendix A

6" ' VALVE DESIGH GOALS

OPERATIONAL REQUIREMENTS

Nominal Line Size (meters) | ' .0064 to .508
(inches) o 1/4 to 20
Valve Type ’ - TBD
Pressurss | | |
Mewlon! ' b
Faximum system working, (—- “Q¢§~abso]ute) 6.895 x 10
meter”™
(psia) 100
ewlon'c -5
Minimum system working, (&Sﬁigﬂri absolute) 6.895 x 167
“meter ' o '
(psia) 1 x 1078
o \Pey 1 .
L Maximum differential, (Eﬁ!zgnﬁi-ab30?ute) 6.895 x 705
., - meter
' (psid) . 100
proof, (MONS obsorute) 10.343 x 10°
. meter : : : 4
(psia) . 150
Burst, (P25 absotute) | 13,79 x 10°
meter . ' :
A(psia} § 200
Flow resistance coefficient (K)(7) 18D
Temperature Range, (°K) 366.48 to 20.37
(°F) _ +200° to -423°
i - o 7 (2)
Internal Leakage, SCCS He <1 x10 2)
_ 2
External Leakage, SCCS He 1 x 10‘7( )
B ‘ : ' _o(4
Internal Leakage, SCCS He ' 1 x 10 3



OPERATIONAL LEQUIREIFNTS (cont'd)

~——

Total

Total

Tota]

“Haedia
. , U . o e (3
Purge Pressurization & Checkeut Hedia
s : . (3)
Maximus Flow Racc( ‘ (LHZ)
ey e . Kilourams
Fluid fensity, Kilogramsy ()
e 2
meters
_ 3
(][)/IC )
Maximuin Flow Rate (GHZ)(7)
torage Life, years
. . 4
Operating Life, cyc]es( )
.. Grand Total
(1) Ambient temperature and pressure
a. Acceptance
b.  Pre-installation checkout
¢. Pre-launch checkout
(2) Cryogenic S
a. Acceptance )
b. Pre-installation
(3) Space Operation
a. During engien operation
b. Checkout.at space station
<2 -

Appendix A

W GHom GH Ho
LHom GHom GHL, & QJL

He,& GNZ

Fauivalent to 1€.23 mater
‘sec
Equivalent to 60 ft/scc

70.00
4.37
TBD
10
sizes o sizes

1" thru 20" 174" thru 3/4

242 7 006 ¢
38 ~ 160
12 50
50 ' 200
100 - 410
19 70
6_ " 25
25 95
72 300
45 195
17 495
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Appendix A

OPERATIONAL REQUIREKENTS (cont'd)

. (5) 6(6) -

Huclear Environment 3 x 10 Gamma KERMA

Rate: Rads (carbon)/hr.
3-X 10H Fast Heutron Flux:

n/cmz-sec (En > 0.9 MeV)

Opening Time, secs ' : 8D

Closing Time, secs TED

Mode of Actuation . | ‘ © TBD

(/>Flow Pesistance Coafficient, "K", is defined by the equation:

24 pAz P
L
Vi
. . . ) " 1bm 1in. m
where: P Dimensional conversion factgr = 386.4 TB?‘;E:Q or gé-
. R
p = Mass density of fluid at inlet flow conditions 1bm/in.3 or lﬁLjr-—?
(m/S7)/m
- SO . .2 2
A = Reference area, in.” or m
AP = Pressure oss through the valve, ]bf/in.2 or K%
: m
w = Fluid weight flow rate through the valve, 1bin/sec or‘gg
FUNCTIONAL REQUIREMENTS
1. Valves shall not be overly sensitive to vibration or acceleration in__
any axis. '
Launch-regulator not functioning - no structural failure
(8)y nxis Y Axis - Z Axis  Time
- Sinusoidal vibration +3.0 g +4.5 g 4.5 g 5 min.
_ 310 35 Hz 0.1 to 15 Hz 0.1 to 15 Hz
Acceleration _ . 5.2¢ 0 0 (9)5 min.
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Appendix A

OPERATIONAL REQUIREFLNTS (cont'd)

Space operation - regulator functioning

(8) S de LR S N 7 Ay e . .
A NS Y fxis L X135 Time
Rendom vibration 1BD TGBD 18D 60 min.
heceleration 1.9 . 0.2 g 0.5g¢ 60 win.
2. Investigate replacement of thaz valve by remnte, in space, handling eauipment.
3. Invzstigate roplacement of the valve clement or actuator by vemote, in

4. Provide vaive position indication.

(1)
(2)
(3)
(4)
(5)

(6)
(7)

(8)
(9)

day discharge to space vacuum or be exposed internally to space vacuum.

Per inch of sealing diameter.

Interpretation or assumption by ANSC.

Based upon 1 cycle per burn.

At engine to stage interface per ANSC Memo N4240:6397M, E. A. Varman to

A. D. Cornell, dated 22 January 1971, Subj: "Perturbed NERVA Engine Flux and
Isokerma Rete Maps". See LMSC-A284555, Final Report, Volume VIII. Dose rates
are also specified. . C

Ten hours run time for total dosage.

Gas Tlow rates will be determined based on temperatures, pressure ratios, density
and linc sizes. Values to be established after R.N.S. requivements have been
determined. )

Longitudinal axis of R.N.S.

Increases from 1.0 g to 5.2 g in five minutes.
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GASLOUS PRESSURE REGULATOR DESIGN GOALS(])

CPTRATIGUAL RCQUIREMZNTS

- e o et oype )
Foproxizate Lins Sizes {(met2rs)

(4)

(inches)

(1)

Ragulator Typc

(2)

Regulator Ferfermance

Mo q .
(;f&;gﬁlL absolute)

meter

Maxinum System Inlet Pressure

(psia)(3)

Meowitons
(DD,

Mininum System Inlet Fressure absolute}

meier

(psiz)(3)

Py
Intet Proof Pressure (S32202 atsolute)

meter

(psia)(]z)

(. .‘. ’
Inlet Burst Pressure (Egigeiiuabsolute)
meter

(psia)(]z)

Qutlet Procf Pressure (EEEEQ%E-absolute)

meter™ .

. (psia) {13

Newtons
fcwions

Outlet Burst Pressure ( absolute)

meter

y(13)

(psia

Minimum non-operational Pressure (ﬂgygggg absolute)

meter

(psia)

Flow Rate (Kilogrem

second

(lbm/sec)(3)(4),‘ﬂinimum

| (5)
Lockup Leakage, SCCS He
External Leakasa2, SCCS He(ﬁ)

Appendix B

Tank Pressurant Reculator

Multiple Tank

Sinale Tank

6.023 x 1677

2.375

See
Ficure )

4.985 x 10°

723

2.199 x 10°

319
7.481 x 10°
1685
12.466 x 10°
1808
3.103 x 10°
a5

5.17} x 10°

75

0.4536
1.00

18D
1 x1077

-5.171 x 10

5.525 x 107°

w

750

Pressure Reducing

See
Figure 2

4.985 x 10°
723

2.199 x 10°%

39
7.431.x 10
.1085
12.466 x.106
1808
3.103 x 10°
a5
5
75
6.895 x 107°
1x108

1.8144
4.00

T80



°

fubient Pressure Range {°K)

(pf.ia)

Anbient Tcmpcfature Panga {°K)
(°F) .
(1)

Inlet and Gutlet Modia and Temperatures
GH, for service (°K)
(°F)

Cly for purge media (%)

(°F)

He for purge media (°K)

(°F)

Storage Life (seconds)

{yeers)

Operationatl Life (seconds)

(years)

(7)

Operating Life, cycles

k,

Hodulating - grand total

Lockqp - grand total

1. Ambient temperature and pre;sure
Ca. Acceptance
Modulating )
Lockup .
b. Pre-installation checkout
todulating
Lockup
c. Pre~Taunch checkout
. Modulating

Lockup N

20.37 1o
-423 to

20.37 te

-423 to

£3.70 to 3

-300- to

20.37 .to

-423 to

3.1536
1

9.4608

253
h

1,00
1

50

20

366.48
+200

356.48

+200

356.48
+260

X 108
0

x 107
3

,000
10

0
0

0

0

Appendix B

IS e

1.014 x 10° to 5.£95 x 1077
-0
16,7 x1 » 1077

R Y

33.15 to 206.48

=400 to +2Q0

88.70 i 30&.48

-300 tc +200

2037 to 366.48
-423 to +200

€53,000
110

1,000
10

500

200



Cryogenic

a. Acceplance
Modulating
b. Pre-installation chieckout

Fodulating
Locrup

Sbace Operation

a. Ducing engine operation
Moculating
Leckup

b. Checkout at space station
Modulating

Lockup

Nuclear Envircnment(B)

300

250,000
80

500

(341

3x10

3 x10

£(9)
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300

- 250,000
£0

500

GAMMA KERMA

Rate: RADS (carbon}/
kour.

Fast Neutron Flux
n/cm?-sec (En > 0.9 Bev)

FUNCTICHAL REQUIREMINTS
1. Valves shall not be overly sensitive to vibration or acce]eratidn in any axis.
Launch-requlator not functioning - no structural failure
. (00 pxis Y Axis Z Axis Time
Sinusoidal vibration +3.0g +4.5 ¢ 4.5 ¢ 300 seconds
- : - (5 min.)
3 to 35 Hz 0.1 to 15 Hz 0.1 to 15 Hz
Acceleration 5.2 g 0 0 . 300 seconds
' (11)(5 min)
Space operation - regulator functioning ; V
Random vibration T80 T8D . TBD 3600 seconds
' (60 min.)
Acceleration 1.0¢ 0.8 ¢ 0.5¢
2. Investigate replacement of the regulator by reﬁmte, in space, handling equipment.
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3. Investigate replacesent of regulator working remste, in space, handling equipeant.

(1)

@)

(3)

(4)

(s)

(6)

Gesaous pressure reducing reguletors arve the mozt coimmon tyne end are wsed exiensively con all spzce
beaster and space venicle stages.,  Typical epplications are for propellant toink pressurizoticns end

pressure regulation for reaction contrel systums,

Tynical pressure recgulslur perfoimance analogues are shown in Figures 1 and 2. These analogues describe
Y p S g 5
the major performance censiderations for a stable pressure reducing regulator, )

The maximum inlet pressure at the regulator was based on 100 pzia* and was a requirement of HASA MSFC
contract HAS 8-275€¢3. Mest pressure regulators operate w%th inlet pressures greater than 100 psia*.

In the case of the EXS, the ANSC KERYA supplies propellant tank pressurant GH, to a fegu]ator with
steady-state inlet pressures at the engine varying from 319 psia* to 723 psia. and with temperstures
varying from 233’R* to 315°R*. (Reference: ANSC N4110:0057, 26 February 1971, “"State Points for the
1137400/Revision E Reference Engine”). Both the rmultiple and single tank pressurization regulators

are based on these values. A temperature rise of ]00°R* and a pfassure drop of 100 psi* was ccnsidered
since the regulater was assymed to be located remotely from the source gas. Pressures and temjeratures

for a typical RCS regulator are yet to be determined.

Flow rate is based on down stream flow demand of the system being pressurized. The full open reguiator
elements were sized to give a geometric flow area approximetely 50 percent of the geomstric flow area
of the iniel line with 2 coefficient of discharce of 0.5. Flow rates approximate the requirements for
an optimized multiple tank stage and for an optimized single tank siace for the tank pressurant
regulators. (Reference LMSC - A984555, Voluma VII, dated 1 May 1971, Secticn 3). Regulated pressures
also approximate the above reference. Flow rates and rcgulatéd pressures for a typical RCS regulator
ara to be determined.

Lockup leakage will be deiermined by the lockup pressure requirement (TBC). Usﬁal]y, regulators are
accompanied by shutoff valves located upstream of the regulator inlet port.

Per inch of sealing diameter or per’2.54 x 10-2 meters of sealing diameter.

* 100 psia = 6.895 x 105 Newton's/x‘-letef2 absolute
319 psia = 2.199 x 10° * " .
723 psia = 4.985 x 10° . .

Y00 psi = 6.895 x 105 chton's/Heter2
238°R = 132.222 Degree Kelvin

315°R = 175.000 * .

100°R = 55.556 o "



(7}

(8)

(9)

“(10)

()

(13)
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Life eycles of stete-of-the-art requlaters today are said Lo be 250,000 cyclé: with a two-yecar 1ife.
FBodulating cycles are c2fined as the nuiber of pulses of the main regulator metering clement in either
dircction (without sesting) due to verying downstiream flow demard or chenoing inlet pressures and tenper-
atures. Lockup cycles are the number of scating cycles of he wain regulator nelering element due to

the lack of downsircem flow demand.  The £0 lockup cyeles for space operation are based on 10 space
stetion/iaon/space siotion wmissions Tor RS with a maxisun of 8 burns per missicn.  The 250,000 riodulating

cycles are a RO estinaie bosed on 16 hours of engine operation with 80 burns.

-

WISC tawo 114230:6397H

At enzine stage interiace per ,
1971, Seui: "Periurbed end lschorra Rale Daps". Aiso, sce LMSC Report A92455, Final Keport, Yolume VITI,

E. A. Harman to A. D. Cornell, dated 22 January
0

for dose retes st stage tank bottom.
Ten hours run time for total dosage.
Longitudinal axis of RIS.

Increases from 1.0 ¢ to 5.2 g in 300 seconds (5 minutes).

Proof and burst pressures are respectively the product of 1.5 and 2.5 times the maximum system inlet
pressure. ' '
Proot and burst pressures are based on a maximum tank working pressure of 2.685 v 105 ﬂ@wt0$'S/H€iETZ
absolute {30 psia) and are respectively the preduct of 1.5 and 2.5 times this prescure.
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— Lochup prossure {T0D) ' \

PU,"\( O‘ (”l n_;lf\.(l1 f'f)“ Ll l)uni

[ C"J N.;”JL)

naersteol Loy

Overshoot (T8D)
’“o\JHlna an
.
— lﬁlc;<nc: o Py
de oahand
y Iyps(oT regu?ation'
4 chavecteristic

U P, ...\* — - —
; JA N A\ e L

- -Load droop ——

step time ('rBD)_"“

e eeepte SEELTING Time (TBD)

Je
X

A

/4

Tine

P, = inlet or upstream pressure (15,10 x 10° to 49.85 x']o5 Heviton/ileter™
absolute) (212 to 723 psia). _ oo

P

.2~ . ‘s .

. 0.5 or less to remain within deadband and is dependent on
the sonic pressure ratio of the gaseous media, upstream

.-system gecmetry, downstream system ge metry, tjpc of syslﬁm
and many other variables. a

T 5 Neur ' ’ o
Hominal P2 = 1,62 X 10{ Resiton S absolute (23.5 psia).

Meter
Tb]erénce on P2 Deadbend = + 1.034 x 10 4 ”L-EQS—E-(+ 1. 5 ps1a)
' ‘ . o Meter | —
.FIGURE B I
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Lockup pressure (TGD) o \
— Point of dewnstream flow demend ~ Lockup pressure (THD)
(step inpus ) . \\
-t \‘ A VA

™= U\F'Phohb \luD) . '
- llominal P? :
I 1= Tolcraiice on Py B .
. o deadhand ’ . \\%L//,//,,,
. f\’wccﬂ reyulation - . ’ .

haracteristic

—— o

IBAWAL
WA

P —.}"..,. L L \\V‘(’:‘»._,..____l___ﬁ_.__,.g.. ORI
/’ —

Uownstr>am'f?04
demand cease

step time (TBD) -

' cee s [.. :.-’(:.. ~ ﬁ-s or Yoss I‘*‘.’r-t\.')
sy - SGLIHHQ time (Tob) P]==“‘v”‘ o
Time
P] = inlet or upstream pressure (15. ]O X 10 to 49.85 x 105 33339%45
absolute) (219 to 723 ps1u) — Meter
P .
.2

~ 0.5 or less to remain within deadband and is depencent on
the sonic pressure ratio of the gaseous media, upstream

-~
S

.. system geometry, downstream system geometry, type of system

and many other variables.

Nominal P, = 1.724 x 10° Newbon's oo e (25.0 psia).

Meter2

Tolerance on Pzineadband =+ 1. 0“4 % 10% ﬂgﬂ}gg,§_(+ 1.5 p51)
Meter

FIGURE 2
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GOALS FOR REMOTE COUPLING AND UNCOUPLING
FOR SPACE MAINTAINABILITY
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GOALS FOR REMOTE COUPLING AND UNCOUPLING
FOR SPACE MAINTAINABILITY

Ports in parallel planes for valves and regulators having two or more

‘ports so that the components can be moved directly away from, or towards, the

decoup]ed interface.

Proper location of the valves and regulators so that they may be removed
directly away from, or towards, the interface without requiring zig-zag
motion to avoid collision with adjacent structure,

Uncoup]ing or coupling components in preésurized systems with minimum loss
of fluid through the use of secondary sealing devices.

Uncoupling or coupling fluid components with electrical connections in a
single operation in 1ieu of separate operations for fluid connections and

electrical connections.

Use of Tine mounted manifolds so that plug-in components can be uncoupled"
or coupled from the manifold without disconnecting lines.

Where two or more components are adJacently located, conSIderat1on should be

given to mounting these units in a common Tine mounted manifold For more ~
efficient component removal. Examples of" this item would ‘be a quad pack

- system or a shutoff valve and regulator system. This would a]]ow the use

of common point for indexing the remote man1pu1ator

Indexing devices for fool proofing so that components cannot be installed
in wrong orientations. This item could be expanded to include slightly
d1fferent mounting patterns so that regulators and valves of the same size
cannot be installed in wrong 1ocat1ons ' '
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BRIEF SYHOPSIS OF F WOR REFERENCES

The following Visting covers the primary veterences reaa Juring the

literature review rortion of Fhnase I, Contract RAS 6-27500.  Rdditiona) references

will be necded and wsed during the design pnases of the program. The complate

“Yisting will be published in the final report.

NASA Marshall Space Flight Center Cobtract No. HAS 827568 - titled

toff

“Design of Long Life Space Maintainable Huclear Stage Regulators and Shu
Valves". Basic contract with design goals.

Reference 2

lA“'”SpuCE Fluid F@uwnaeﬂt Designers Panduoo'”, Volume 1 and Volume 2,
Revision D, dated Ffebruary 1970 (RPL-TDR-64-25). '

This hancdbook describes many types of regu]ators and shuteff valves as
well &s other types of components and offers mathcmatical approaches for the design
of geresnace components down to subcomponent level. Major coverage is given in
secticns dz s]gng ed Heat Transfer, Fluid Mechanics, Fluid Systems, Fluid Components,
Modules, Dynamic Analysis of Fluid Components, Computers, Specifications,
Contairination and Cleaning, Reiiabi]ity, Materials, Ervironments, Stress Analysis,

Component Testing, and Fluidics. An extensive reference bibliography is also given.

~

Reference 3 ' .

Anon and not released, “Dgsign Criteria Monograph, Liquid Propellant
Regulators, Relief Valves, Check Valves, Burst Discs and Explosive Valves",
NASA Lewis Research Center, Cleveland, Ohio.

The woncgraph treats the design of.direct operated, dome loaded and pilot
operated gascous pressure regulators as well as the design of other types of fluid
components. It also includes precautions and techniques gained by experience
for the design and testing .cT. these- componLnts Section 4.0 cites a numder of
references applicable to the monograph
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Reference 4

. R. L. Kenyon, “Design, Develepment and Testing of Advanced Helium Pressure
Regulater, Part Mo. 551302", Volusz 1 and Volume 2, AFBMD-TR-00-74, July 1960,
under contract AF 04(647)-160 to Rocketdyne, Canoga Park, Colifornia.

This repert dea]s with the design, deve ]nw1LnL and guzlification testing
¢f a pifot operated heliwn missile propeliant tank pressurizalion reqguiater. The
_regulator consists of bieed regulator, a controlier and 2 main metering eloment
with its attendant actuator. Major porting consisted of a supply pressure pori,

]

and outlet port, a tank pressurs sensing port and an overboard cexhaust port. The
report inciudes a vigorous analysis )nk‘ndxng digital computer techinigues leading
to the successful development and testing of regulator hardware. Major parameters

for the regulator are as follows:

In]et.port size (inches) ‘ 5/8
Outlet port size (inches) . 2.0

Tank pressurte sensin§ port (inches) 1/4
Fluid temﬁera{ure rangs (°F) . -320 to +550
Ambient temberature range (°F) | ' -320 to +212
Inlet pressure vange (psig) 230 to SCOO
Outlet pressure (psig) (adjustab]e) : 33 to 35
Flow rate (1bm/sec) at 530°F and 230 psig 0.11

CA of main metering element (in.z) : 0.054

The regulator design features excellent regulation tolerance, temperature
compensation and vibration, and acceleration compensation.

Reference 5

.LMSC, Nuclesr Shuttle Systems Definition Study, Pﬁa§e.III, LMSC A 984 555,
Volume VII, dated May 1, 1971, "RNS Tank Pressurization Analysis"

Th1s report optimizes propellant tank pressures for four tank conf1gurat10ns
used in the opt1n1Lat10n are as follows:

NAR Single Tank
LMSC Single Tank
LMSC Multiple Tank

. - 2 .
MDC Hybrid Tank.
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Optimizedvtank.pressures vary from 22.55 to 26.50 psia and flow rates vary Trom
0.81 to 3.92 1bm/sec of GHzadepending en tank configuration, mission, engine

startup time and engine burn number.

Petereaca 6

RHSC Technical Propozed Kl 71607, Folder 1, March 1971, "Design of Long

Lifo, Snace Maintainabie RHucleany Stage Reguletors and Shutcf? Valves

this proposzl describeé the ANSC approcch and program for the design of
long Vife, space maintainable nuclear stage regulators and shuteff valves. Now
undor TSA Contract RAS 8-275568. The contrect specifies that the purpose of
the prograim is to develop zero leakage, long life components with characteristics
that render them suitable for being space maintainable and emphasizes that
critical areas to be stressed ere radical departures from current state-of-the-
art in the fierd of remote coupling and uncoupling, as well as remote change
out of components and componznt parts.

Reference 7

Robertshaz Fulton, "Analysis, Design and Development of Hign Flow He i un

.9 -

Prozsure Nogulator”, Volume { and Volume 2, AFBND-TR-60-72 (I) and AFBMD-TR-60-

'72 (11), June 14960, Contract HO. AF 04(647)-161, under contract o Robershaw

Fulton Coutrols Company, Anaheim, Ca]ifcrn1a.

This report describes the analysis, design and development of a pilot
cperatad hoiium regulator. Computer analysis techniques as well as comprehensive
thermcdynamic analysis of gaeous flow through orifices. The regu]étbr elements
consisted of a main metering element and its attendant actuator, a pilot valve,

a controller element ard a flow limiter. '

Reference 8

J. C. DuBuisscn, "Long Life Reliability Problems and Solutions for Valves
under Spatial Ervironment”, AIAA Paper No. V II N.1, June 17-20, 1969.

This paper deals with the reliability pfob]ems associated with valves and
regulators employed in long duration space missiéns of up to ten years in a
hard vacuun. An extensive literaturc survey was performed followed by a survey
of twenty uscrs and producers of valves -and vregulators. The paper points out
reliability problems such as cyclic life, contamination éhd fluid compatibility

- 3-
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for these components. Conclusions and recomsmendations arc given. It cuphasizes
that extreme care should be exercised in selecting rogyulator suppliers since only

a few suppliers are designing and developing regulators for long term spatial

vse. MNen-piloted regulators are desired over piloted types for reliability reasens.
The paper states that Futuvecraft Corporation is supplying hardware to TR for

& S-year life and 206,000 cycle test of a solanoid valve and a pressure regulator.
Rizo, Reyal Industiries is developing .a long life pressuve regulator for Rorth

CFmerican Roclwell under open contract.

Reference 9

NASA, "Advanced Valve Technoiogy", NASA SP-5019, February 1907.

Many subjects are discussed in this repor{ which consists of 14 chapters.
Fany types of valving elements, control elemerts, seals and sealing devices are
discussed as well as the problems of contamination, the hard vacuum problems of
material sublimation, cold welding, and propellant and temperature compatibility
- of materials. Of special interest are the discussions on wet seals, iabyrinth
seal, the all-metal valve, the indium seated valve and the thermoelectiric freeze

valve described in Chapter 13.

Reference 10

TRY Space Technology Laboratories, "Valve Study", Volume 1, Report o.

8551-6032-5SU000, 19 July 1964, under NASA Contract No. NAS 7-107, Washington, D. C.

‘The objective of this program was to advance the state-of-the-art of valves
used in liquid propulsion space craft engines. The various sections are identified
as valve analysis chart, advanced valve study, luquid propellant study, space
maintenance study, meteroidal impact, valve qualification testing -and new concepts.
0f special interest is the liquid metal seal study for helium leak rates of ]0'8

scc/sec.

Reference 11

Anon and not released, "Liquid Rocket Valve Assemblies Design Criteria
Monograph", NASA Lewis Research Center, Cleveland, Ohio.

The monograph treats existing state-of-the-art for many types of valves
and gives reconmended bractices from the sfandpoint of experience for the design
and testihg of these valves. Section 4.0 cites a number of references applicable
to this monograph. |

- 4.
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Raforence 12

Ancn and not releasced, "Liqufd Rocket Valve Component Design Criteria
Monograph™, NASA Lewis Research Center, Clevelend, Ohio. )

The monograph treats existing state-of-the-art for many types of valving
components and gives reconmended practices from the standpoint ef experience
for the design of thase components. Secction 4.0 cites a nuinber of references

applicable to this monograph.

Reference 13

. TEY Snace Technology Laboratories, "Advanced Spacecraft Valve Technology”,
Final Report Ho. 12431-6031-R000, July 1970 under NASA Centraect NAS 7-717,
Jet Preopuision Laboratory, Pasuaﬁna, California.

Both mechanical and non-mechanical controls are trezted in this report.
Mechanical contrcls treat seal and valve development studies, 1nc1Ld1ng testing
of an energized seal with helium leak rates as Tew as 3.0 x 10 -2 scec/sec, With
seat stresses of 12,000 psi. HNon- m“chan1Cd1 controls are intended for liquid {Tlow
contrel. Also included are metal-to-metal interference sezls and thin film seal

sturiiac,

Reference 14

TR Space Technology laborato ies, "“Advanced Space Craft Technoloay
Compilation" ', Volume 1 (Mechanical Controls) and Volumz II (Hon-He chanical
Controls), Report No. 12411-6012-R000, July 1970, under NASA Contract NAS 7-717,
Jdet Propulsion Laboratories, Pasadena, Ca]ifqrnia.

~

Volume 1 (Mechenical Controls) contains a great deal of data on environ-
mental, functional and operationai considerations for aerospace controls. Materials,
including liquid hydrogéh are discussed. A lengthy review of valves is also
presented and includes valve state-of-the-art, valve design considerations,
cdncéptua] valve designs, zero G vent valve study and in tank design study.
Conceptual valve designs include the semi-toroidal diaphragm valve, radial shutoff
valve, valves with thermally generated seat stress, thermally actuated valves,
piezo clectrically actuated valves, electro fluid interaction valves, electro-
seal valve, electromagnetic capillary valves, capillary relief and check valves,
radioisotope heated valves, fusion valves and diffusion valves. Sealing technology
discussed teflon seal inprovements, wet metal seal study, metal-to-metal seals,

- 5.
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thin film studies, and energized seal development. Volume 2 (Non-techanical
Controls) contains a large amount of data on fiuid devices and fludic systems.
Both gaseous pressure regulator and liquid Tlew control devices are treated. It
was concluded that the hybrid (mechanical first stage) fiuidic gasecus pressure -
regulator was the best candidate Tor wide ranges of supply pressuves. Other
fluidic concepts and dewmonstrations weve concerned with vented jet evaiuation,
electrical interfaces, plezo clectyvic .&-7 transducey, [-F digital cutput selector,

fluidic power suppiies end cavitating venturi sump.

Referenne 15

TRY Sysatama, "Advanced Velve Technology”, Volumz I (Mechanical Controls)

o]

and Volume IT {Non-techanical Contrels), Final Report No. 06641-6023-R000, January
1969, under NASA Contract NAS 7-436, Mashington, D. C.

Volume I (lMechanical Controls) contains valve component rating analysis
charts, valve application studies, valve conceptual studies, valve actuator studies,
instrumentation and measurement, and technology-support. Valve concepts considered
were the thermally stressed sealed valve, the ;herma]]y stressed shutoff valve,
the 2-way thermally actuated micro valve, the 3»way thermally actuated micro valve,
the snap acliniy thermaily aciuaied vaive, and the piezo electric actuated vaive.
Actuators discussed were the thermal expansion actuator, the thermal stdte change.
actuator, electro dynamic actuators, piezo electric actuateirs and the use of super
conductivity. Seal technology support was in the area of thin film coated valve
seats and ultra sonic effects on valve leakage. A design analysis of a piezo
electric actuator is included. Volume II (Mon-MHechanical Controls) contains a
fluidic component analysis chart,‘f]gjdiq application studies for a pressure
. regulator, hybrid pressure réQu]ator designs, subsystem trade-off studies and
electrical interfaces for fludics. Fluidic power supplies are also discussed.

Reference 16

ANSC, "Pressurization Gas Requirements, NERVA Program", Report No. S054-
201, November 1970, under NAS Contract SNP-1. S

This report recommends the autogenous tank pressurization for the single
tank RNS for the lunar missions. The report conciudes that large increases in
payload can be realized if the mission is started with _the propellant load at 15
psia saturation pressure, and the tank pressure is programed to levels that §atisfy
minimum engine NPSP. ' ' '



@

Appendix D

Reference 17 . -

MSC, "State Points for the 1137400/Revision [ Reference Engine®, Momo.
N4110:0067, 26 February 1971.

This memovandum gives state point pressurcs, tesperatures, and flow rates
for the engine components and component junctions for the Revision E ciagine. The
state point data are tabulated for extrema conditicns for start liTe \.O\m

S
thrust), end of 11?0,(]00% thrust), start of life - 1 TPA (80% Lhrust), end of life -
1 TPA (80% thrust), start of life (60%Z thrust), end of life (€0% thrust), start of
life - 1 TPA (60% thrust), end of 1ife - 1 TPA (60% thrust) and emergency operating
poini. '

Reference 13

ANSC, "Design for Remote Handling", Report No. 2307, August 1962, under
NASA Contract Mo. SHP-1.

This manual discusses preblems with remcte handling and suggests design
details for components, assemblies, and systems of NERVA engines which will greatly
aid remote maintenance. ‘

Reference 19

AercoQuip Corp/Marman Division, "Conoseal Tube J01nts, Pipe Jdoints and
Fittings", Catn1ogue No. 819 and asscciated bulletins.

‘This supplier bulletin describes several remcte coupling designs and seals
for remote joints. These remote couplings are used in the nuclear field and have
been used extensively on the NERVA program. They are utilized in high vacuum work,
cryogenic app]ications and liquid metal work.

Reference 20

. Gray Tool Company, "Remotely Oberated Connections, Disconnect Couplings”,
Graylock Bulletin No. 66-2. )

This supplier bulletin describes some mechanical remote coupling designs
that are in present industrial and nuclear reactor use.
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Referonce 21

MDC, "Nuclear Shuttle System Definition Study", Phase III, Final Report,
Voluse I1, Concept and Feasibility Analysis, Part 8, Class 3 RiS, Book 2, Systems. .
Definition, Report Mo. MDC G-21234, May 1971, under NASA Contract NAS 8-24714.

This report includes proposed methods of remote coupling and uncoupling
and sealing various fluia 9ubsy<tens and flange joints for a multiple tank RHNS.
The report also includes valve sizes and types for various fluid systems and sub-
‘systems.

Reference 22

MSC, "Valves Suitable for Long Term Operetion in Space", AHSC Document No.
702417. '

This documant reflects actual helium leak rates of a p@ppet seal as low as
5.08 x 167" sce/scc atter 1000 cycles with 45 psig applied. The flexible metal
porpet seal was febricated from phosphnor brenze viith @ 2.5 inch diameter. The
document aiso gives the tezet results of interference fit pyro technique shutoff
valve in 1/2-inch and 3/4-inch Tline sizes. The initial leak rates, with 400 psig-
of helium applied, were as low as 1 X ]O"]O scc/sec and 5 x 10“8 scc/sec for the
1/2-inch line size valve and 3/4-inch line size respectively. -

Reference 23

~ KASA, "Seals and Sealing Techniques", RASA SP 5905(02), 1970.

This compilation briefly describes many sealinginnovations including
translating and votary dynamic seals as well as static seals down to hard cryo-
genic temperatures. Of speciai‘interest are heated eutectic metal vacuum seals for
rotating shaft and static app11cat1ons and a laminated metal polyimide cryogenic
poppet seal.

Reference 24

NASA, "Valve Technology", NASA SP 5927(01), 1970.

This compilation treats relief valves, cryogenic applications, valves for
extreme conditions, safety valves, special applications and leak proof designs. A
double secated shutoff valve, a thermally actuated shuteff valve and a self-cleaning
metal-to-metal seated poppet valve are of special interest.
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6 Reference 25

. NASA, "A Technique for Joining and Sealing Dissimilar Materials", NASA
SP 5016, 1965. '

This document describes a technique for joining and sealing an end cap
‘head to a pipe forming a sealed end of a cryogenic pressure vessel. A special
eutectic alloy was used that eXpands on cooling. The design has been used to seal
-and withstand structural Toads with fluid temperatures from 70°F to -452°F and
pressures up to 2000 psig. The design features ease of assembly and disassembly,
. reusability of components, sealing effectiveness, minimum induced stresses,
capability of joining dissimilar metals and reliability. It is also a candidate
for remote coupling and uncoupling of a component. |

Reference 26

AEC Research and Development Reports "Survey of Candidate Static Sealing
Mechanisms for Fast Flux Test Facility Closed Loop and Driver Fuel Duct Applications",
BNWL-689, dated March, 1968 and "Sealing Mechanisms for FFTF Closed Loop and Open
;‘i’ Test Position Closures", BNWL-1069 (UC80), dated October 1969 by Pacific Northwest
Laboratory, Richland, Washington. )

These reports survey the f1e1d of remote coup]1ngs and joints for nuclear _
test and power reactors. Many types of joints and seals are reviewed for long’ 11fe,
sealing and remote coupling and uncoupling.
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DATA EXTRACTED FROM ThE
NUCLEAR SHUTTLE SYSTER DEFLUITION STUDY G-2134
PHAGE TT1 FIHALT REPGRY

Volure JI System Definition by Fclonnell

1. PPOPULSIO” MODULE HARDWARE TREE

Desoription

Douylaes Astreonautics Company

Desian
Conaitions/

Reguirarenis

— et U

Hain Propulsion

Propellant Feed System

° 8 in. dia throtile valvas

2 reqd, motor-drive

(120 Vac 400 Hz), planetary
gear trensmission, full flcw
anzlog visor type, metallic
main gate seal opening
linear seal withdrawal 90°
rotational.

Orbit Refucling

° 4 in. dia spray bypass valve -

4 required, planctary gear

transmission, full flow visor

type, metallic main gate seal,

open motion - linear seal,

withdrawal, 90° rotational,

mechanical spring loaded,
_overrvide - normally closed,

ac motor driven (120 vac,

400 Hz).

4 in. dia check valve flapper
type (2 sections).

Flight Vent

° 2-1/2 in. dia pilot operated
quad blowdown valves - 4 reqd.

motion. -

91.9 1b/sec LH
flow at 3D psid

3,000 gpm
p = 40 psia
T = 40°R

1 0.6 1b/sec
GH2 at 29 psia
T = 40°R
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PROPULSTON MOUULE WARDYARE TREF:

Design
_ Conditions/
escriplion Requirements
- Main Propu]sioh
~ Integrated Chilldown Systen
© 2 in. dia check valves - -2 1b/sec LH2
flanper type (split design)
5 read.
° 2 in. dia shutoff vaives - 2 1b/sec LH2
normally closed, pilotl
operated solencic iype. -
4 reqd.
Refill System
° 3.25 in. dia check valves - : 5 1b/sec
flapper type (split design)
2 reqd.
CAuxiliary Propulsion
Reaction Control System - Module stabilization
during assembly and
° 1/2 solenoid valves direct o maintenance :
“acting - 2 reqd.
® 1/2 in. relief velve
° 1/4 in. nozzle control solenoids
direct acting- 24 reqd.
II. . CORE PROPELLANT MODULE HARDWARE TREE _ Design
' ’ o - ‘Conditions/
Description ' Requirements
Main Propulsion B
Propellant Feed System ' 91.9 1b/sec LH2
- 30 psia

° 8 in. dia throttle valves -
2 reqd
12-in. dia blocking valve -
motor-driven (120 vac,; £00 Hz),
planetary gear transmission,
full flow binary visor type,
metallic main gate seal,
opening motion - linear .seal
withdrawal, 90° rotational.



Appendix E

CORE_ PROPELLANT 1ODULL HARDHARE TREE Desian
Conditions/
" ‘ Lescription Reguirements
Main Propulsion
Orbit Refieling
° 4 in. dig spray bypass valve - 3,000 gpm
4 reqd, motor driven (120 vec, p = 40 psia
W00 Hz), plonetary goar Lrans- T = 40°R

missicn, full “low Dinery visor
lype, meiallic main gate seal,
pen meticn - lingar seal, with-
draval, G0° rotational
mochantazal soeing Joaded
overvide ~ neraatly clesed.

° 4 in., dia disconnect, normally
open.

)

° 4 in. dia check valve - 2
sectioned flapper type.

. Ground and Fmﬂr iency Vent

. - ° 6 1in. vent and relief (pneumaf— ' 11 1b/sec
. ically actuated) valve =~ GH, at 29 psia
- ' ' , 3,000 gpm

® 6 in. poppet disconnect -
normally closed.

° 4 in. (popret balanced) 2 1b/sec
relief valve . GH2 at 29 psia
° 1/4 in. 3-way direct acting 475 psig

solenoid valve.

° 1/4 in. quick disconnect , 475 psig
~coupling normally closed. :

Flight Vent

° 2 1/2-in. dia pilot operated 0.6 1b/sec
quad blowdown valves - 4 reqd. GH2 at 29 psia
T = 40°R
-3 -
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Appendix E

TANDEM PROPELLANT MODULE HARDYARE TREE Design
_ Conditions/
Description Requirements

Main Propulsion

Propei]ant Feed System

° 8 in. dia throttle valves -
2 reqd.

°© 12 in. dig blocking valve,
moter-driven (120 vac, 400 Hz),
planctary gesr transmiscion,
full-Tlow, binary, visor-type
metallic main gate seal opening
mation - Tinear seal withdrawal,
80° rotational.

Orbit Refueling

° 4 in. dia spray bypass valve -
4 reaqd, motor driven (120 vac,
400 Hz), planetary gecar trens-
mission Tull-flow, binary, visor-
type, metallic main gate seal
open motion - linear seal,
withdrawal, 90° rotational,
mechznical cpring lcaded,
override-normally closed.

® 4 in. dia check valve -

2 sectioned flapper type.

Ground and Emercency Vent

° 6 in. vent and relief valve
(pneumatically actuated)

° 6 in. poppét disconnect -
- normally closed ‘

° 4 in. (poppet balanced) relief
© valve

° 1/4 in. 3-way direct acting
~solenoid valve

° 1/4 in. quick disconnect
coupling normally closed.

Flight Vent
° 2-1/2 in. dia pilot operated quad
blowdowmn valves - 4 reqd.

-4 -

91.9 1b/sec LH2
30 psia

3,000 gpm

11 1b/sec
GH2 at 29 psia

3,000 gpm

2 1b/sec
GH2 at 29 psia

| 475 psig
475 psig

0.6 1b/sec
GH2 at 29 psia

T = 40°R
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V. OUTRORRD

PROPELLANT FODULE LARDVARE TREE

Descripiion

PHair Propulsion

Propellant Feed System

(<]

& in. dia throttlc valves -

2 vead, motor-driven (120 veac,
400 Hz), planetary cear
transmission, tull flow bBinavy
visor type, metallic main gate
seal, opeoning moticn - linear
seal withdrawal, 90° rotational.

Orbit Refueling

[~

4 in. dia spray bypass valve -
4 reqd.

Motor driven (120 vac, 400 Hz),
planetary gear transmission, full
flow binary visor type, metallic
main gate seal, open motion-Jlinear
seal, withdrawal, 90° rotational,
mechanical spring lozded, over-

: ride - normally closed.

4 in. dia norwa]1y open d1¢connact

4 in. dia check valve - 2 sect1oned
flepper type.

Ground and Emeragency Vent

° 6 in. vent and relief valve -
(pneunatically actuated)

° 4 in. (poppei balanced) relief
valve. ‘

° 1/4 in. 3-way direct acting
solenoid valve.

° 1/4 in. quick disconnect
coupling - normally closed.

Flight Vent

° 221/2-n. dia pilot operated quad

.‘, blowdown valves - 4 required.
[+

2-1/2 in. dia x 0.016 1in.
stainless steel ducting.

-5 -

Apbendix E

Design
Conditions/
Peguirvements

91.9 1b/sec

LH

2

30 7

11 1b/sec
GH2 at 29 psia
3,000 gpm

2 1b/sec
GH2 at 29 psia

475 psig

475 psig

0.6 1b/sec
GH2 at 29 psia

T =

p:‘-

40°R

29 psia
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COMIMARD AHD CONTROL MODULE HARDUARE TREE

Description

Appendix E

Design
Conditions/
Requirements

.Thrustor Control Valves, direct

acting solenoids, normally
closecd - 48 reqd.

. Squib Operated Closed, plunger

type dsolation valves - 12 reqd.
Regulators - 4 reqd.

Normally Closed Direct Acting
Solenoid Valves - 32 reqd.

Mormally Open Direct Acting
Solenoids - 2 reaqd.

Burst Disk Relief Valves -
2 reqd.

Check Valves - 4 reqd.



APPENDIX F

PROPULSION SYSTEM SCHEMATIC
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APPENDIX G

MATRIX - DESIGN SELECTION CHART
(VALVES)
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APPENDIX H

. SUMMARY - DESIGN CONCEPT SELECTION

(VALVES)
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Page 1 o 4

" Design Concept Selection Contract: _NAS u-27568
- : Date: 13 Qctober. 1971
(VALVES)
Item Concept No. 1 " Dwg. No. | cConcept No. 2 - Dwg. No.  iconcept No. 3 Dwg. No'
Description: 1139830 Description: - 1139892 Description: - 113285
© Solenoid shutoff removal \ In ]1ne poppet tank va]ve in-11ne porpet - high pressure
capability - shutoff seal
Reting 2 3 7
Summar, Pro: Pro: Pro:
(1) Reiote rep]aceTent of va]ve from (1) Remote replacement of valve (1) ProvidesAgood shut off
pressur1zed manjfold. - from pressurized tank. seal.
(2) Good rep]acemenu ma1ntenance.: (2) Remcte replacement of actuauor (2) . Can be designed for bi-
, - and ball screw. directional flow.
(3) Provides good shut off ceah‘ng .
: 1 (3) Actuator is downstream of main (3) Direct drlve actuator -
(4) Actuator is down stream of main 4hutoff seal. no gears.
shutoff seal. '
(1) High pressure drOp. (1)! Added'pressufe'drop'frdm back- (1) Difficult to control high
. " up poppet. pressure in seal cavity.
(2) Two leak paths to outlet side : o
when valve is closed. (2) Valve must be removed from (2) Actuator is upstream of
' tank to-replace main seal. _ main shutoff secl.
-(3) Size limitati. n. o ‘
(3) (3) Pover reguirad during coast

Long envelope.

to ma1nta1n sealing.

H xipuaddy
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NAS ©-27568

Design Concer.t Selection Contract:
' - Date: 13 QOctober. 1571
(VALVES) , -
Item Concept No. 4 © Dwg. No. Concept Mo. 3 Dwg. No.  tconcept No. 6 Dwg. No.
. Description: - 1139894 Descrintion: . 1139895 Description: - 1139896
Solenoid onerated - multiple -~ \ 3/4-in. .in-line electromagnetic Balanced poppet -
popret valve T “seal o ' ' Electromagnetic skirt seal
Rating ] 5 4
Surmary Pro: Pro: Pro:
(1) FReiote replacement of valve (1) No ioving parts. (1) Unlimited in size.
from manifold. : : ' , : .
, : (2) Unique in design. (2) No actuator required.
(2) Built in parallel and series o . -
redundancy. (3) Valve does not have to be (3) Can be used as a flow
- .removed from line to be regulator.
-(3) Can ba used for bang-bang ~service overhauled. .
. regulator. '
(4) Provides goed shutoff seal.
A(S) Larger valve sizes can be
accommodatad by manifolding - -
to, or nrore valves togetner.
. p:
R
Cen: Con: Lon: E
B : o ’ , :
(1) Interface sea design problem. (1) Limited to smaller size valves, | (1) Necds much developnment for 5
' 1/4 - 3/4, nroper pressure balance of -
(2) Weight. : : : poppat during orening.
_ o ' (2) Uncertain of leakage centrol to
(3) :}ggss1ze Timitation in larger goal of 1 x 10°7 SCCS He. (2) Uncertain of 1eak§§e control
’ o to goal of 1 x 10 ° SCCS He.
(3) Power reauired to provide _ _
© sealing. (3) Power required to provide
sealing. '




Page 3 @ 4 _~

Contract: _ N&S &-27568

] . .

Design Concept Selection

Date: 13 October, ]97].

(VALVES)
. Concept No. 7 “ Dwg. No. |Concept No. B Dug. No. | co o 9.7 - Dug. No.
Tear . oncept No. Lo
Seem Description: 1139897 | Description: 1139899 | peccriotion: . 1139012
Poppet valve - liquid metal seal Poppet valve - motor operated - 8" poppet tank valve
" S spherical -metal shutoff seal _ :
Ra§1ng 9 ' 3 5
Summary Pro: Pro: Pro:
(1) Provides good shutoff seal. (1) Provides good shutoff seal. - (1) Provides good shutoff seal.
| ‘ ' .{2) Can be bi-directional valve. (2) Provides capebility of
o ' o _remotely removing actuator
(3) Mechanics of sealing and ball screw subassembly.
understood. : o '
‘ (3) Bi-directional flow valve.
(4). Low pressure drop.
Con Con; Con:
(1) Loss of liquid metal in hard (1) Cantelever actuator mount. (1) Long envelope.

vacuum.

(2) Contamination of propellant
system.

"(3) Temperature range limited.

(2)

Buried actuator.

H X Lpuaddy
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- | _ Des1gn Concept Select1on Contract: __NAS 8-27568
Date: 13 October.1971
(VALVES) .
Concept No. 10 Dwg. No. Concept MNo. 11 - Dwg. No.  |egncent No Dwg. No.
Ttem Description: - 1139930 { pescription: 1139931 Descrgptioﬁ: -
Popret valve - remote actuator ' - Visor valve ~ linear seal thh-
removal ' - drawal motor operated ‘
Da44
l‘\at\ng 6 - . E 8
Surmary Pro: | - | Pre:
(1) Provides good shutoff seal. R (1) Low pressure- drop.
-(2) Can be designed for bi-
directional flow.
(3) :Linear'liftroff seal.
(4) .Compact envelope.
Con: T - | Con:
(1) Actuator is upstream of main - (1) Cantelever actuator mount.
shutoff seal. ., L L '
(2) Lift-off seal mechanism..
I>
o
=]
]
=
[
;o
jos o




APPENDIX I

SUMMARY - DESIGN CONCEPT SELECTION
(PRESSURE REGULATORS)



 Page 1

. gng_ Of 2
> " Design Concept Selection Contract: NAS 8-27568 |
Date: 13 Octocber 1971
(PRESSURE REGULATORS) »
Item Concept No. 1 Dwg. No. Concept No.. 2 Dwg. No. Concept No. 3 Dwg. D
Description: 1139923 Description: _ - 1139924 Description: . 113992
" Motor operated visor : Motor operated shear plig - Motor operated shear p]ate
Rating 3 ' 1
Summary .gggr Pro: Pro:
(1) Low torque. " (1) Simplest sealing mechanism. (1) Least complex.
(2) Shutoff on command (2) Metering rotation of 180° (2) Metering rotation of 270
' : possible. . .degrees possible,
(3) Good ava11ab111ty of des1gn . L ‘ ' - < ' '
information. (3) Positive shutoff and low (3) Positive shutoff and ]ow
: , leakage. - Teakage. _
(4) Possible to production test and C :
checkout without flowing gas. (4) Possible to production test and| (4) Possib]e to production tes
, ' _ “checkout without flowing gas. ' and checkout without flowi
(5)'.Low pressure in’main valve cavity4 . ' s L ' gas.’
(6) Actuator-directly coup]ed to (5) Actuat&f’direct]y codp1ed
metering element. to metering element.
| Con: Con: Con: i
é(]) Not designed for direct s1ng]e (1) High torque. (1) Scaling limited. . ;
| point installation. : . : . .
; (2) Renuires e]ectrica] connections. | (2) Requires electrical ¢
b (2) High leakage. connections. ;
: o : . (3) High pressure in main valve . : ' ‘ >
: (3) "Requires electrical connections. | - cavity. : (3) Bulky metering elements. °
g (4) - High pressure in main valy

cavity.
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- 'Design Concept Selection

Page
Contract:

2 F 2

——————

NAS 8-27568

13 Cctober 1971 )

Date:
(PRESSURE REGULATOPS)
[tem Concept No. 4 - Dwg. No. | Concept No.. 5 Owg. No. Concept No. Dwg. No
- Description: 1139926 Description: o 1139928 Description:
* Motor operated metering- Piloted pressure )
J Dome ‘1oaded shear seal- . ‘Dome loaded shear seal
Rating ' . _ 4 5
Summary Pro: : | Pro:
(1) Low operating force. - = . (1) Low operating'force.
(2) Valving element adaptéble to (2) No electrical connections.

motor operation.

- : | (3) Best availability of deSIQH
(3) Shutoff on command. . information.

Con: S Con:

(1) Contains long stroking springs. (1) Most complex. "

i (2) Electronics feedback loop is | (2) Contains long stroking springs
' most complex for constant or : and Tong stroking bellows.
programmed pressure reguiation. ,
(3) Constant pressure regulation -

pressure,

a o 1i , ,." - (4) Poor in vibration.

(5). Cannot shut off on command.

(3) Relatively poor in vibration. - not adaptable to program tank -

I xLpuaddy



APPENDIX J

SUMMARY ~ DESIGN CONCEPT SELECTION
(REMOTE COUPLINGS)
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Desian Concept Selection

- (REMOTE COUPLINMG)

Page | ‘I’ 2

Contract: NAS 8-27368
Date: 13 Gctober 1571

.

Concept No. 1 Dwg. No. Conéept No.. 2 Dwg. No. Concent No 3 Dwg. No.
ftem Description: 1139920 | Description: 1139921 | peseription: 1139922
] Remote coupling - Low nielting alloy Thermal interference Jo1nt
Structural joint and -seal - - Structural joint and-seal -
ating 1 4 5
urmary ‘Pro: Pro: , Pro:
(1). Single operating point in two (1) No bolted, threaded or‘c]amped (1) High sealing stress.
Tocations. for.accessibility, . .joints. . _
: : . (2) Simple design.
(2) Uses conoseal which has good (2) Pressure assists sealing : N
. experience on NERVA, S (3) Dead flight weight minimized.
, (3) Lowest leakage of a]] five - oo - - :
(3) Small envelope with minimal concepts.
~increase in. “dead“ f]ight
weight.
Con: Con: Con: |
"1 (1) Unknown torque- requirements (1)7 Complex coupling or uncoupling. | (1) Close manufacturing
" due to unknown friction : ' S . . tolerances.
coefficients in hard vacuum.’ “{2) " Unknown strength and creep
, . " properties of low melting alloy { (2) Large threaded backup
(2) Unknown cold welding of mating at crvogenic temperatures. - coupling.
materials in-a hard vacuum. .
o _ : (3) Unkroun evaporation rates in . (3) Possible creep during Tong
(3) Some sliding motion. a hard vacuum. : term storage.
(4) Unde vc]oped techniques for (4) Unknown cold welding of |

injecting and ejecting the .
Tow nelting alloy for a reliable

- joint in a .zero "G"
anvrionment.

r‘atwq materials in a hard
vacuum

L x;puaddv

(5) May damage seal1ng surfaces



.P.age 2 .‘\
Design Concept Selection ‘Contract: _ NAS 8-27568 )
. Date: 13 October 1971
(REIOTE COUPLING)
Description: --1139927 Description: 1139891 Description:
In-1ine remote coupling In-Tine remote coupling
Rating 3 9
Summary Pro Pro: ‘
(1) Single operating point in two (1) -Single operating point for
Tocations for accessiblity. _aceessibility: (can readily
: . e be riodified for two 1ocat1ons)
(2) Mechanical drive provides pure. . :
. compression on static seal - (2) - Mechanical drive provides
no sliding seal engagement. pure compression on static
seal - no sliding seal
(3) . Adaptable’ to many types of engagement.
. " static seals. , .
(3) Does not require axial
expansion of line to couple
or uncouple.
- (4); Adaptable to many types of
- static seals.
(5) Minimal weight in large line
sizas. .
Con Con:
’ - ‘ . - 3z
(1) Unkncwn torque requirements (1) Unknown torque requirements due i
due to unknown friction to unknown friction coefficients 3
coefficients in hard vacuum. in hard vacuum. ' =
. ° : . . <,
(2) Unknown cold welding of mating (2) ‘Unknown cold weld of mating
materials in a hard vacuum. materials in a hard vacuum.
(3) Requires axial expansion joint. (3) Ball screw may be expensive.
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VALVE DESIGN GOALS
8" DIAMETER POPPET VALVE
P/N 1140002

OPERATIONAL REQUIREMENTS

Nominal Line Size (meters)

(inches)
Valve Type
Pressures
Maximum system working, (NEEEQ% absolute)
meter
(psia)
Minimum system working, (Ngﬂzgg-absolute)(])
meter
(psia)
Maximum differential, (Ngﬂzgg-differentia1)
meter
(psid)
Proof, (Newtog absolute)
meter
(psia)

~

Burst, (Newt02 absolute)
meter

(psia)
)

Flow resistance coefficient (K)(7

Temperature Range (°K)
(°F)
Internal Leakage, SCCS He

6.895 x 10

Appendix K

20.320 x 1072

8.00
Poppet

6.895 x 10°

100
-5

1 x ]0f8

3.447 x 10°

5 @ full flow condition

1.032 x 10°

150

1.397 x 108

200
1.5

-19.99 to +322

-423 to +120
(2)
1 x 10



=

External Leakage, SCCS He
Internal Leakage, SCCS He
Media

Purge Pressurization & Checkout Media (3)

Maximum Flow Rate(3) (LHZ) (Elggoﬁgm)

(1bm/sec)

Storage Life, (seconds)
(years)

(4)

Operating Life, cycles

(1) Ambient temperature and pressure
a. Acceptance
b. Pre-installation checkout

¢. Pre-launch checkout

Total
(2) Cryogenic
a. Acceptance
b. Pre-installation”
- Total
| (3) Space Operation
a. During engine operation
b. . Checkout at space station
Total

38
12
50

100

72
45

117

Appendix K

(2)

1 x 10

(4]
1x 103

LH, & LN2
He & GN2

41.69
91.9
3.1536 x 10°
10
242



Appendix K

6)

Nuclear Environment(s) 3 x 10 Gamma KERMA
Rate: Rads
(carbon)/hr.
3 x 10" Fast Neutron Flux:
' n/cmz-sec
(En > 0.9 MeV)
Opening Time, secs ‘ 5
Closing Time, secs 5
Mode of Actuation Electric Motor

(7) Flow Resistance Coefficient, "K", is defined by the following equation using
U.S. customary units: ’

29 oM ap
K = —&
.2
W
. _ . X . _ 1bm in..,
where: 9. ~ Dimensional conversion factor = 386.4 TB?'EEEQ
p = Mass density of fluid at inlet flow conditions fbm/in}3
A = Reference area, in.z
AP = Pressure loss through the valve, 1bf/in.2
w = Fluid weight flow rate through the valve, 1bm/sec.
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FUNCTIONAL REQUIREMENTS

1. valves shall not be overly sensitive to vibration or acceleration in

any axis.
Launch-valve not functioning
(8)X Axis Y Axis Z Axis - _Time
Sinusoidal vibration  +3.0 g +4.5 g +4.5 g 5 min.
3 to35Hz 0.1 to15Hz 0.1 to 15 Hz
Acceleration 5.2 g 0 0 ()5 min.
Space operation - valve functioning
Random vibration- TBD T8D ' TBD 3600 seconds
_ , _ ' (60 min.)
’ . Acceleration , 1.0 g A 0.8 g OA.S.‘g 3600 seconds
- . : , . (60 min.)

2. Valve to be capable of replacement by remote, in space, handling
equipment. ‘

3. To be compatible with low melting alloy and thermal interference remote
couplings.

~

4. Provide valve position indication.

DESIGN REQUIREMENTS

1. Inline poppet valve similar to valve coﬁcept P/N 1139893.

@
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(2)
()
(4)

(5)

(6)

(7)

(8)

(9)

May discharge to space vacuum or be exposed internaily to space vacuum.

Per inch of sealing diameter.

Interpretation or assumption by ANSC.

Based upon 1 cycle per burn.

At engine to stage interface per ANSC MEMO N4340:6397M, E. A. Warman to

A. D. Cornell, dated 22 January 1971, Subj: "Perturbed NERVA Engine Flux
and Isokerma Rate Maps". See LMSC-A984555, Final Report, Volume VIII. Dose
rates are also specified.

Ten hours run time for total dosage.

Gas flow rates will be determined based on temperatures, pressure ratios,

density and line sizes. Values to be established after R.N.S. requirements
have been determined.

Longitudinal axis of R.N.S.

Increases from 1.0 g to 5.2 g in 5 minutes.

~
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VALVE DESIGN GOALS
5" DIAMETER BALANCED POPPET

P/N 1140001

OPERATIONAL REQUIREMENTS

External Leakage, SCCS He

Nominal Line Size (meters) 12.700 x 1072
: (inches) 5.00
- Valve Type Poppet
Pressures
Maximum system working, (Dgﬂzgnﬁ-absolute) 2.0685 x 10°
meters
(psia) 30
Minimum system working, (ngﬂzgﬂ—-abso1ute 6.895 x 1072
’. A meters
® ~ (psia) 1x108
o Maximun differential working, ("0 differential)  1.379 x 10°
meters
(psid) 2
Proof, (PEYEON_ ahsolute) 3.103 x 10°
meters
(psia) 45
Burst,:(ﬂgﬂzgﬁ— absolute) 4.137.x 10°
meters .
(psia) 60
Flow resistance coefﬁ'cient(K)7 1.5
Temperature Range, (°K) + 336.48 to 232.75
(°F) + 200 to -40
()
“ Internal Leakage, SCCS He 1x10
\_./‘ . _7(2)
1 x 10



Internal Leakage, SCCS He
Media

Purge Pressurization & Checkout Media(aa

Maximum Flow Rate(3) (LHZ) (Kilogram/sec)
~ (1bm/sec)
Maximum Flow Rate (GH2)(7)
Storage Life, (seconds)
(years)

(4)

Operating Life, cycles

(1) Ambient temperature and pressure
a. Acceptance -
b. Pre-installation checkout

¢. Pre-launch checkout

(2) Cryogenic
a. Acceptance

b. Pre-installation

(3) Space Operation
a. During engine operation

b. Checkout at space station

Appgndix L

3(4)

1T . 1IN
I A 1V

A GHZ’ GN2 & GHe

Total

Total

Tofa]

He & GN2
4.989
11 1b/sec-

8D |
3.1536 x 10°
10

1000

160
50

200
410

70

25
95

300
195
" 495
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¢ | 6(6)

Nuclear Enviromment(®) 3x 10 Gamma KERMA
‘ | Rate: Rads
_ (carbon)/hr.
"3 x 101] Fast Neutrbn Flux:
n/cmz-sec
(En > 0.9 MeV)
Opening Time, secs - I TBD
Closing Time, secs TBD
Mode of Actuation TBD

(7) Flow Resistance Coefficient, "K", is defined by the following equation
._.: using U.S. customary units:
| .2
A
) 29c p P
WZ
where:
s . . _ 1bm in.
9. = Dimensional conversion factor = 386.4 TB?'§EE?
p = Mass density of fluid at inlet flow conditions 1bm/in.3
A = Reference area, 1'n.2
AP = Pressure loss through the valve, ]bf/in.2

Fluid Weight flow rate through the valve, 1bm/sec.

=
n

@
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FUNCTIONAL REQUIREMENTS

1 Valves shall not be overly sensitive to vibration or acceleration
in any axis.
Launch-regulator not functioning - no structural failure
\ .
(8)x Axis Y Axis Z Axis  Time

Sinusoidal vibration +3.0 ¢ +4.5 g 4.5 g 5 Min.
3 to35Hz 0.1 to15Hz 0.1 to 15 Hz

Acceleration 5.2 g 0 0 (9)5 Min.

Space operation - regulator functioning

Random vibration TBD TBD TBD 60 Min.
Acceleration 1.0 g 0.8g¢ . 0.5¢ 60 Min.
‘_) 2. Valve to be capable of rep]acemént by remote, in space, handh‘ng'
equipment.
3. To be compatible with lTow melting alloy and thermal interference

remote couplings.

4. Provide valve position indication.

(1) )

May discharge to space vacuum or be expoéed internally to space vacuu.
(2)

(3)

(4) Based upon 1 cycle per burn.

() At engine to stage interface per ANSC Memo N4340:6397M, E. A. Warman to
A. D. Cornell, dated 22 January 1971, Subj: "Perturbed NERVA Engine Flux
and Isokerma Rate Maps". See LMSC-A984555, Final Report, Volume
Dose rates are also specified. . '

Per inch of sealing diameter.
Interpretation or assumption by ANSC.

(6)
(7)

Ten hours run time for total dosage.

Gas flow rates will be determined based on temperatures, pressure ratios,
density and line sizes. Values to be established after R.N.S. requirements
have been determined. ' :

®

(8)
- (9)

Longitudinal axis of R.N.S. _
Increases from 1.0 g to 5.2 g in 5 minutes.

-4 -
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GASEOUS PRESSURE REGULATOR DESIGN GOALS ~
TANK PRESSURANT REGULATOR
FOR MULTIPLE TANK RNS
P/N 1140007

OPERATIONAL REQUIREMENTS

Approximate Line Sizes (meters) . o 7.620 x 1072
| (inches)(a) 3.00
Regulator Type Programmed

Pressure Reducing

(1)

Regulator Performance See Figure 1

Maximum System Inlet Pressure (NEEEQ%& absolute) 4,985 x 106
meter
(psia)(?) 723
Minimum System Inlet Pressure (Ngﬂ39g§-absolute) ' 8.62 x_]O5
meter
(psia)(?2) 125
Inlet Proof Pressure (ﬂgyzggg absoiute) | | ~7.481 x 106
meter ‘ _
(psia)(lc) o 1085
Inlet Burst Pressure (NEEEQ%E absolute) 12.466 x 106
~ meter ) ‘ _
(psia)(10) | 1808
Outlet Proof Pressure (YEONS 4psoyyte) ' 3.103 x 10°
meter : .
(psia)(]]) : , 45
Outlet Burst Pressure (Egﬂ&ggi absolute) 5.171 x 105
meter ‘

(psia)(]1) | 75
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Minimum non-operational Pressure (Ngﬂzggé-abso]ute) 6.895 x 10'5
meter” '
(psia) | 1x 1078
Kilogram, - ~
Flow Rate (second ) v - 1.8144
(2) s
(1bm/sec)‘\“’, Minimum 4.00
Lockup Leakage, SCCS He(3) TBD
External Leakage, SCCS He(*) 1x 1077
Ambient Pressure Range (ﬂgﬂzggg) 1.014 x 105 to 6.895 x ]0'5
meter
(psia) | 14.7 x 1 x 1078
Ambient Temperature Range (°K) | 20.37 to 366.48
. (°F) , -423 to +200
- Inlet and Outlet Media and Temperatures
GH2 for service (°K) | 33.15 to 366.48
(°F) | © -400 to +200
GN2 for purge media (°K) : | 88.70 to 366.48
(°F) | _ -300 to +200
GHe for purge media (°K) 20.37 to 366.48 -
(°F) -423 to +200
Storage Life (seconds) 3.1536 x 10°
(years) _ 10
Operational Life (seconds) 9.4608 x 107
(years) . 3

@



6 Operating Life, cyc]es(s)

Modulating - grand total

Lockup - grand total

1. Ambient temperature and pressure
a. Acceptance
Modulating
Lockup
b. Pre-installation checkout
Modulating
Lockup
c. Pre-launch checkout
E : Modulating -
‘ Lockup
2. Cryogenic
a. Acceptance
bModu1ating
b. Pre-installation checkout
Modulating _
Lockup N
3. Space QOperation
a. During engine operation
Modulating
Lockup
b. Checkout at space station

. Modulating

Lockup

Appendix M

253,000
110

1,000
10

500

200

500

300

250,000
- 80

500
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(7)
Nuclear Environment(ﬁ) 3 x 106 GAMMA KERMA
' Rate: RADS (carbon)/
hour
3 x 10]] Fast Neutron Flux

n/cn?-sec (En > 0.9 MeV)

| FUNCTIONAL REQUIREMENTS

1.

(1)

(2)

‘

Valve shall not be overly sensitive to vibration or acceleration in
any axis. Launch-regulator not functioning - no structural failure

(8)X Axis Y Axis Z Axis Time
Sinusoidal vibration +3.0 g +4.5 ¢ +4.5 g 3?0 seco?ds
: 5 min.
3to35Hz 0.1 to15Hz 0.1 to 15 Hz
Acceleration 5.2 ¢ 0 0 300 seconds
' (9)(5 min.)
Space operation - regulator functioning
Random vibration TBD TBD TBD 3600 seconds
(60 min.)
Acceleration 1.0 g' 0.8 ¢ 0.5¢

Investigate replacement of the regulator by remote, in space, handling
equipmeht. The regulator design must be compatible with the remote
coupling concepts shown on ANSC Drawings 1139921 and 1139922,

. A typical regulator performance analogue is shown in Figure 1,

In the case of the RNS, the ANSC NERVA engine supplies propellant
tank pressurant GH2 to the requlator with steady state inlet pressures
at the engine supply point varying from 310 psia* to 723 psia* and

-4 -

\
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with temperatures varying from 238°R* to 315°R (Reference: ANSC
N4110:0067, 26 February 1971, "State Points for the 1137400/Revision E
Reference Engine"). Steady state flow rates vary from 0.20 1bm/sec*
at 319 psia* to 0.60 1bm/sec* at 723 psia*. However, critical turbine
discharge bleed flow rates for regulator sizing occur during engine
bootstrap startup in a malfunction mode (one TPA operating during the
second burn of an unmanned lunar mission) (Reference: ANSC Report
$054-201, November 1970, "Pressurization Gas Requirements"). The _
peak or critical flow rates, temperatures and pressures in this reporf
were based on a single 33.0 foot* diameter tank. Peak bleed flow rates
were approximately 22 1bm/sec* at approximétely 26.0 seconds after -
startup. The startup flow rates for the 16.0 foot* diameter multiple
tank RNS (8 tanks) have been extrapolated from this report and appear
to be on the order of 4.0 1bm/sec* at approximately 26 seconds after
startup. The bleed temperatures and pressures versus startup time

are assumed to be the same regardless of tank size. Disregarding
temperature rise or pressure drop from the engine bleed point to the
regulator inlet (due to the unknows of reguTator'location, line

lengths and line heat leakage), the extremes of maximum regulator CA
(coefficient of discharge times area) are shown in the following table.
This table precludes an arbitrary intermediate size RNS regulator, This
size was selected for the Phase II regulator design and will be shown
on the revised ANSC Drawing 1139924. This size will allow for some
changes in RNS performance parameters and will also allow for scaling
up or down to finalized RNS tank configurations.



Partially Open

Appendii M

Fully Open Regulator CA

Regulator CA Fra o ~at 26.0 Seconds :
, Tank At 7.0 Seconds rlow rate After Startup Flow Rate
Configuration - After Startup - (Note A) (Note B) (Note C)
Single Tank 59.6128 cm® 6.16 Kg/s 18.2322 cm? 10.0 Kg/s
Class 1 RNS 9.2400 in.2 13.57 1bm/sec  2.8260 in.> 22.0 1bm/sec
Multiple Tank 7.9045 cmz 1.11 Kg/s 3.3155 cm2 1.8 Kg/s
Class 3 RNS 1.2252 in.2 2.45 1bm/sec 0.5139 in.2 4.0 Tbm/sec
Arbitrary 17.2258 cm? 1.78 Kg/s 7.2258 cm? 2.9 Kg/s
Intermediate 2.6700 in.2 3,92 1bm/sec 1.1200 in.2 6.4 1bm/sec
RNS
NOTES:

EERAEN

A. Conditions: 951,510.0 N/MZ (138 psia)

95.55 °K (172°R)

B. 26.0 seconds after bootstrap startup =

C. Conditions:

147.22 °K  (265°R)
*3]9 psia = 2.199 x ]06 Newton's/Meter2 absolute
723 psia = 4,985 x 105 v _ "
100 psi = 6.895 x 10° Newton's/Meter?
238°R = 132.222 Degree Kelvin
315°R = 175.000 " "

0.20 1bm/sec
o. 60 ] "
22.0 " "

‘Ii 4.0 " "

33.0 feet
16.0 feet

0.0907 Kilograms/sec
0.2722 " "
9.9792 " "
1.1844 " "

10.0584 meters
4.8768 v

4,585, 175.0 N/MZ (665 psia)

end of thrust buildup
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(3) Lockup leakage will be determined by the lockup pressure requirement

(TBD). Usually, regulators are accompanied by shutoff valves Tocated
upstream of the regulator inlet port.

2

(4) Per inch of sealing diameter or per 2.54 x 10°“ meters of sealing diameter.

(5) Life cycles of state-of-the-art reqgulators today are said to be 250,000
cycles with a two-year life. Modulating cycles are defined as the
number of pulses of the main regulator metering element in either
direction (without seating) dye to varying downstream flow demand or
changing inlet pressures and temperatures. Lockup cycles are the
number of seating cycles of the main regulator metering element due to
the lack of downstream flow demand. The 80 lockup cycles for space
operation are based on 10 space statioh]moon/space station missions
for RNS with a maximum of 8 burns per mission. The 250,000 modulating
cycles are a ROM estimate based on 10 hours of engine operation with

6\ 80 burns.

(6) At engine stage interface per ANSC Memo N4230:6397M, E. A. Warman
to A. D. Cornell, dated 22 January 1971, Subj: "Perturbed and
Isokerma Rate Maps". Also, see LMSC Report A98455, Final Report,
Volume VIII, for dose rates at stage tank bottom.

(7)

Ten hours run time for total dosage,
(8) Longitudinal axis of -RNS.

(9) Increases from 1.0 g to 5.2 g in 300 seconds (5 minutes).

(10) Proof and burst pressures are respectively the product of 1.5 and 2.5

times the maximum system inlet pressure.

(1) Proof and burst pressures are based on a maximum tank working pressure
of 2.685 x 105 Newton's/Meter2 absolute (30 psia) and are respectively
the product of 1.5 and 2.5 times this pressure.

e e e e e e v . P T W gi—— = .
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~ Lockup pressure {T6D) . |
~ Point of downstream flow cemand -« Lockup pressure (T&D)

/ sten input
( v P ) \ v-lO”lu, lea k:j FaLs

X
—

N A S I \
chcracteristic ' ‘7,//‘

-Load droop

- Downsircem flow
gemand ceases

-

< i,

step'time (TBD)?ﬁ

~ A
reg—— w1 - settling time (TBD) P] _ 0.5 or less (T6D)
Time ‘

P] = 1inlet or upstream pressure 8.62 X ]05 to 49.85 x 105 Newton/Meter2
absolute) (125 to 723 psia).

fg_ - 0.5 or less to remain within deadband and is dependent on

P] the sonic pressure ratio of the gaseous media, upstream
system geometry, downstream system geometry, type of system
and many other variables. '

Nominal P, = 1.62 x 10° bgﬂgﬂ—§-abso1ute (23.5 psia) and may be

2 2
Meter ,

programmed from 1.034 x 10° to 2.068 x 10> Yewton s
Meter

. HMete
4 Nehtonzs (1_1.5 psia)
Meter ‘

absolute (15.0 to 30 psia)

Tolerance on P, Deadband = + 1.034 x 10

-8 -
FIGURE 1
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EVALUATION OF A MHD VALVE CONCEPT
WITH THEORETICAL CALCULATIONS
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i I. VALVE DESCRIPTION

A valve design in which magnetohydrodynamic (MHD) forces are used to
modulate the flow was evaluated;‘ This work was doﬁe under MSFC contract NAS
‘8—27568. In a typical design as shown in Figure 1, an ionized gas flows axially
through an annular passage, a current passes circumferentially through the gas
from the top electrode to the bottom electrode, and a radial magnetic field is

- produced by the outer windings. The current and magnetic field vectors are so
aligned that the Lorentz'force, ?i = E.X B acts in the axial direction opposing the
flow. By increasing thevcurrent input, the retafding Lorentz force is increased B

reducing the flow through the valve.
.The specific parameters used in this evaluation were:
D, diameter of annular passage - 7.0 inches

h, annular gap height -~ 0.018 inches
L, length of annular gap - 1.0 inchés
B, magnetic field strength - 1.94 tesla (webers/mz)
. p, valve inlet pressure - 30 psia
" T, gas temperature - 530°R
- . gas . = hydrogen

'w, maximum flow rate - 0.01 lbm/sec

II. GOVERNING MHD RELATIONS

- e

A schematic-of the valve is shown below.

B, ® I
AL 77 7 i L. L \/ LA ANV |
] F]
L L
- ——— d X
Electrodes )
7 7777 7T 77T
e— IE—— z
L
6 The electrodes are assumed to be continuous, thus shorting out the axial

electric field, Ex. The electrode separation is the circumferential distance

d = %2 = 11.0 inches or 0.28 m.
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"A.  REQUIRED CURRENT

)

The axial Lorentz force per unit volume {(newtons/m

F =3 B . ‘ 1)

where jy = the circumferential current density (amps/mz)

o]
[l

the radial magnetic field strength (tesla)

Assuming F to act uniformly throughout the gap region, the equiva-

L
X

. 2, .
lent pressure difference (newtons/m™) is

B (AL) ,
Ap:._xX____=jy BzL ' A 2)

Awhere A is thé croés—séctional flow area (mz) and L is the gap length

(m.). For conversion to the usual engineering units, 1 newton/m2 = 0.000145 psi.

To get a Ap of 30 psi (for complete shut-off, if possible) with Bz = 1.94 tesla

and L = 1.0 inches, a current density of jy = 4,20 x 106 amps/m3 is required.
Assuming a uniform current density throughout the gap, the maximum circumferential

current flow for the valve ‘geometry béing considered would be 48.6 amps.
B. REQUIRED VOLTAGE

To determine the input voltage V, Ohm's -law for conducting gases must

be used. From Reference (a) for Ex = 0, Ohm's law for the jy component of current

density is s
3= —0— (&, -us) | (3)
y 1+ B2 y z . : '
where ¢ = the gas conductivity (mhos /m)
g = thé‘Hall paraheter, (cyclotron frequency/collision frequeﬁcy)

E_ = the applied electric field - V/d, (volts/m)

=]
"

the axial gas velocity, (m/sec)

t
1

UE = the induced electric field - vV x ﬁ, (volts/m)

¢ Sy et ot = ——————hr ————— & %% aman Ty — ALY w8 T v t— s = = - oy —

e m———— - —yp oy -
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Equation (2) is the equivalent form of I = V/R for gases, where R

£ +h 3
L o gas 1s coen-—

m

is the electrical resistance. 1In this -case the resistance

O

sidered in terms of the conductivity o, .which is the key to determining the
applied voltage required to obtain the desired current density. For the condi-
tions specified for this valve, the maximum induced field (i.e., UB at full flow)
is 205 volts/m. Solving Equation (2) for Ey (with Bz acting in the negative z
direction) gives

5
vegd=028LFtB) y _ 55 - )
y ag y

The applied voltage can thus be obtained for a given jy if the
electrical properties of the gas (o and.B) are known. These properties are

functions of the particular gases considered and the temperature of the gases.

-Since normal gases only ionize significantly at very high temperatures, a small

amount (& 1.0 mole percent) of an easily ionized substance, or seed, is usually
added to the gas in most MHD applications to increase the conductivity to usable
levels at reasonable temperatures. Examples of good seed material are cesium,

potassium, sodium, and lithium, which have much lower ionization potentials.than

regular gases,

The sensitivity of the gas conductivity to temperature is illustrated

in the table below for hydrogen at 30 psia seeded with 1 mole percent of cesium:

T(°R) | ‘ o_(mhos/m) : 8
1000 ) .341 x 10712 .645
2000 . .382x 1077 913
3000 | a0 1.115
5000 ' T 117.4 ' . 1.149
10,000 1030 0 .680
15,000 11060 " 1.20

These values were calculated using the simplified method described
on Page 25 of Reference (b), which considers only the electron current. In most

MHD applications, the bulk of the current is carried by the electrons since due
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to their very low mass they react more readlly to electric and magnétic fields

than do the positive ionms.

Note in the above table that at temperatures around 1000°R the gas
conductivity, even when seeded, is extremely low. This would seem to rule out
any possibility of operating with a gas at 530°R. However, these results hold
for thermal equilibrium with all the constituents of the gas at the same tempera-
ture, and it is possible to have a non-equilibrium condition in which the electrons
are at an effectively higher temperature than the gas. This higher electron
temperature, and thus higher gas conductivity, can be achieved by such methods as
the application of an electric field or radiation of the gas. The former is the
most common and is used in such practical applications as the fluorescent light,

where a discharge is maintained for low gas temperatures.

The effectiveness of an electric field in increasing the gas con—
ductivity is strongly dependent of the gasés used, Fof monatomic gases such as
argon, neon, and mercury vapor; the collisions between tﬁe electrons and neutral
atoms are very nearly elastic, and thus the electron loses little energy in.
traversing the gas flow field. However, for diatomic gaées, the eleqtron—mélecule

collisons are more inelastic since some of the collision energy can be absorbed

by the diatomic molecule in vibrational or rotational modes. The difference in

electron temperatures for monatomic and diatomic gases is illustrated in Figure

2 with information obtained from Reference (c).

Figure 2 shows that the elevation in electron temperature is a
function of the‘parameter E/p. For hydrogen, an E/p.value of 1.0 volt/cm—mm Hg
would produce electron temperatures 9 times the gas temperature, which would give
a. reasonable conductivity (as shown in Table I), At the pressure of 30 psia or
1550 mm Hg, however, an electric field strength of 1550 volt/cm is required. For

the circumferential gap length of the valve in Figure 1, a voltage of,43,300 volts

would be necessary to attain this field strength.: Hence, to attain reasonable
conductivity values in hydrogen, very high voltages, which combined with the 48.6

amps, current requirement mean very high power input, must be used.
C. POWER INPUT
The externalépowcr required by the valve is

P=EJ (vol.) = 1v ' (5)
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. N . ,
where the current density j is determined by the desired Ap (Equation (2)),

the field strength E by the conductivity (as discussed above), and the volume
of the gap Vol. by the valve geometry. Note that the power input is independent

. = 2+
of the orientation of E and j.

ITI. THEORETICAL RESULTS

Using the_idealized relations derived in the previoﬁs section, the
effective Lp produced by the MHD forces was calculated as a function of‘power
input. The results are shown in Figure 3 for various initial gas temperatures,
The range of operation for the value in Figure 1 with hydrbgen is bracketed by
two limiting cases. The lower bound is the curve corresponding to a constant
gas temperature of 530°R, which assumes none of the input energy has affected
the gas temperature. The upper bound is the dashed curve that was generated by

assuming an initial gas temperature of 530°R that is increased by the amount of

‘electrical energy input to the gas. Since the gas temperature would actually be

varying along the length of- the electrodes, the valve would be expected to

operate somewhere between these two bounds.

The primary results shown by Figure 3 is the extremely high power inputs
required to get significant Ap levels. As previously discussed, this is due to
the high electric field required to obtain reasonable gas conductivity values

in room temperature hydrogen.

IV. LIMITATIONS OF ANALYSIS

The relations used to calculate the results shown in Figure 3 hold only

for a highly idealized case in which the flow and electrical parameters are

assumed to be constant and uniform throughout the annular gap. The effect of

non-uniformities and the various loss mechanisms present in such a device would

be to further increase the excessive power input levels.

In reality, it is most probable that'an'arc discharge would be produced
in the gap between the electrodes, and thus the aétual current density distribu-
tion would Be highly non-uniform. At the relatively high pressurés used in the
valve and the high current levels required, Cobine in Reference (d) indicates
that an arc discharge would definitely be expected. The arc is undesirable for

this particular valve application since all the current is concentrated in a
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small diameter rod—liké vo;ume, and hence the MHD forces act only on a small
portion of the flow. With an arc, the applied voltage is wmuch lower because

of the high gas conductivity in the arc region due to the very high local heating .
of the gas. Short distances away from the arc, however, the gas rapidly returns
to the thermal cquilibrium temperature determined by the energy input of the arc.
Even within the small high temperature portion of the arc itself, Reference (d)
shows that current densities in bhydrogen at 1 atmosphere pressure are around

6 x 106 amps/mz, which is of the same order as the current density required

throughout the volume of the gap to get the required 30 psia Ap.
V. CONCLUSIONS

Based cn an idealized representation of the interaction of MHD forces with
a gas flow, it can be concluded that the valve shown in Figure 1 cannot effectively
control the flow rate of room temperature hydrogen without the expenditure of
excessive amounts of power. Déviations from the idealized case serve only to
further increase power requirements. Changes in valve geometry and magnetic
field strength might reduce the .power an order of magnitude, but even greater
reductions are necessary to reach acceptable levels. It is possible, however,
that some other means might be available for ionizing the gas before it enters
the valve, which could greatly reduce the power input to the valve. It is likely,

though, that such means would also require significant power inputs.

It should be noted that the feasibility of the valve configuration shown‘
in Figure 1 has been evaluated only for room temperature hydrogenlt The valve.
concept is sound, though, and with better conducting-fluids the power require-
ments may be within reasonable levels. For example, helium would be more subject
to nonequilibrium ionization sinée if is monatomic, and thus it would be expected
to have a stronger interaction witﬁ the MHD forces. Also, this type of valve
would be particularly attractive for liquid metal applications since the fluid

conduct1v1ty in such cases is very high.

An alternate concept that might be considered for using MHD forces to
control flow is a vortex valve. The valve geometry shown in Figure 1 could be
readily adapted to a vortex valve by aligning the 3 and B vectors to produce a
circumferential Lerentz force in the annular gap. In this case, only a small

-4p need be generated by the MHD forces to start the flow swirling. The swirl
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is increased in the chamber downstream of the gap as the flow approaches the

exit at a smaller radius. The over-all Ap across the valve is a direct function
of the swirl at the valve exit. A computer code described in Reference (e) is A
available at ANSC for calculating the valve exit flow as a function of the initial
swirl of the flow entering the valve. Since a much smaller Lorentz force is re-
quired by the vortex valve concept, it is possible the probable arc discharge,
which requires lower voltages and hence lower power input, might produce enough
interaction with the over-all flow to make the valve feasible from a power input

standpoint.
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MHD VALVE DESIGN
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ELECTRON TEMPERATURE IN VARIOUS GASES

REF: S.C. BROWN, BASIC DATA OF PLASMA PHYSICS
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HEATER SIZING ANALYSIS.FOR THE ELECTROMECHANICALLY
ACTUATED POPPET VALVE WITH HIGH PRESSURE ENERGIZED SEAT
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" HEATER SIZING ANALYSES FOR TﬁE
ELECTROMECHANICALLY ACTUATED
POPPET VALVE WITH HIGH

PRESSURE ENERGIZED SEAT

I. INTRODGCTION

This report documents the heater sizing analyses for the Electromechani-
cally Actuated Poppet Valve with High Pressure Energized Seat. This work was
done under MSFC Contract NAS 8-27568 to provide support analyses for the

evaluation of this valve seal concept.

1I. SUMMARY /CONCLUS IONS

This LH2 poppet valve concept has the ability to generate a very high
load at the valve seat at the expense of a large boil-off rate of the LH

_ 2
upstream of the valve seat. In order to decrease this heat load to the LH

S 2
the trapped velume must either be thermally insulated from the valve seat or
must be located at a distance from the valve seat. The latter appears to be
the only feasible solution since the member between the trapped volume and the

valve seat must be a high strength material,
III. DISCUSSION

A steady-state thermal analysis of the poppet valve was performed using
the D12207 finite element method program. The two-dimensional thermal model
was generated in cylindricél coordinates with the axis of rotation at the valve
centerline as shown on Figure 1. This model has 88 nodes and 64 elements. It
was assumed that the trapped fluid and the fluid upstream of the valve seat is
liquid hydrogen at 22.2°K (40°R) and that a vacuum exists downstream of the

valve.

The thermal conductivities of the valve materials (CRES 302 and CRES 347)
and the trapped liquid hydrogen were assumed to have constant values as shown

below:
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K. =1.875 x 102 doules 5 . 107% Btu/sec-in-°R)

SS sec—cm-"K

KLH = 9,375 x 10-4 12319——;— (.25 x 10—5 Btu/sec-in-°R)
2 sec—-cm-"K

The heat transfer coefficient from the valve to the liquid hydrogen upstream
of the valve seat of 1.0 x 106 joule/hr—meter2-°K (1.0 x 10—4 Btu/sec—in2—°R)

was used based on the film boiling daté given in Reference 1.
Iv, RESULTS

Shown on Figure Z.are the results of this analysis. The heater element,
mean fluid and the maximum value metal steady-state temperétures-are plotted -
as a function of the heater power into the trapped fluid., This heat is con-
ducted through the valve body to the fluid upstream of the valve seat. Shown
on the same Figure is the hydrogen boil-off rate as a function of the heater

pover.

 The pressures generated by the trapped fluid were computed based on the
data given in Reference 2 (reproduced on Figure 3). It was assumed Fhat the
initial fluid was at atmospheric pressure at 22.2°K (40°R). When the trapped
LH2 is heated as constant volume, it became more supercooled moving away from
the saturated liquid line (see Figure 3). Also shown on Figure 2 is the

pressure generated by the trapped LH, as a function of heater power. Since

2
the Reference 2 data only extend to 10,000 psi, the extrapolation of this

data is shown with a dotted line on Figure 2.

~

~
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APPENDIX P

CA CALCULATIONS FOR THE ANSC 1140007
ELECTROMECHANICALLY ACTUATED REGULATOR
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U.S. customary units were used for the basic CA calculations. Final

results were then converted to S.I. units where applicable.

where

Then for sonic

or

W
1

-l =.

flow

CA

The standard gas orifice flow equation was used as follows:

8.02 CA X
R1/2 T1/2

= Flow rate =

= Regulator inlet pressure

1bm/sec

1bf/in.2 absolute

= Coefficient of discharge = dimensioniess

= Regulator throat area = in.2

- . _ ft-1bf =~

= Universal ggs ;onstant = 766.8 op——py for GH,
27.691

= Inlet temperature of gas at regulator = °R

1/2
p 2/K p K+ 1

= .E4§7.(ﬁlq - (ﬁl) K = .484 for sonic GH,
2 2
" K = Ratio of specific heats = 1.4 for GH2
P2 = Regulator downstream pressure = P2 < .532 P]
across the regulator
P
1 CA
0.14 ——— : (1)
T1/2
o +1/2
= 7.1337 X g] (2)
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“ Steady state conditions were then tabulated in Table 1 using state point 36 of
Reference 16. State point 36 is located downstream of the turbine discharge

state point. Table 2 was then established using turbine discharge flow rates,
temperatures and pressures versus startup times extrapolated from Figures35 and 34
(Section J1.B.2 ) for the multiple tank RNS. The CA values versus startup times
shown in Table 2 were then computed using equation 2 and the extreme NERVA steady
state design points of Table 1. The extreme steady state design points are also
shown in Table 2. Startup tfme versus regulator CA was p1otted in Figure A

for the multiple tank RNS. An examination of Figure A shows that the maximum CA
demand on the regulator occurs approximately 7.0 seconds aftef the initiation

of engine startup and the lowest CA demand occurs during the extremes of steady
state operation. The curve from approximately 4.0 to;26.0 secoﬁds can be rescaled

by the following equation for any RNS configuration assuming temperatures and

.- pressures remain constant.

1 . 2 - (3)

The maximum turndown ratios of the regulators can be determined by the

ratio of the maximum CA to the minimum CA such as

CAmax

A = Turn down ratio '. (4)

min
Thusly, Table 3 parameters was established for three different regulator sizes using
Equations 1, 2, 3 and 4 data from Tables 1 and 2, Figure A and data from Section II.B.Z2.
The single tank RNS and the multiple tank RNS dictate the extremes in tank pressurant

> vegulator size. The regulator size shown on ANSC drawing 1140007 {(Figure 34) and as

o, —— -
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discussed in Section II.B2 is for an arbitrary intermediate size RNS. This regulator 1s
designed for a full opeh geometric flow area of 20.27 cm2 (m in.z) and a 7.62 cm
(3.00 in.) line size. Further analysis of»fabie 3, would indica
Class 1 RNS (large single tank), a thrndown ratio of 128.7:1 will possibly require
two sizes of tank pressurant regulators.

Figure B shows the NERVA engine operational phases and Figure C shows

the NERVA engine schematic. These figures are included for general reference.
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TABLE 1

STEADY STATE CONDITIONS
(REFERENCE: STATE POINT 36 OF REFERENCE 36) |

Appendix P

U.S. CUSTOMARY UNITS

NERVA Engine Design Point Flow Rate Absolute Pressure Absolute Temperature
1bm/sec 1bf/in.? °R
Start of Life - Normal 0.60 3-8 0 108 285 355
End of Life - Normal 0.60 -8 7012 265 215
Start of Life - 1 TPA 80% 0.40 339 : 574 383 2n 35
End of Life - 1 TPA 80% 0.40 3;;‘2 577 2o 282 333
Start of Life - 60% 0.31 3:37 a 332 296 300
End of Life - 60% 0.31 031 443 P 305 342
Start of Life - 1 TPA 603 0.31 338 a40 35} 295 30
End of Life - 1 TPA 60z 0.31 031 443 :3; 305 342
Emergency Operating 0.20 g%g ' 330 3‘1”9 248 ggg

SYSTEM INTERNATIOHAL UNITS

Absolute Temperature

. Flow Rate Absolute Pressure
NERVA Engine Design Point —— 5 [
Kilogram/sec Newton/Meter™ X 10 °K

Start of Life - Normal 0.272 939 a.861 §:351 .67 13778
End of Life - Homal 0.272 9-3%% ‘ 4.895 §-355 147.27 132.78
Start of Life - 1 TPA 80% 0.181 3-222 ' 3.958 533 150.55 121-18
End of Life - 1 TPA 80% 0.8 209 BN B30 156.67 152-59
start of Life - 603 0.141 J-168 3.01 3317 164.48 170-09
End of Life - 608 0.141 9333 3.055 3579 169.44 1320
Start of Life - | TPA 60% 0.141 01198 3.03 31190 163.89 15333
End of Life - | TPA 60X 0.141 3-168 ' 3.055 3-11 169.44 173-90
Emergency Operating . 0 090_3 Lg? 2.275 gg(s)(l) 137.78 };ggg
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1.1 KILOGRAM  GH, AT 0.95 NEWTON

B | SEC | METER?Z

_ AND 95.56°%K

i (2.45 LBm GH, AT 138 LBf & 172°R)
SEC N2

- BOOTSTRAP STARTUP | STEADY, |

PLUS THRUST BUILDUP STATE

1.81 KILOGRAM GH,, AT

SEC | o
4.585x 10° NEWTON & 147.22%
| METER?
(4.0 LBm GH, AT 665 LBf & 265°R)
LBm _ LBf
SEC SN
/ ‘ - STEADY STATE V2 Al
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- | 1 1 | | |
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- STARTUP TIME, SECONDS

‘FIGURE A
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TABLE 2
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U.S. CUSTOMARY UNITS [sx UNITS
’ :gst;‘eim
soiute

Startup Tine  Flow Rate ()  Temperature (1) m)'/? Pressure (Py) A cA_

Seconds 1bm/sec °R (°R)1/2 lbf/in.2 in. cm
4 .16 229 15,13 116 1489 0.9606
5 1.00 210 14.49 125 .8629 5.5671
6 2.15 192 13.86 130 1.6352 10.5497
7 2.45 172 1315 138 1.6654 10.7445
8 2.50 152 12.33 150 1.4660 9.4580
9 2.52 148 12.17 186 1.1762 7.5884
10 2.50 150 12.25 234 .9336 6.0232
n 2.47 152 12.33 234 .9285 5.9903
12 2.48 156 12.49 234 .9443 6.0922
13 2.45 164 12.81 242 .9252 5.9690
1 2.45 72 13.15 252 .9120 5.8838
15 2.4 180 13.82 262 .8952 5.7755
16 2.42 186 13.64 264 .8920 5.7548
17 2.48 194 13.93 290 8498 5.4826
18 2.50 200 18.14 2 .8083 5.2148
19 2.56 208 18.42 334 .7885 5.0871
20 2.60 a5 14.66 350 .7769 5.0122
2 2.64 222 14.90 365 .7688 4.9600
22 2.80 228 15.10 383 7875 5.0806
23 3.00 235 15.33 410 .8002 5.1626
24 3.30- 283 15.59 a44 .8226 5.3071
©2s 3.50 252 15.87 500 .7925 5.1129
2 3.84 264 16.25 620 .7180 4.6322
26.5 4.00 265 16.28 665 .6986 4.5071
Q) 0.20 258 16.06 319 .6986 0.4632
® 0.60 16.31 693 .1007 0.6497

266

@ Emergency steady state operating point (Table 1)

@ Start of Life steady state normal operating point (Table 1)



TABLE 3
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U.S. CUSTOMARY UNITS

Fully Open

Partially Open

Flow Rate Flow Rate
RNS Re%ulator CA 1bm/sec Regu‘atpr CA 1bm/sec Turn
Tank Configuration (in.%) at Approx. @ 138 psia (in.%) at Approx, @ 665 psia Down
7.0 Seconds & 172°R 26,0 Seconds & 265°R Ratio
Single Tank 9.2400 13.57 . 2.8260. 22.0 128.7:1.0
Class 1 RNS .
Multiple Tank 1.2252 2.45 0.5139 4.0 24.3:1.0
. Class 3 RNS '
Arbitrary 2.6700 3.92 1.1200 6.4 37.2:1.0
Intermediate RNS
SYSTEM INTERNATIONAL UNITS
Flow Rate Flow Rate
Fully Open Kilogram/sec Partially Open Kilogram/sec
RNS Regulator CA. @ 0.95 x 10° Newton Regulatar CA @ 4.585 x 105 Hewton Turn
Tank Configuration {cm®) at Approx. . . Meter {em®) at Approx. Meter Down
7.0 Seconds & 95.56°K 26.0 Seconds & 147.22°K Ratio
Single Tank 59.6128 6.16 - 18.2322 9.98 128.7:1.0
" Class 1 RNS ,
Multiple Tank 7.9045 1.1 o 3.3155 1.8} 24.3:1.2
Class 2 PXS
Arbitrary 17.2258 1.78 - 7.2258 2.90 37.2:1.0
Intermediate RNS
-7--
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APPENDIX Q

LOW MELTING ALLOY
REMOTE COUPLING
ELECTRICAL POWER REQUIREMENT VERSUS HEATUP TIME ANALYSIS
FOR '
" ANSC 1140005 LOW MELTING ALLOY REMOTE COUPLING
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I. INTRODUCTION

a" The purpbse of this report is to present a parametric analysis for sizing
this heater for the Low Melting Alloy Remote Coupler. This work was done under MSFC
Contract NAS 8-27568 to provide thermal support analyses for the evaluation of this

remote coupling concept.

II. SUMMARY/CONCLUSIONS

Thermal transient analysis of one of the four remote coupling designs was
performed on a detailed analytical model. The heater power requirements and
predicted heat up times of the other three designs were estiﬁated based on
geometric similarities in the four design configurations. The heat transfer

"rate from the sleeve to the line is limited to thermal radiation, which is a poor
mechanism at low temperatures., The maximum temperature of the iine coupler is
limited by th¢ material of_tﬁe_barrier seals between the sleeve and line to approx-

"- iwately 044°R (7GG°>F). A typical heat up time is 45 minutes at a heater powér tlux

of approximately 1.55 watts/cm2 (10 watts/in.z).

I1I. DISCUSSION
A. METHOD OF ANALYSIS

The thermal transient analysis of the remote coupling heater and the
stored alloy heater were performed using the D12207 finite element method program.

The two dimensional thermal models were generated using cylindrical coordinates with

the axis of rotation at the centerline of the joint to be coupled.

The remote coupling heater thermal model is shown on Figure 1. In
outer space, the only mcans of transferring heat from the sleeve to the line is by
thermal radiation. It was assumed that the surface emissivity of the line and

5
6 sleeve was 0.9 in this analysis. A strap heater is in contact with the sleeve 0.D.

e P o T—" wem € as -
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The contact preséure is supplied by a massive clamp through 0.254 cm (0.1 inch) of
6 resilient insulator pad. It was assumed that all exposed surface (g = 0.5)

radiates to outer space at 0°K.

This same remote coupling thermal model was also used to predict the ‘
thermal transient response on earth. The model was modified to include air in the
0.013 cm (5 mil) gap between sleeve and the line. The natural convection coefficient

joule (2.0 BTU/hr-£t>°R).

on the Outs;de of the line and clamp was taken as 40,916
hr-meter”-°K

The thermal model of the alloy storage container is shown on Figure 2.
The alloy is contained in a cylinder with a strap heater on the outside. It was
assumed that the exposed surface (¢ = 0.5) radiates to outer space at 0°K.
B. MATERIAL PROPERTIES
The nominai:v;Lues of thermal conductivity and heat capacitance of
‘/ AISI 347 reported"‘:i:n Reference 1 were used in this analysis. The thermal coﬁduc—

tance and capacitance of the strap heater was assumed to be one-half the AISI 347

values.

The thermal properties of the aluminum clamp were taken to be

independent of temperature as follows:

. _ | in. .
K = 1,50 —loule-cm (0.002 —Btuzin.
sec—cm’ ~°K sec-in. -°R
pC =1.16 —3—3“—1‘3 (0.01 —3—5‘3‘—)
P em™ -°K in.” -°R

-

The thermal properties of the rubber insulation were taken as

independent of temperaturé as follows:

o
‘.’
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K = 0.0015 ~loulescm (0.000002 —-EtiiR:
sec- cm -°k - sec-in. -'R
’ _ 5 ao _joule P Btu .
pC, = 2.3z === - (0.02 RN

cm ~ K ’ in.

The thermal properties of the alloy CERROBASE was obtained from

the Cerro Copper Brass Company data sheet as follows:

K = 0.172 doulesen (0.00023 —2u=I:
sec-cm - K sec~-in, - R
o C_ = 1.32 Joule (0.0114 —2E9 ) solid
P 3o 30
cm - K in. -"R
Heat of Fusion = 16,760 —JOUle (7. Btu)
kilogram 1bm
_ ‘ joule Btu ..
pC = 1,86 — . (0.016 ——=—) 1liquid
P 3 o0 30
cm - K . in.”- R

Melting point = 397°x (255°F) eutectic

During the 2-phase melting process, a modified high thermal capacitance value

JOUlC

of 31.32 (0.27 Btu/in. 3--OR) was used between the temperatures of 394 and

_OK
400°K (250 and 260°F) to account for the heat of fusion.

~

IV. RESULTS

Shown on Figure 2 are fhe results of the alloy heating thermal transient
analysis. The heater power was 268 watts and the volume of CERROBASE alloy was
303.2 cm3 (18.5 in.3). The heat flux of the heater on the outside of the con-
tainment cylinder was 1.29 watts/cm2 (8.32 watﬁs/in.z). The tiﬁe required to
heat up the solid alloy from 144°K (-200°F) to liquid at 422°K (+300°F) was

24 minutes. Figure 2 shows that the maximum temperature difference between
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maximum heater temperature at Node #18 and minimum alloy temperature at Node #5
is less than 55.6°K (100°R) throughout thevheat up transient, For estimating
purposes; it can bé assumed that the alloy heat up time is inversely prépcrticnal
to heat power and the maximum temperature differgnce between the heater and alloy

is directly proportional to the heater powér}

Shown on Figure 3 are the predicﬁed sleeve-line thermél response in outer
space. This analysié was performed at three different heater powers of 2.51,
1.88 and 1;26 watts/cm2 (16.2, 12.15 and 8.1 watts/in.z). The heater power and.
the corresponding heat up time to 422°k (760°R) (line) of 4 different sleeve-line
designs were required.- Since all four designs had the same ghickness of sleeve,
pipe, heater and clamp only one of the designs was modeled and analyzed. Since
the material thicknesses are all the same, the thermal transient response is a’

function of heat flux of the heater, Shown below are the dimensions of the four

Coupler Design Line Diameter Sleeve Length
_cm _din., cm in.
-1 = 7.62 3 o143 4
-2 12,70 - 5 13.46 5.3
-3 . 20.32 8 16.76 6.6

-4 ' - 7.62 3 18.54 7.3

Tabulated on Figures 3 and 4 are the heater power of the four remote couplings

designs at the 3 heater power flux values.

Shown on Figure 3 are the predicted thermal transient response of the line
coupler at the same bower fluxes in air. In all 3 heat flux cases, essentially

steady-state temperatures are reached in one hour. This equilibrium temperature
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‘ of the heater is a strong function of the natural convection heat transfer

coefficient to ambient air, The value used in this analysis was

40,916 Joule p 2 Btu/hr—ftz—oR). If the actual natural convection
hr-meter - K

joule (1 Btu/hr—ftzeoR), the equilibrium

coefficient is only 20,458
, hr-meter -"K

temperature difference between the heater and ambient would be doubled.

V. REFERENCE

(a) Materials Properties Book, ANSC Report No, 2275
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I. INTRODUCTION

This report documents the heater sizing parametric analysis performed
for the Thermal Interference Remote Coupling Design Concept. This work was
done under MSFC Contract NAS 8-27568 to provide support analyses for the evalua-

tion of this remote line coupler concept.

IT. - SUMMARY/CONCLUSIONS

Transient thermal analyses of the three sizes of thermal interference
remote coupling designs were performed on a detalled analytical model. In
general, the analyses indicated that fairly high heater power fluxes (Vv7.44 watt/cmz)
are required and that the heat-up of the sleeve (to ~ '500° °K) must be accomplished
in a few minutes in order to achieve the desired temperature differeﬁce between

the sleeve and line.
I1I. DISCUSSION

The thermal transient analyses of the remote couplings were performed
using the D12207 finite element method program. The two dimensional thermal
models were generated in hylindrical coordinates with the axis of rotation at
the center line. The axial and radial dimensions of the three models are shown
on Figure 1. This model assumes an 0.0635 cm (0.025 in.) wide-line contact be-
tween the pipe line and the sleeve, A 0.381 cm (0.15 in.) thick strap heater is
in contact with the sleeve 0.D. over the entire surface. The heat from the sleeve
is transfgrred to the line through the small contact surface area and by thermal
radiation across the sleeve-line gap. The emissivity value used for these sur-

faces was 0.5,

The nominal values of. thermal conductivity and heat capacitance for
AISI-347 as reported in Reference (a) were used in this analysis. The thermal
conductance and capacitance of the strap heater were assumed to be one-half the

AISI-347 values.

IV.  RESULTS

For each of the three sizes of the thermal interference remote coupling
designs, three heater power flux values were used. In each case the lowest power
flux case could not generate sufficient temperature difference between the sleeve

and line.
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EalN

. Shown on Figures 2 through 4 are the predicted heat-up thermal transient
7 results for the three line size cases. Shown on Table 1 are the heat-up times

and the maximum sleeve temperatures when the required temperature difference

between the sleeve and line is achieved. ‘

v. REFERENCES

(a) -Material Properties Data Book, ANSC Report No. 2275
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