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ABSTRACT

Presented herein are detail results of analytical and e.rerimental
investigations to develop contaminant resistant seal designs and

a dynamically stable prototype check valve for the orbital maneuver-
ing and reaction control helium pressurization systems of the Space
Shuttle. Polymer and carbide seal models were designed and tested.
Perfluoroelastomers compatible with N;0, and N,H, types were evalu-
ated and compared with Teflon in flat and captive seal models.
Carbide cutter seals of proven long life were compared with the
polymer seals in low load sealing and contamination resistance which
demonstrated cutter seal superiority. Ceramic and carbide materials
were evaluated for N0, service using exposure to RFNA as a worst
case screen; chemically vapor deposited tungsten carbide was shown
to be impervious to the acid after 6 months immersion. A unique
carbide shell poppet/cutter seat check valve was designed and tested
to demonstrate low cracking pressure (<2.0 psid), dynamic stability
under all test bench flow conditions, contamination resistance (0.001
inch CRES wires cut with <1.5 pound seat load) and long life of
100,000 cycles (leakage <1.0 scc/hr helium from 0.1 to 400 psig).
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INTRODUCTION

Historically, schedule constraints and complex development problems have resulted
in very minimal effort being placed on check valves. As a result, the state of
the art in check valve design has not been sufficiently advanced to meet the
multiple-reuse, high-reliability, and low-maintenance requirements of the Orbit

Maneuvering and Reaction Control Propulsion Systems (OMS/RCS) of the Space Shuttle

Orbiter. This lag in the state of the art was evidenced in the Apollo propulsion
system check valves, which also utilized nitrogen tetroxi-e (N;04) and hydrazine
(NoHy) -base propellants. Consistent leakage performance, dynamic stability, con-

tamination tolerance, and propellant compatibility were not satisfactorily attained.

Thus, these Apollo quad check valves, designed for a single mission usage, do not

contain the design features required for the Space Shuttle, where a reusable valve

with extended operational life is required.

PROGRAM OBJECTIVE

The objective of this program was to develop the necessary data, through analy-
tical and experimental evaluatiui nf different sealing concepts and materials,
to provide the means of optimizing the quad propellant check valve design for
OM3/RCS application. Specifically, the program was designed to provide data on
contamination-resistant scaling concepts and valve concepts that would prevent
recurrence in Space Shuttle hardware of problem areas encountered with Apollo
quad check valves. The major valve design objectives of this effort were:

(1) contamination-resistant sealing in the presence of propellant reaction prod-
ucts as well as particulate natter, (2) elimination or severe limitation of
sliding fits, (3) no critical orificing or small clearances susceptible to foul-
ing, (4) dynamic stability, (5) compatibility with oxidizer (N,04) and fuels
(N2H4 types) separately as well as in combination with =ach other and with
moisture, (6) minimum and consistent pressure drop, and (7) resolution of the
unique problems that result from the extended Space Shu*<le operational life.

TECQINICAL APPROACH

The technical approach to this program was based upon the precept that analysis,
coupled with detail observation and measurement of the physical and geometrical
parameters causing seal leakage, leads to dimensions and designs for reducing
leakage. This has been the basis for similar metal-to-metal closure research
at Rocketdyne (Ref. 1 through 3) and has resuited in advance closures, and
methods tor evaluating these closures in controlled contamination environments.
Recentiy completed Space Shuttle Auxiliary Propulsion Sysiem (SS/APS) valve re-
search (Ref. 4) has demonstrated the advantages of captive plastic and carkide
cutter seals in resisting contamination and achieving low leakage for 1,000,000

scrubbing-impact closures cycles. Also, a recently completed TRW effort (Ref. 5),

characterizing AF-E-124D elastomer and demonstrating its compatibility with earth
storables propellants, has provided a potential basis for imprcved sealing
performance.

- e ——
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Combining these technological breakthroughs in sealing concepts useful for Space
Shuttle components, and particularly the OMS quad check valves, was a primary
aim of this effort. This was achieved by systematic evaluation of selected seal- :
ing concets and materials under precisely controlled conditions, correlating i
cause with effect and comparing results with analytical predictions. Results of
this work provided the basis for design of a candidate quad check valve. Veri-
fication of the selected design was accomplished by fabricating and testing a :
prototype check valve.

Elements of the work accomplished are shown in the following program structure.
These tasks were performed more or less in the order listed and are rerorted
herein in similar order.
1. Sealing Investigation

a. Leakage analysis

b. Test model conceptual analysis, design, and’fabrication

c. Materials investigation

d. Test system and methods

¢. Model seal tests
2, Check Valve Development

a. Conceptual design

b. Prototype analysis and design

¢. Prototype fabrication

d. Prototype development testing
TECHNICAL GUIDELINES

General guidelines for performing the work were based on the OMS check valve re-
quirements as then currently defined. While the intent of the effort was to de-
velop new technology, sufficient similarity between the research and the flight
program was required to allow utilization of the results. Thus, the goals
established for the OMS check valve formed the basis and standards for closure
designs examined in the Sealing Investigations tasks. While all closure types
were evaluated in tradeoff studies, emphasis was placed on the recognized state-
of-the-art concepts most likely to meet the exacting compatibility and low-load
sealing requirements of the OMS check valve; these were: (1) cutter seal (Ref.
3 and 4), (2) AF-E-124D elastomer seal (Ref. 5), and (3) captive Teflon seals
(Ref. 4). General technical guidelines extracted from the contract Statement of
Work are covered in Appendix I. A summary listing of the quad valve primary per-
formance goals follows:

Fluid Media N704, MMH, inert gases
Contamination Tolerance 150 microns

Temperature *+150 F gas, -20 to +150 F unit

1-2



reemarndey TA Y " }mmml

Flow 1.2 1b/min helium at 70 F

Pressure 200 to 275 psi

Pressure Drop 3.5 psi maximum

Stability No on-seat chatter allowable

Leakage 1.0 scc/hr helium (0.001 scim) maximum
Vibration 2 g%/cps (1iftoff)

Cycle Life 10-year mission (10,000 cycle, estimated)

Toward the program conclusion, requirements established for the OMS/RCS check
valve indicated a common design to satisfy both requirements. The major consid-
eration was the greater cyclic requirement for the RCS application of 100,000
cycles *hat would therefore be imposed on the valve,

1-3/1-4
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SUMMARY

To meet program objectives for optimizing the OMS/RCS check valve, major effort
was devoted to sealing investigations in which seal materials were evaluated and
carefully controlled seal model tests were performed in precision test fixtures.
Facilities available from previous poppet and seat research programs were uti-
lized to evaluate these advanced seal concepts. Polymer and ceramic cutter mate-
rials were studied with emphasis on means for fabrication and capability with
storable propellants. Data from the sealing investigations led to design and
development of a unique prototype check valve which demonstrated, by analysis
and test, compliance with all program goals and requirements.

The program work and results are summarized by section in essentially the order per-
formed and reported herein.

LEAKAGE ANALYSIS

Leakage analyses have provided the basis for relating fabricated surface geometry
with measured leakage. These analyses have also been instrumental in this and

previous programs for guiding seat designs toward improved sealing performance
through identification of major leak paths.

A summary of leakage equations covering molecular, laminar, turbulent, and orifice
flow regimes is presented for parallel plate and tubular flow paths. Included

are application examples to show the range of each equation and the solution
method.

The laminar-molecular flow equations are used to predict the equivalent parallel
plate gap required to allow specification leakages over a range of pressures

from 0.1 to 1000 psig for a valve seat having a 0.0002- or 0.006-inch wide seal-
ing lands and mean diameter the same as the fabricated prototype valve (1.02
inch). Propellant leakages are predicted based on the resulting analytical model.
The analysis shows that liquid leakage is significant, but less than vapor leak-
age, which for NO7 is about 7 times greater than the equivalent leakage of helium
at 0.5 psid. The NO, vapor leakage is high because of a 14.8 psi vapor pressure
{at 70 F) which does not provide added seat load. Consequently, under conditions -
of near or partial'cracking where the valve seat is nearly unloaded, vapor leak-
age could be substantial if the closure design tends to open excessively due tc
nonflat sealing curfaces, such as with polymer seals. It is concluded that with-

" out frequent helium purging some NO, vapor will be present upstream of a check

valve meeting the program requirement of 10 scc/hr leakage.

The predominant leakage mode at low pressure drops is molecular in the 10 scc/hr

range. Or the other hand, liquid leakage is entirely laminar and varies with the
cube of the equivalent gap. Because molecular leakage varies as the gap squared,
the liquid leakage past a wide (0.006 inch) land is on the order of 5 times that

of a narrow (0.0002 inch) land for the same equivalent helium leakage.

1-5

| (RS- SN o U JETECEL R R

|

. aE® P dhass e T et s vt 4
AT e 3 L s Rt ey WS
t@bﬁﬁ?}%w‘"




|

t o ok LR AR AT T A I

The gap correlation analyses were further used throughout the model test effort to
predict the effect of variable seat load based on the check valve data wherein both
inlet pressure, and thus load, were varied to measure seal leakage. A specific
correlation test was performed indicating fair agreement with the analyses.

TEST MODELS

The concept of evaluating critical poppet and seat sealing parameters in precision
test fixtures proved extremely successful in previous research efforts. Sealing
loads, position, pressures, and leakage were precisely controlled and measured,
usually with an accuracy better than 0.1 percent. Test models were designed and
fabricated in this program to evaluate polymer seals in comparison with cutter
seal models that were available for rework from the previous APS program (Ref. 4).
Basic size of the model seals was the same as with models tested in previous pro-
grams (Ref. 1 through :); i.e., 0.470 inch mean diameter and 0.03 inch land width,
except that the cutter seal land was varied from 0.0002 inch to 0.002 inch to
evaluate contaminant cutting loads.

Two types of polymer models were designed for evaluation of the AF-E-124 variety
perfluoroelastomers and TFE, FEP Teflons; a flat model incorporating a thin (0.03
inch thick) seal disk clamped at the periphery, and a captive seal model. The

flat model was a "workhorse' configuration designed to allow evaluation of a variety
of seal insert material configurations in both composition and surface geometry.

The captive polymer seal was patterned somewhat after the '"captive plastic' closure
of the SS/APS program. No other polymer materials were considered because of
limited compatibility with storable propellants.

MATERIALS INVESTIGATION
Definition of cutter material compatibility with N0, and final selection for the
prototype check valve, along with experiments in molding and machining polymer

seals proved to be a major task in the program.

Cutter Materials

What little data was available from the literature indicated that typical sintered
carbides were possibly compatible with N;O4 but not with the nitric acid that was
certain to be present from water contamination. For the cutter seal to be success-
ful in long-term contact with N;0,, the seal material had to be literally imper-
vious to any corrosive byproducts of the propellant. Program scope and time limited
the value of propellant testing, therefore, immersion in RFNA was used as a rigorous
scre~n of candidate specimens.

Material acceptability criteria were based on examination and microhardn:ss test
of 11 carbide and ceramic material samples with razor sharp edges using plain, in-
terference, and scanning electron microscope (SEM). Observations and hardness
tests were made following 1 hour, 1 day, 15 days and 169 days (6 months) exposure.
Scanning electron microscope photographs at 500X and 5000X were obtained at the
start and after 15 and 169 day periods.
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This study showed that aluminum oxide materials (sapphire, ruby, sintered ceramics),
boron carbide, silicon nitride, Kennametal K602 tantalum-tungsten carbide, and
chemically varor deposited tungsten carbide alloy (CM-500 by Chemetal Corporation)
were not sign ‘icantly affected by 6 months exposure to RFNA. Minor etching of
the K6C2 naterial was visible, probably from the nominal 3.5 percent cobalt binder.
Nickel aud «chalt binders in all other sintered carbides were severely attacked.

Further investigation of the CM-500 material revealed the potential of outstanding
properties: (1) hardness variable from 500 to 3000 Vickers depending upon process-
ing and percentage of raw tungsten in the alloy, (2) transverse rupture strengths
to 1,000,900 psi, (3) edge strength exceeding all sintered carbides, (4) grain size
less than 100 angstrom, and (5) extreme wear resistance. With eventual selection
of the cutter seal concept and CM-500 for the poppet and seat material, additional
processing, f brication, and performance data became available which uncovered
potent1a1 (fayrication and process1ng) problems, but provided added confidence in
use of he ma'erial.

Polymer Materials

The unknown quantity with polymer seals was how smooth did the seal need to be to
meet leakage requirements, particularly at low temperature? Early discussions

with TRW led to fabrication of a precision, polished mold to produce 3.5-inch-
diameter s'ieets of AF-E-124D elastomer, both 0.03- and 0.04-inch thick. Difficulty
was experienced by TRW in obtaining smooth surfaces, therefore, AFML and DuPont
were contacted and supplied interim quantities of the elastomer, but of insuffic-
ient as-molded smoothness to meet sealing requirements. After many variations of
the perflucroelastomer were evaluated in the first half of the program, it was
concluded taat AF-E-124D could not be molded with a sufficiently smooth surface.

This led to machining e..periments to produce flat, smooth elastomer surfaces.
Machining was performed using a high-speed diamond fly cutting process that pro-
duced surfaces flat and parallel within 50 microinches. Unfortunately, the sur-
face finish lay crossed the sealing land and was too rough to seal at low temper-
ature or with very light load. Cold (-20 F) lapping was attempted with the AF-E-
124D material, hut it was soon apparent that no better finish than could be attained
with soft metals (e.g., aluminum) was practically possible. In conjunction with
current (poor) leitk test vesuits it was concluded that a glassy molded surface was
Tequired.

‘Molding experiments ** 'RW eventually led to the use of a white titanium dioxide
filler in a variation of the basic AF-E-124D material. After several trials and
variations, one 5.5-inch-OD sheet of material, 0.045-inch thick, was received

which had an ovusall glassy, surface finish, Most of the material was wavy on both
sides from ga.cs entrapped in.the mold, but about 30 percent of one side was reason-
ably flat., This muterial was used for the major test series of toth polymer models
and yieldeu promising results.
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Teflon seals were machined by fly cutting, but again the surface was too rough.
This led to several molding experiments using the captive model, a pair of carbide
plates, and an enclosed cylindrical die. The entire results were less than satis-
factory, but did lead to the conclusion that unlike TFE, FEP could be molded to a
glassy smooth surface in a totally contained die. However, the surface was quite
fragile and easily scrat-hed which indicated the need for sufficient seal load to
provide a substantial degree of plastic flow to overcome contaminant entrapments.

MODEL SEAL TESTS

Model seal tests were performed in the modified APS tester (Ref. 4) and were limited
to static load-leakage tests in the check valve mode with added force from the

tester piston, ar required. Selected polymer seal models were tested at a temper-
ature of -15 F.

Cutter Models

Cutter seal models were tested with land widths of 0.0002, 0.0005, 0.001 and 0.002
inch to determine the load required to cut or mash CRES and copper wires (0.0004-,
0.001-, and 0.003-inch-diameter CRES; 0.001- and 0.003-inch-diameter copper).
These tests also demonstrated the cutter seal's capability for sealing at the 1.0
scc/hr level with negligible load, provided the surfaces were sufficiently flat.

Wire cutting tests showed that a 0.0002-inch land width was required to mash or
cut all but the 0.003-inch-diameter CRES wire with less than 1.5 pound load and
less than 10 scc/hr helium leakage. A load of 3.9 pounds was required to cut the
0.003-inch-diameter CRES wire. 1In all cases, following wire cutting or mashing
with a seat load of up to 87 pounds, leakage was less than 10 scc/hr at low pres-
sure, indicating negligible after-effect of the wire entrapment.

Polymer Models

Initial model tests were performed with flat AF-E-124D seals fly cut on both sur-
faces with a roughness of about 16 microinches AA. By most standards, sealing
could be considered excellent at room temperature with leakage less than 1.0 scc/hr
at 10 psid, equivalent to a seat load of 1.7 pounds. Effects of excessive surface
roughness and waviness were evident, however, with much greater leakage at lower
loads and grossly excessive leakage at -15 F. These results verified the need for
a glassy, smooth, molded surface with a precision approaching lapped metal surfaces
to meet leakage requirements at low temperature.

This objective was more or less attained by one molded sheet of material, designated
as AF-E-124X by TRW, which was a variant of the AF-E-124D elastomer containing a
white filler. This sheet was fly cut on one side and seals of proper thickness

were cut from selected areas for the flat and captive models. Test results with
both models were similar, with room temperature and -15 F leakage less than 0.1
scc/hr.  For the cold test, the model was chilled under load to keep the polymer
surface flat. In one cold test of the flat seal, the model was chilled open and
required a load of 1.0 pound to seal to the noted leakage level. Although not
tested, it is reasonably certain that this load would increase with rougher surfaces
or reduction in temperature.
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Tests with a 0.001-inch-diameter wire entrapped in the flatv and captive polymer
seal models indicated that the leakage requirement could not be met with the wire
entrapped, but the surface did reheal and scal reasonably after its removal, both
at room temperature and -15 F.

Tests with TFE and FEP seals in both models were less than satisfactory, mainly
because of the inability to produce precision sealing surface and the corresponding
relatively high loads required to obtain low leakage. As with th: elastomer seals,
the Teflon models could not seal with a 0.001-inch-diameter CRES wire entrapped.
Moreover, leakage after removal of the wire was excessive because of the resultant
permanent groove across the sealing surface.

In comparison between flat and captive models, it was determined that the captive
model was the best design for seal containment and retention. However, it was
found necessary to ensure that the retainers did not interfere with the natural
position of the seal because of the resultant distortion to the sealing surface.
This requirement presents formidable dimensional problems with swell from propel-
lant exposure and shrinkage at low temperature.

CHECK VALVE DEVELOPMENT

While model tests of the AF-E-124X seals were encouraging, many quest.ons remained
unanswered. It was apparent that extensive added research was required to define
long-term compatibility and the effects of propellant exposure on sealing properties
that were yet to be quantitatively established. Also, the loss of elastic resili-
ence below +20 F dictated the need for extreme dimensional control of both the
elastomeric and seal retention surfaces. Finally, process control in the polymer
formulation, molding, and curing was undefined at the program conclusion. This was
evidenced by receipt of purportedly duplicate material from TRW which did not have
the surface texture, glassy smoothness, flatness, or pure white color of the pre-
viously received material.

On the other hand, the cutter seal had demonstrated the capability o€ meeting al)
goals and the CM-500 chemically vapor deposited ti'ngsten carbide provided the ma-
terial means for long-range compatibility. Thus, the cutter seal was selected fer
application in the prototype check valve.

Valve Design

A trade study of candidate valve designs was made considering past art and the
OMS/RCS check valve requirements. Having achieved low leakage, long life, and
contamination resistance with the cutter seal, primary drivers in the design selec-
tion and preliminary analyses were dynamic stability and resistance to vibration.

As shown in Fig. 1-1, these requirements were met by a unique design of a hemis-
phericul shell poppet of 0.03-inch-thick, CM-500 carbide, axially guided by three
equally spaced carbide guide pins, one of which is a cantilever spring producing
a lateral force of 1.0 pound between the poppzt and the other two guides. With
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a relatively large seat diameter, the required valve stroke is only 0.029 inch.
Rubbing between the carbide guides and poppet rim provides sufficient coulomb fric-
tion to critically damp the poppet against flow induced oscillations and also pro-
vide extreme resistance to vibration accelerations. Precision guidance of the
poppet is not required because of minimal impact force and a secondary 0.0002-inch-
wide seal land 0.03 inch outside of the inner seat land which acts as a bumper to
align the poppet during clamshell closure.

Fabrication

Two seats and poppets were initially fabricated. The seats were made from 15 per-
cent cobalt based, sintered micrograin, tungsten carbide and then coated with 0.001
inch of CM-500. Lapping the CM-50) proved exceedingly difficult compared with the
sintered carbide because of the material's extreme toughness and hardness. As a
consequence, each part was annealed to a final hardness of 1200 Vickers and finish
lapped to produce sealing lands of between 0.0002 and 0.0003 inch in width.

Desired poppet hardnes; was on the order of 2100 Vickers, howev.. it was determ-
ined in machining the first two poppets that hardness varied wit). processing and
machined depth. Because variable amounts were removed from these parts, their
finzl hardness was 1000 and 1200 Vickers. Tests with the 1200 Vickers part were
not entirely satisfactory because the seat cut into the poppet several microinches
and displaced material which, upon subsequent high-pressure lcading, caused simi-
lar cepressions in the seat land. Three additional poppets were deposited with
minor changes in sealing land geometry to avoid excessive machining. Of these,
one was successfully fabricated with 1700 Vickers hardness and used in final test-
ing. Problems in controlling hardness at depth have shown that strict process con-
trol is necessary to duplicate deposition geometry, hardness, and strength.

Preliminary Tests

Initial assembly of the valve indicated that the friction between the 1.0-pound
lateral spring and the poppet rim was excessive. This was believed to be caused
be the K602 carbide guides (at approximately 2000 Vickers) scratching the softer
poppet rim. All further tests were therefore run with a lateral spring force of
0.41 pound.

Crack and reseat tests were performed with and without the lateral spring. With
an axial spring force of 1.34 pounds, the cracking and reseat pressures without
the lateral spring were identical at 1.4 psid, and with the lateral spring were
1.6 and 1.2 psid, respectively. Flow stability tests were performed which showed
the valve to be stable and chatter free from cracking, to full open, and back to
reseat. Without the lateral spring, the valve buzzed at low flow and chattered
violently at higher flows.

Czcle Test

Two 20,000 cycle tests were performed with the same seat and poppet each having a
hardness of 1200 Vickers. Both sealing surfaces were refinished between tests.
Initial leakage, on the order of 1.0 scc/hr, increased with cycles to a maximum
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of 60 scc/hr in the first test and 10 scc/hr in the second test. The leakage in-

crease was caused by material upset between the poppet and seat because of the
soft poppet.

A harder poppet was fabricated with a sealing face of 1700 Vickers. The previously
cycled seat was refinished and used to run 50,000 cycles. Leakage throughout this
test remained essentially unchanged at less than 10 scc/hr and there was no visual
evidenced surface upset.

As previously noted, two additional poppets were deposited in attempting to obtain
the desired hardness of 2000 to 2200 Vickers, but process changes and human error
precluded their use. The second seat was therefore finished and used with the

1700 Vickers poppet to run a 100,000 cycle test. As with the 50,000 cycle test,
leakage was not significantly affected by cycling and remained throughout the test
at less than 1.0 scc/hr from 0.1 to 400 psig. Again, microscopic inspection of the
sealing surface did not show evidence of material upset or wear.

Unlike the first two 20,000 cycle tests wherein crack and reseat pressures remained
unchanged, additional cycling uncovered a minor wear problem between the K602 guide
pins and 1700 Vickers poppet rim. During the 50,000 cycle test, cracking pressure
after 30,000 cycles raised to approximately 2.0 psig and was caused by a granular
interlocking type of wear between the bearing surfaces. The same problem occurred
at 20,000- and 30,000 cycles after refinishing the guide pins for the 100,000 cycle,
but not thereafter. It was concluded that redesign of the guide pin bearing area
and material was necessary to avoid granular wear of both surfaces.

1-12
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CONCLUSIONS

Based on program results and defined goals, the cutter seal concept with a 0.0002-
inch-wide land is the best choice for the OMS/RCS chech valve. This approach was
made possible by the outstanding material properties and corrosion resistance of
the Chemetal CM-500 chemically vapor deposited tungsten carbide alloy that was
employed with technology established over the past decade of research (Ref. 1
through 4).

As second choice, AF-E-124(?) polymer seal technology has indicated promising re-
sults, but significantly more research effort is needed to define (1) required sur-
face geometry, (2) seal load/stress/leakage characteristics, (3) temperature and
chemical properties effects, and (4) chemical composition and mold processing
variables. Moreover, it is unlikely that the material can seal at low tempera-
ture with required low cracking pressure loads. Also, contamination resistance
of the seal meaterizl is limited to temperatures above +20 F, but even then, 25
micron particles bridging the seal land will cause excessive leakage. These
limitations indicate that revision of the OMS/RCS check valve requirements would
be necessary for successful application of a perfluoroelastomer seal. Teflon
seals are not recommended for the check valve. ~

The unique shell poppet check valve design has demonstrated the capability of
meetin~ all program goals and requirements. Having performed 100,000 cycles of
operation with less than 1.0 scc/hr leakage, and clearly demonstrating primary
program objectives of contamination resistance and dynamic stability with low
cracking pressure, the design provides a strong basis for the flightweight quad
check valve.

Lastly, leakaze analyses and correlation tests performed have shown that accurate
correlation between helium and propellant leakages can be obtained and depends
upon the precise definition and repeatability of the leak path at a dimensional
level commensurate with the leak rate. For most aerospacs valves this dimension
is equivalent to a seal gap of from 1.0 to 5C.0 microinches.
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RECOMMENLATIONS

It is recommended that the shell poppet and cutter seal concepts, as defined
herein, be incorporated into a flight-type quad check valve which will satisfy
both the OMS and RCS requirements. To successfully accomplish this objective,
additional work is required to define (1) the process controls necessary for re-
peatable deposition and machining of CM-500 parts, (2) the production design and
mechanical lapping processes for competitive fabrication of the seat and poppet
sealing surfaces, (3) a pin guide bearing/material design capable of sustaining
the required cycling without a granular type of wear and (4) dynamic analyses of

“he quad valve in conjunction with vibration testing to verify vibratory dynamic
stability and seal wear resistance.

Recommendations for further work with polymer seals follow from the conclusions.
Additional effort in molding and process control is required to consistently pro-
duce glassy surfaces, flat within 10 uin./in. This program has barely scratched
the surface in definition of the load/stress/leakage characteristics of polymer
seals, and a complete parametric program is required to provide the detail design
criteria that is curvently lacking in the aerospace valving industry.

Finally, corrclation of ieakages between gases and liquids has been attempted by
many, but with limi*ed success. This was caused by the inability to produce
(and reproduce) a precisely defined leak path. Metal sealing technology of this
and past programs has evolved methods for fabrication and measurement of separ-
able, and thus repeatable, leaks. A program to provide gas/gas, gas/vapor, and
gas/liquid leakage correlation is recommended as both economically feasible and
necessary to allow accurate definition of cryogenic and storable propellant leak
rates in terms of the usual helium/nitrogen leakage acceptance criteria.
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LEAKAGE ANALYSIS

All seals, valve scats and even hermetic seals leak contained fluid to som2 degree.
Often there is nc visible or audible evidence of leakage and the incorrect assump-
tion is that there ir 'zero" leakage. Accepting the premise of some degree of
fluid leakage, the analytical approach is to postulate the leakage mechanism and
define a suitable analytical model. The analytical model provides the basis for
(1) relating the maximum leak requirement to the seal geometry, (2) defining sur-
face defects in relation to failure leaks, (3) correlating leak rates of different
fluids and (4) understanding specific seal-leakage peculiarities and phenomena
with changes in pressure, load, and temperature.

Analysis of seal leakage can be simvle or exceedingly complex depending upon .
degree of compressibility and the flow regime. Deviation from perfect gas lsa:
and variable viscosity are added complications necessitating an iterative comy
solution to leakage problems.

Over moderate pressure and temperature ranges, perfect gas laws are usually ade-
quate and viscosity can be assumed constant across the leak path; such has been

assumed herein. The purpose of this presentation is to provide a basis for data
correlation and practical application. Therefore, equation derivations are not

included but may be found in Ref. 6 through 11.

Units of leakage are often confusing; the discussion is therefore initiated with
a definition of units. The various mechanisms of leakage flow are discussed and
demonstrated with detailed numerical analysis of a valve seat model. Concluding,
is a leakage analysis of a hypothetical NMS check valve. The purpose of this
analysis is to provide a broad view of the potential extremes of gaseous and
propellant leakage that corresponds with the OMS check valve guidelines and
requirements.

NOMENCLATURE AND UNITS

Equation nomenclature is presented in Tabie 2-1. Units of leakage are usually
expressed volumetrically such as cc or cubic inches per minute at STP (standard
temperature and pressure, usv~1ly 70 F and 14.7 psia). To avoid unit errors all
parameters should be in a consistent set of units. For this discussion the pound
mass, inch, minute system is used.

Volumetric flow (Q) at defined (standard) conditions is directly related to weight
flcw (W) by the density at standard conditions. For gases the density can be
defined from the equation of state.

P =
V01 W RT
ﬂg -y = Ps , Volume
t RT time
s
W= 0Q
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TABLE 2-1. NOMENCLATURE FOR LEAKAGE FLOW EQUATIONS
Symbols
AA ® arithmetic average surface roughness, Inch
A = flow ares; normsl to flo direction, in.2
c, = velocity of sound, !n./min?
4 = discharge coefficient
d = hoie or hydraulic dismeter, inch
'] s gseat mean diameter, inch
e = peak to valley suifece roughness, inch
f = Darcy friction factor
9 o gravitetional constent 1,39 x 106 -:-;1"- in./mind
he = equivalent parallel plate gap, inch
hp = parallel plate channel height (gap), inch
K s ratio of specif!~ heats
K¢ » resistance factor
Ky = Knudsen No.
Ky = permeability constent
L ® channel length, Inch
L] = Mach No.
[ 4 = pressure, psia-
AP = pressure drop, psi
Q =~ volumetric flow at S.¢ (i..., 70F and 14.7 psis) scim
scim = cubic cm/hr at STP (scc/hr) /984
r ® downstream to upZtream static pressure rativ
b,
R ® gas constant, in /R
m
Re = Reynolds' No.
T = tempersture, degrees Rankine (R)
v * velocity, in./min
w = weight flowrate, 1b/min
L] = channel width or perimeter, inch
[ » ness weight, 1hm
Gresk Symbols
u ® viscosity, "Bf-min/in.2
1bfemin/in.2 » 0.999260 x Ibm/fe-hr
w2.41730 x 10°9 x centipoisc
p = density, 1b/in.3
A = mean molecular free path, inch
Subscripts
] ambient conditions
! intet or entrance conditions
2 downstream conditions
] stagnation conditions
* choked conditions (M = 1)
£ exit conditions
S standard conditions
L tigquid
1 yas
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Vacium technology texts usually express leakage in pressure x volume per unit
time units (q); e.g., Torr x liter per second, psi x cubic inches per minute or
atmospheric x cubic centimeters per second. This also is an expression of weight
flow because leakage is at a defined pressure (P_) with the assumption of gas
temperature at the flowing conditions. The rela%ionships between volumetric flow
at STP and q is shown as follows:

q=PsQ°T = WRT
s

1b _force in.3 . 1b mass _ 1b force , in. , R

.2 min min 1b mass R

in.
Q=3Ts

PT

s

MODES OF LEAKAGE FLOW

The leakage of fluids can occur through one or more of the following mechanisms:

permeation
molecular flow
transition flow
laminar flow

turbulent flow

(= N 7 B 7 S

nozzle flow

Each of these mechanisms is discussed in the following paragraphs. Equations and
boundary conditions are summarized in Tables 2-2 and 2-3. These equations are
derived for a circular hole of diameter (d) and a parallel plate leak path model
of width (W), gap, (hp), and with pressure drop over length (L) for each path.

Permeation, turbulent flow and nozzle flow are proportional to flow area, thus,
circular or other flow paths can be substituted. The hydraulic diameter (d) is
used to determine applicable Reynolds No. and friction factor. On the other hand,

‘molecular and laminar flow are integrated equations involving the path geometry;

therefore, the noted constants will differ as shown in lables 2-2 and 2-3.

Permeation Leaks

These leaks occur by a process of gas absorption on a surface film, diffusion
through the bulk, and desorption on the low-pressure side. Large surface areas
and organic materials are usually required to achieve significant leakage. A
typical example of material with high permeability is natural rubber to helium
and water vapor. Metals are unpermeable to the rare gases, although hydrogen gas
can diffuse into most metals, often with loss of strength. Unless leakage in the
mass spectrometer range (<10-5 scim or 10-2 sce/hr) is important, permeation
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leakage is usually insignificant. Note, however, that other modes of flow con
occur through physical openings in the same or opposite direction as the permca-
tion leakage. Consequently, it is difficult in the low leakage range to differ-
entiate between leak moucs.

Molecular Flow

When gas pressure is sufficicently low and/or the leak path is small so that gas
molecules encounter the walls more frequently than other molecules, the flow is
termed molecular. This type of flow results when the mean free path (1) is
greater than the leakage gap (hp). The condition is defined by the Knudsen No.
as follows:

A
Kn = H——-> 1.0
p
Molecular flow results from a greater concentration of molecules on one side of
a barrier than on the other. The driving force for flow is therefore the partial
pressure differential existing across a given leak path. As example, with 1
atmosphere pressure helium on one side of an opening and a like pressure of

nitrogen on the other side, there would be a molecular flow transfer of each gas
in opposite directions across the same leak path.

TRANSITION MOLECULAR AND LAMINAR FLOW

When the mean free path of the molecule is small with respect to the distance
between walls, laminar flow results and the flow is governed by bulk fluid pro-
perties, primarily viscosity. The Knudsen No. for the lower boundary of laminar
flow is

A
=z — <
Kn i .01
P
In this case, the channel is full and flow prevails only from higher to lower
pressure.

Between laminar and molecular flow exists a transition region whereing combined
molecular and laminar flow characteristics exist. As will be seen, the easi:st
treatment is to simply add the two types of flow, or, if sufficiently high flow
exists, to ignore the mo .cular componeuat and vice versa.

In laminar flow, the stream lines are governed by the viscous forces between the
fluid particles resulting in a predictable velocity profile from zero velocity at
the boundary to a maximum velocity between boundaries. The profile is termed
paratolic because it follows a second degree curve (parabola). As the flow velocity
is increased, the inertial forces between fluid particles become greater than the

2-6
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viscous forces and a transition to turbulent flcw begins. The defining parameter
is Reynolds number, the ratio of inertial to viscous forces

Re = '?—-—.—Vzdz = -.p_vg.

uvdg g

From tests of valve seats, gaseous laminar flow exists for Reynolds number less
than 500. Flow velocities are usually low enough to assume infinite heat transfer,
or isothermal flow. For Reynolds number approaching 500, gas exit velocities
become very high due to expansion and reduced densit - and the isothermal assumption
is not valid, although the results may be sufficiently accurate for most analysis.
As will be shown in the example calculation, Reynolds number can be lower than 500
with an exit velocity near the sonic velocity. From the literature, liquid laminar
flow prevails with Reynolds numbers up to 2000.

Turbulent Flow

In the turbulent regime, laminar flow exists only in a narrow boundary near the
walis. The velocity profile is nearly flat and the flow characteristics are
defined by both theoretical and empirical information. Basically, flowrate is a
function of internal and surface fluid friction resulting over the length of path.
Under some conditions cof incompressible flow, entrance and exit losses can exceed

the friction loss, and these factors must be considered in comr.ting the leakage
flow.

For gas flows, thermodynamic considerations are employed to define fluid conditions
and the flow is considered to be adiabatic; i.¢., no heat transfer. Consequently,
temperature will decrease as the gas expands to an exit pressure. The exit pres-
sure will either be greater than the ambient for sonic flow or equal to the

ambient for subsonic flow.

Nozzle Flow

As the flow path is shortened, friction losses become negligible and flow pressure
drop is expended in a turbulent jet. In this case the flowrate is governed by the
velocity head and an empirically defined flow coefficient that is largely a func-
tion of the entrance geometry and length of path to gap ratio (L/hp).

Compressibility Effec.s

Compressibility effects exist in most modes of gas leakage flow. The most sig-
rificantly affected regions are the turbulent and nozzle regimes. With constant
area leak paths, the exit velocity is limited by a phenomenon known as ''choking."
This condition results when the exit velocity equals the acoustic velocity. A
measure of compressibility effects and an important parameter in gas dynamics is
the Mach number, defined as the ratio of the average fluid velocity (V) to the
speed of sound (Cv) at the same conditions, i.e.,

2-7
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Compressibility eifects can usually be neglected with Mach number less than about
0.4. This corresponds to a pressure drop less tham 10 percent of the upstream
pressure. This case will seldom be seen with seal leakage because the supply
pressure is usually several times greater than the ambient.or downstream back
pressure.

Volumetric vs Weight Flow

Gas leakage is usually specified as volumetric units at standard conditions. In
comparison between various gases, the volumetric leak rates in the orifice and
molecular flow regimes vary with the molecular weight; i.e., the gas constant.
In the laminar flow regime the flow is governed by viscosity, and gases such as
nitrogen and helium will leak at nearly the same rate. In other regimes, helium
leakage (in scim) will be about 2.6 times that of nitrogen.

NUMERICAL EXAMPLE

The preceding flow regimes are most easily viewed from the basis of a specific
numerical example of gas leakage. The model leak path is a parallel plate gap

(hp) of width (W) and length in the direction of pressure drop (L). The path

with (W) can be viewed as the entire periphery of a valve seat (7D) or as a por-
tion of a larger seat produced by some imaginary flaw. In either case, the width

is assumed to be much greater than the gap (for molecular and laminar flow). Also,
the path length (L) is small with respect to seat diameter so that radial divergence
can be neglected. A circular hole leak path is also analyzed. Note that total
leakage from either geometry is n times the leakage from a single path. This simple
concept shows the tie-in between scratch or flaw leakage and parallel plate gap
leakage.

Test data for a variety of lea% paths are presented in Refs. 1 through 3. The same
seal model used in these prior tests will be analyzed herein. Due to the special
nature of permeation flow ic¢ will not be included in the analysis. The leakage
model dimensions and fluid conditions are as follows:

Model Geometry

D = 0.470 inch

W = 1D = 1.4765 inch

L = 0.03 inch

hp = 10-8to 0.01 inch

d = 10-7 to 0.01 inch

C = 1.0

K¢ = gas leakage neglected

AA = 1076 inch (e = 3.0x10-6 inch)

Fluid Conditions for Nitrogen

Po = 30 psig = 44.7 psia
P, = 14.7 psia
To = 70 F= 530 R

- e ———
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K = 1.4

= 4.4 x 107! 1b-min/in.?

R = 661.7 in./R s

b, = 4.1917 x 107 1b/in.> at P_ = 14.7 psia and T_ = 530 R

Flow Analysis

The equations in Table 2-2 display a complete picture of the analytical scope in-
volved in solution of the subject model. Molecular, laminar and nozzle flow can
be determined by direct substitution versus gap or diameter. The numerical and
plotted results are displayed in Tables 2-4 through 2-6 and Fig. 2-1 and 2-2. As
shown, the slope of the molecular and laminar flow components are such that, out-
side the transition region, one becomes negligible with respect to the other.

Within the laminar-molecular transition region, each component adds to produce the
total flow.

Between the laminar and nozzle flow regions is the turbulent regime, the major
computational problem. From Table 2-2 it can be seen that several equations must
be satisfied at any given gap to obtain the flow. Furthermore, the flowrate will

be limited at the exit by choking and PE will be greater than P;. Trial and error
solution within the turbulent regime is as follows:

Calculate A

Assume M

Calculate Pj, Ty, and w from P,, To and isentropic flow equations
Calculate Re

Calculate f from Re and e/d

Calculate L*

Adjust M) to obtain L* =L

Calculate PE = P* to ensure PE = P,; if Pg < P,, flow is subsonic and a
function of Pa, also, L < L*

00N U E NN

The repeated nature of the preceding calculation is best handled by a programable
computer. The Moody diagram equation is also easily solved with a digital com-
puter in the form shown because rough cstimates of f result in a rapid convergence
on f for a given Reynolds number. Note that for Re < 2000, f is constant (sub-
stitution of this expression into the incompressible turbulent flow equation re-
sults in the laminar flow equation, neglecting Kf).

The data of Tables 2-4 through 2-6 show that, between nozzle and laminar flow, the
equations do not provide an exact match of flowrate. Specific flow tests in which
correcting coefficients are carefully derived would be necessary to obtain a

closer correlation. Nevertheless, for leakage computations, the accuracy dem-
onstrated is usually adequate.

OMS CHECK VALVE LEAKAGE

Leakage range for the OMS check valve is between 1.0- and 10.-scc/hr (0.00102- to
0.0102-scim) helium, and other shuttle components may have significantly higher
allowable leakage. The question to be answered is how these requirements relate

2-9
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TABLE 2-4. PARALLEL PLATE MODEL MOLECULAR-LAMINAR FLOW
"o Q K Re Pe Me
Molecular Flow (Kn > 1.0)
1078 7.6 x 1072 | 186 x 102 -- .7 | 6.12 x 1077
1077 x 1077 x 10’ -- x 1076
1076 x 1070 x 10° - x 107°
1072 x 1073 x 107! -- x 107
T x 107! x 1072 -- x 1073
Laminar Flow (Kn < 0.01, R, < 500)
1078 5.65 x 10712 -- 5.25 x 102 1.7 | 4.63 x 10710
1077 x 1079 -- x 1072 x 1078
1078 x 1078 -- x 1076 x 1078
107> x 1073 - x 1073 x 107"
1074 x10° | 1.86 x 1072 x 10° x 1072
2.0 x 107" 45.2 0.931 x 1072 " 42.0 0.185
3.0 x 107 153.0 -- 142.0 0.417
5.0 x 107 362.0 -- 336.0 0.741,
5.5 x 107 515.0 -- 478.0 0.938
4.6 x 107" 550.0 -- 511.0 0.980
4.7 x 107 584.0 -- 542.0 14.97 1.0
Combined Laminar - Molecular Flow
1078 7.46 x 1070 | 1.86 x 10 -- 14.7 --
1077 x 1077 x 10' - --
1076 8.03 x 1077 x 10° - --
10°°  |13.01 x 1073 x 107" | 1.22 x 107 --
w0 leu.0x 107! x 10 | 5.94 x 10° 5.25 x 1072
s1074 Laminar Flow

NOTE: o = 4.1917 x 10°% 16/in.3 for N

e = =1

2

at 14.7 psia and 70 F
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TABLE 2-6. CIRCULAR HOLE MODEL FLOW

d Q KN Re PE N

Molecular Flow (Kn >1.0)

1077 1.984 x 1074 | 1.862 x 10' .- 6.7 | 3.06 x 10

1076 x 107! x 100 -- x 1075
10°5 x 1078 x 107! -- x 107
107 x 107° x 1072 - x 1073

Laminar Flow (Kn < 0.01, R, < 500)

1077 1.127 x 10718 -- 0.983 x 1072 | 14.7 | 1.74 x 10
107 x 10712 -- x 1078 x 10
10°3 x 1078 - x 1073 x 10
10 x 107% | 1.862 x 1072 x 10° x 107
6.0 x 1074 0.146 -- 212.0 0.625
d i Ll Q pr | M | Re f L/d

Turbulent Flow (Re > 500, L/d > 10)

0.001 | 0.351 § 41.1 | 517.0] o.644 | 13.33 | 1.0 562 | 0.1138 30.0
0.002 | 0.578 | 35.7 | 497.0] 3.76 19.43 | 1.0 | 1639 | 0.03904 | 15.0
0.003 | 0.608 | 34.8 | 4ok.0] 8.72 20.03 | 1.0 | 2536 | 0.0460 10.0
Nozzle Flow

0. 001 1.0 P T 1.1k -- - -- == 30.0

(o]
0.003 l l l 10.3 -- - -1 . 10.0
0.010 114.0 -- - -- -- 3.0

2-12
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to actual OMS check valve leakage performance under a broad spectrum of environ-
mental influence, fluids, pressure change, etc.

Metal-to-metal closures have been performance characterized to provide a wide

: range of leakage predictability for a given seal design with and without cantrapped
: contaminants (Ref. 1 through 3). These data have been extended to include the

: cutter seal. Knowledge of the basic seal dimensions and source of predominant

5 leakage provides the basis for an analytical model of the leak path. The .wo most
: simple and usual paths are (1) equivalent parallel plate gap generated by surface
: deviations or a cocked poppet and (2) one or wore grooves or scratches. In the

1 first case the model width is the seal periphery and in the second it is the sum
of the scratch widths of approximately the same average depth.

I i A S LA S A b el iy,

This simple model can be extended to empirically include load variation effects
on the leak path for specific seal configurations. This approach provides detail
leak data for specific closure models which can then be compared with established
requirements. On the other hand, the seal closure model characteristic leak di-
mensions (i.e., the '"path') can be hypothesized on the basis of the leak require-
ment without regard to load effects. These dimensions can then be employed to
predict the leakage of other fluids under a variety of conditions, providing that
the path remains constant. Experimental confirmation of this hypothesis has been :
demonstrated for gaces (Ref. 1, 8, and 12), but attempts at liquid leakage correla-
tion have suffered from nonrepeatable leak geometry and other experimental errors.
Notable are the tests performed by Marr (Ref. 8) with water and Boeing (Ref. 12) g
in leakage correlation of various fluids, including storable propellants, with i
helium gas. In the latter case, single path leaks produced by scribing an AN ;
fitting and drawn glass tubing experienced contamination and/or chemical reaction ;
blockage of the leak path. Other leak paths, such as crushed tubing, had similar
problems and could not be duplicated.

PEITA L E LIRS

P N Y

The Boeing program unfortunately failed to conclusively correlate the measured
leakages because of nonrepeatable data, simply because the most jmportant parameter
of the cest effort (the leak path geometry) could not be repeated or measured.
Moreover the leak path selected to represent typical seal leakage, a single cir-
cular hole, is almost never the cause of leakage in the test range of interest :
(i.e., 1.0 to 1000 scc/hr). Suffice to say, if precision, separable, measurable, i
inspectable, and cleanable leaks been produced for the noted effort, a consid- :
erably higher degree of repeatabilit, and correlation would have been achieved,
especially in view of the technical competence demonstrated by the report.

The results performed for the many tests nevertheless strongly support the theo-
retical flow equations and it is recommended in Ref. 12 that they be used in pre-
diction of probable maximum gaseous and .liquid propellant leakage based on measured
helium leakage. This conclusion is supported herein with the reservation that

seal loading must be comparahle for the different conditions examined. Because
virtually all seals experience load and thus gap change with pressure variation,
correlation can only be obtained at comparable pressures or pressure drops. The
check valve is a prime example of a load sensitive seal closure.

,;é‘gﬂ Bk A *my‘xﬂ«:—.&m.—l I FRPCTON

PORVERE

2-17




JE Y

v A A S b e 8 e P S? B2 e s v A

B (o2 I T

L 20 N YT 0 Y

Sreyp T e e

i

P T -1 L4 Tva TYTY Y

———

Seal Model

The seal model chosen for analysis is based on th: prototype check valve with a
flat poppet and seat. The mean seat diameter is 1.02 inch. Parametric leakage
data are generated for several hypothetical test conditions. Three leak paths are
established for a given model by constant leakages of 0.001-, 0,01-, and 0.1l-scim
helium obtained for inlet pressures from 0.1 to 1000 psig, with discharge to
atmospheric pressure of 14.7 psia. Data are given for two land widths to show the
effect of this parameter on leakage. These leak models are graphically displayed
in Fig. 2-3. Although it is improbable that an actual check valve would leak
exactly as envisioned, tests herein have demonstrated that the usual trend is for
leakage to vary within an order of magnitude of the assumed model, with reduction
at higher pressure drops. Nevertheless, the model is useful in defining a 1imit
condition and provides a sound basis for evaluation of other fluid leakages.

Analytical Model

Helium leakage in the range of 0.001 to 1.0 scim occurs in the molecular-iaminar
transition region. The equivalent seat gap (hg) is computed from the equations
of Table 2-2; the reduced equation for laminar plus molecular flow is

1.50227Whe3 .2 _p?2

2
) Wh
1 2 4 /5_ e
Q= LT + 4.5220x10 T I (P1 - P2)

Fluid properties data are given in Table 2-7.

Seat gap data for land widths of 0.0002 and 0.006 inch are shown in Fig. 2-4 and
2-5. The predominant flcw for the narrow land is molecular, whereas the wider
land permits a greater gap for the same helium leakage and-thus provides for
laminar flows comparable with molecular at the larger gaps.

Propellant leakage through the check valve seal is hypothesized to occur in two
mechanisms of flow as follows:

1. Propellant liquid migrates to the seal, or vapor condenses at the seal
to form a ‘iquid miniscus at the sealing land crack. Thermally induced
pressure drop provides the driving force to produce reverse flow leakage.

2. Propellant vapor present at the valve is driven upstream through the seal
gap by the vapor pressure differential across the seal. Leakage will be
a function of the gap resulting from seat loads which vary from zero to
that which might be obtained by thermally induced pressure drops. The
influence o1 helium flow downstream is neglected bSased upon the premise
that the predominant {low is molecular. Consequently, molecules can
migrate in opposite directions without influencing each other.

Propellant liquid leakage will be in the laminar regime. It is assumed that the
liquid completely wets the seal, and surface tension effects are negligible.

Also. the path remains unblocked from contaminants or chemical reactions. The
defining equation is given in Table 2-3. For comparison with heiium leakage, the
mass flow leakages aie converted to hypothetical gas flow in scim. For the assumed
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temperature of 70 F, the N204 vapor (NO2) will exist as a gas at STP. However,
MMH and H20 vapor would be condensed at 14.7 psia, but are nonetheless presented

in terms of scim flows based on the gas constants shown in Table 2-7. Deining
equations are as follows:

o, Wh 3 AP
w:-l‘-—__e__——..=pQ = p Q
L 120 L~ PLY T Psg G
PS
Ps¢ ® RT_
S

These equations show that mass and volumetric leak rates differ by only a constant.

Thus, all data presented in scim units are readily converted to mass or equivalent
liquid volume, as applicable.

Propellant Leakage

Computed liquid leakage data for NyO4, MMH, and water are presented in Fig. 2-6
through 2-8. The basic correlating factor is pressure drop which relates to com-
puted seat gap (Fig. 2-4 and 2-5) based on the assumed model leak (Fig. 2-3). The
slope of these curves results from the predominance of molecular helium flow de-

fining the effective gap where flow is proportional to hee2 as opposed to laminar
flow proportional to he3.

These curves show a heretofor unknown advantage of a narrow land width for a low
leakage check valve. The narrow land seat must obtain a smaller effective gap than
the wide land seat for the same helium leakage. Because the pressure is low at low
pressure drop and the gap is significantly reduced at high pressure drop(Fig. 2-4
and 2-5) the helium flow for both land widths is predominantly molecular. The
wider seat land leaks more liquid than the narrow land for the same reason the

leak curves slope, i.e., hel Vs he3. The theoretical maximum leak ratio for this
effect is

Q (wide land) _ "iwide
Q (narrow land) hnarrow

For the subject model, this ratio is about 5.5:1. For a larger land of 0.03 inch
and a narrow land of 0.0002 inch the leak ratio would be about 12:1.

Propellant leak data of Fig. 2-6 through 2-8 indicate rates somewhat greater than
the respective helium rates at low pressure drops. It would appear that the 0.01
scim helium requirement will restrict propellant leakage to values less than the

helium requirement with a narrow land model.

The vapor leakage data are presented somewhat differently than the preceding

liquid data. As previously noted, propellant vapor leakage is driven across the

seal by the partial pressure of the vapor. To show the effect of variable seat

load (and thus gap) on the vapor leak rate it has been hypothesized that seat ‘
force corresponds solely to pressure drop times effective area. The results,

2-23
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plotted in Fig. 2-9 are simply used to relate the leak and pressure-drop-defined
gaps (Fig. 2-4 and2-5) to a realistic load parameter.

Computed vapor leakage for NO7 and water are presented in Fig. 2-10 and 2-11.

The water data have been included for comparison with MMH and because of a lack

of data on MMH vapor. These curves indicate little difference between wide and
narrow land leakage because all leaks are predominantly molecular. Data for loads
less than the cracking force (1 to 2 pounds) result from forward pressure drop
tending to open the seal. The concept of constant specification leakage under
this condition is more or less realistic for flat lapped metal seals, particularly
the cutter seal, because of the extremely flat, smooth, sealing surfaces attendant
with these closures. (leakage on the order of 10-3 scim helium has been obtained
with the prototype check valve with seat loading resulting from poppet weight of
0.02 pound and pressure drop from 0.1 to 500 psid.) However, pclymeric seals of
substantially rougher surface would require a minimum positive load to seal and
thus, for the hypothesis of seal inloading to the levels indicated, the leakage
would probably be substantially in excess of that shown.

Review of the data indicate that for the assumed model, the 14.8 psid driving force
from the Ny04 vapor causes a high leak rate at the lower loads. Even with a 1.5
pound spring load the vapor leak rate exceeds the helium require.ent, On the other
hand, the water vapor, having little driving force, leaks substantially less; and,
MMH leakage would probably be even less because of greater molecular weight.

This analysis shows that vapor leakage constitutes a worst condition. However,
an analysis of the time to diffuse and fill upstream volumes under a range of
thermal conditions would be necessary to define the probable impact on the system
of these initially high leak rates. It would appear that, based on the helium
leak requirements, without frequent intermittent helium purging, some NO2 vapor
will be present upstream of the check valve.
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TEST MODELS

Seal test models in precision test fixtures were used for evaluation of critical
sealing parameters. This approach provided ready access to the poppet and seat
for inspection and correlation of observed leakage, and also allowed precision
~ontrol and measurement of the closure gap, sealing loads and leakage.

The test model designs used in the program evolved from previous research pro-
grams and furthe:r tradeoffs and analysis performed in this work. This effort is
descrit~d, along with the test models, in the following paragraphs. Seal concept
sketches and details of fabricated models are presented in Appendix B. Discus-
sion of test fixtures and seal test methods is covered in Appendix D.

CONCEPT DESIGN AND TRADE STUDY

Four basic types of poppet seal closuses were studied in arriving at the selected
designs: (1) ceramic cutter seals, (2) AF-E-124D elastomer seals, (3) fully en-
capsulated Teflon, and (4) partially encapsulated or "trapped" Teflon that uses

a combination of mechanical and fluid pressure retention.

For each seal type, conceptual designs were developed, analyzed, and traded off
with respzct co the design goals and potential application in other Space Shuttle
components. Concepts generated in this trade study are displayed in Appendix B.
These sketches represent sealing concepts intended to have superior resistance to
contamination effects with minimum seat load. Included with each skstch are ad-
vantages and disadvantages, some of which are fairly obvious, other determined by
test in past programs, and some based on engineering judgment. As will be seen,
features of virious designs can be interchanged or inverted from poppet to seat
depending upon such factors as the valve actuation means, pressure direction,
etc, Of prime importance is the comtination of complimentary features which have
the maximum potential of meeting the sealing requirements with minimum complexity,
particularly in fabrication. These factors could not be weighed properly until
the facts re ative to compatibility and the fabrication process were assessed and
a design analysis was completed. Consequently, an investigation of these factors
was initiated early in the program in the following areas:

1. Availability and usage of fine grain carbides, cermets, and ceramics

2. Compatibility of carbides, cermets, and ceramics with storables
(literature)

3. Exposure tests to evaluate sharp-edge degradation of cutter seal mater-
ials in storable propellant and corrosive byproducts (RFNA)

4. Chemical or mechanical fusion or retention of AF-E-124D and Teflon to
metal

S. Molding and curing ArF-E-124D elastomer

6. Machining AF-E-124D elastomer

. g%;ﬁm««. .



Initial studies in the materials investigation helped ‘n formulating the design
approach and final configuration used in the model tost program. Very little in-
formation was gained from the literature in evaluaving compatibility of cutter
seal matecials. Consequently, the test models fabricated for the S3/APS program
(Ref. 4) were modified to perform initial wire cutting tests. Characterization
data from TRK (Ref. 5) indicated a high degree of propellant compatibility for
AF-E-124D elastomer and Teflon so there was no immediate need for further tests

of these materials, and design criteria in Ref. 5 were employed in the trade study
and design of the poiymer seals. The materials investigation proved to be a major
task in the program and extcnded throughout the entire effort. Detail results are
presented in a subsequent section.

MCDEL DESCRIPTION

The trade study and early phases of the materials investigation resulted in selec-
tion of three basic seal concepts for the seal test program. These were the car-
bide cutter seal, the flat polymer seal, and the captive polymer seal, as shown
from left to right below.

The cutter seal model was an outgrowth of previous Air Force seal contamination
programs (Ref. 2 and 3) and was developed and te~ted in the SS/APS valve program
(Ref. 4). The flat polymer seal model was a "workhorse' configuration designed
to allow evaluation of a variety of polymer seal insert materials. The captive

PR T R ————— e — o ————————
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polymer seal model was patterned somewhat after the captive plastic closure of
the SS/APS program; it too, was designed to utilize a variety of polymer seal in-
sert materials,

To provide control and identification of test models, three-digit basic numerical
designations were applied to each model configuration, and individual models were
sequentially numbered. Each model assembly is described in the following para-
graphs. Detail drawings are presented in Appendix 8.

Cutter Model (100 Series)

The cutter model was developed from the hard-sharp carbide seal of the SS/APS valve
program which had two sharp crests in cortact with the mating flat carbide poppet.
The inner or these two lands was the sealing land, while the outer land was a
bumper land designed to absorb initial closure impact and to align the sealing in-
terfaces prior to final closure. Because of the extremely light loads used in the
program while testing in the check valve mode (i.e., load is only produced as a
function of inlet pressure acting over the unbalanced seating area), the outer

land was removed so that a precise assessment of the closure and seating forces
could be made.

Figure 3-1 illustrates the cutter model used for this program. Two of the hard-
sharp carbide seats were available from the SS/APS program; these were modified
for use in the model investigation. A large body of performance data from SS/APS
was also available along with the detailed fabrication technique and experience.
Individually numbered models were produced by combinations of ball and cup lapping,
and then flat lapping to produce different seal crest land widths.

Flat Polymer Model (200 Series)

For parametric evaluation of various polymer seal materials with numerous repeat
tests, both clean and contaminated, a "workhorse' sealing concept was required for
baseline control. A design was prepared which allowed fabrication of relatively
inexpensive polymer seals as a separable part of a metal holder suitable for use
in available test fixtures. With this approach, a new seal was used for each sur-
face evaluation test series as required. This concept was considered to have the
lowest risk factor of the polymer concepts, and is the most widely accepted seal-
ing approach used for scft seating valves.

The detailed design is illustrated in Fig. 3-2. A flat "washer" of the polymer
material to be tested is appropriately finished and then placed on the model base.
The clamp is then installed with sufficient shims and springs to fill the void
voli between the retention teeth, as shown in Fig. 3-2. This not only retains
the seal material against pressure forces and thermally induced seal shrinkage,
but affects a seal between the base and the seal washer; thus, significant leakage
is across only one surface, i.e., the poppet-seal interface. Each different poly-
mer seal washer tested produced an individually numbered model.
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Captive Polymer Model (300 Series)

During the previously referenced SS/APS program, a captive plastic sealing con-
cept utilizing Teflon was developed for use as a poppet-type seat where the seat-
ing impact and static seating loads were quite high. The excellent sealing Ler-
formance for long-life service encouraged the use of the concept for this program
for not only Teflon, but other polymers as well. The captive polymer model was
based somewhat on the SS/APS design in that it had inner and outer ratainers
which, along with the seat ram and che poppet face, fully capture the seal member.
It did not employ seal piston rings nor did it have spring-loaded retainers.

Figure 3-3 illustrates the captive polymer model. The polymer seal member is con-
tained by an inner and outer retainer ring, and sits upon the base ram. Upon
closure, the poppet face completes the capture of the seal and as seating load
increases, the seal is, in effect, pressurized much as a fluid entrapped within

a hydraulic cylinder. It should be noted that both the poppet-seal and seat-ram
interfaces are sealing surfaces; this results in two leakage paths, one separable
and one static. The flat and captive models included provisions for the center
spring assembly (shown in the right half section of Fig. 3-3) so that tests could
be run at constant inlet pressure. However, these parts were not used in the
test program. As in the other models, different polymer seal inserts produced
individually numbered models.

MODEL PREPARATION
Cutter Seal

The cutter model poppets and seats were finished utilizing specialized lapping
processes to achieve flatness and surface roughness commensurate with the leakage
requirement. As noted in the analysis section for the prototype check valve, the
gap resulting from unloaded contact between the poppet and seat is indicated as
being on the order of 1 to 10 microinches.

The cutter land widths were modified by a combination of spherical and flat lap-
ping using hardened tool steel laps and diamond compounds ranging from 3 to 0.1
micron. Circular flatness was probably well within 1.0 microinch on each part
and surface roughness was between 0.3 and 0.6 microinch AA. Overall flatness
across the poppet was within 5.0 microinches. Photographs of typical cutter
lands are shown in the Seal Test section.

Polymer Seals

The captive and flat seal holders were fabricated using conventional machine shop
tools. All turning was done in Hardinge lathes with critical features produced
in one setup. Seal preparation involved specialized processes developed in the
materials investigations. Seal molding and fly cutting experiments are summarized
in the Materials Investigation section. Methods developed for holding, flycutting
and cutting test seals out of flycut sheet material are described in Appendix C.
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Poppets used with the polymer seal models were modified from existing APS program
440 C poppets. A 0.03-inch-wide land was turned as shown in the Appendix B de-
tail drawings. Poppet models with somewhat wider lands were also prepared in an-
ticipation of fabricating grooved poppets for test; however, these parts were not
used. Poppet sealing surfaces were lapped to produce flatness within § micro-
inckes and surface roughness of about 1.0 microinch AA. The captive model seat

base was similarly lapped. All measured leakage from the polymer models was
therefore attributable to seal geometry.

5
i
3
3
i
H
H

MODEL INSPECTION

g Deduction of model seating geometry and surface characteristics was accomplished

i primarily with a Leitz interference microscope and techniques described in Ref. 1.
3 The microscope, shown in Fig. 3-4, was the basic inspection tool used for all

: model surface and dimage assessments. Supplementary eguiprent, such as the

: Johansson Mikrokator comparator (for parallelism measurements) or the Bendix

: electronic gauges (surface height variations), were used as required; operation

4 and capabilities of these and other auxiliary equipment is reviewed in Ref. 1.

Information regarding inspection of certain polymer seals is contained in Appen-
: dix C. Specific posttest inspection techniques and procedures unique to ceriain
; models and requirements are discussed in applicable test sections.
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Figurec 3-4. Leitz Interference Microscope l
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MATERTALS INVESTIGATION
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Investigation of new materials for the cutter seal, and fabrication process de-
velopment of polymer seals were major parts of the seal test program. In par-
ticular, the accelerated corrosion work on cutter seal materials have provided a
unique microscopic view of sharp edge breakdown. Attempts with polymers to mold
and machine supersmooth surfaces also led to new methods of seal fabrication.
These data of a general nature are presented in this separation section. Addi-
tional data for specific seals and designs are presented in the Seal Test section. 3

e pata b, S,

CUTTER SEAL MATERIALS

Investigation of materials for the cutter and plymer seals covered specific areas
of interest. For the cutter seal, lor,-term propellant compatibility with prop-
erties commensurate with tungsten carbide were paramount. Usual definitions of
compatibility were not acceptable because even a few millionths inch attack by
propellant corrosive byproducts would cause excessive leakage and could lead to
intergranular corrosion resulting in catastrophic failure. Moreover, the litera-
ture had very little significant compatibility data on the carbide and ceramic
materials. Success of the cutter concept therefore hinged on finding and verify-
ing a cairbide-like material that was literally imprevious to the most corrosive
constituents in the propellant environment.

-

Test Rationale

In the course of selecting candidate cutter materials, numerous chemists and
metallurgists and those associated with the carbide and ceramics industry were
contacted and questioned with regard to means for rapidly determining basic com-
patiblity. The most conservative recommended testing in the propellant; however,
this would not provide confidence for a 10-year mission. From these conversations
and the literature it was concluded that the hydrazine-base fuel: did not pose any
serious problem with cutter materials. General concensus was that the water con-
tamination product of nitrogen tetroxide, i.e., nitric a.’d, was the most severe
service exposure medium. Because the exposure time, conceniration, and other
effect, in a real system acid/NOs vapor environment could nct be determined, it was
reasoned that a suitable material that would be impervious to concentrated acid
would be a first choice. If no material survived the acid exposure, the alter-
native was long-term propellant testing. The exposure medium selected, therefore,
was concentrated red fuming nitric acide (RFNA).* Material acceptability criteria
were bzsced on examination and hardness tests of material samples with razor-sharp
edges using plain, interference, and scanning electron microscope (SEM).

Sample Selection and Preparation

Following the conclusion that nitric acid was the worst test medium, manufacturers
of carbides and ceramics were contacted, and small samples of candidate materials
resistant to the acid were obtained. For comparison purposes, samples of carbides
currently in use, but known to be incompatible, were also included. Listing of the

*Red fuming nitric acid reagent, 1.59-1.60 specific gravity, approximately 20-per-
cent dissolved oxides as N02, Allied Chemicals.
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material samples and other pertinent data are presented in Table 4-1. These ma-
terials are well known, with the exceptior. of specimen 7, CM-500 by Chemetal Corp-
oration, Pacoima, California. Unlike other sintered carbides and ceramics in which
small particles are fused togecther and/or strengthened by a metal binder (e.g.,
cobalt, nickel), CM-500 is a chemically vapor-deposited alloy of tungsten and
carbon, forming a fine dispersion of tungsten carbide in tungsten. The material
has variable hardness depending on the deposition process variables which affect
the percentage of tungsten carbide in the tungsten and degree of hardness produced
by the dispersion. Hardness from 700 to 2900 Vickers can be produced. For the
typical 1700 Vickers material, analysis has indicated a composition of approxi-
mately 16-percent WC and the remainder tungsten. Grair size of the WC is about
100 angstroms in tungsten having a nominal grain size of about 0.1 micron.

Selection of candidate materials for test proved considerably easier than devising
means for evaluating and screening the samples. Early test efforts indicated that
it was vitally important to define specific features for identification of acid
exposure effects and comparison with exact locations before exposure. The right-
angle sharp edge was a natural choice for test and examination because it was both
simple to fabricate and similar to the cutter seal. It also provided an easily
identifiable feature. Furthermore, any attack by the acid would be initiated

at the edge, which amounted to a reverse stress concentration.

Final samples were prepared by grinding small specimens into rectangular blocks.
Sharp edges were obtained by lapping tws intersecting right-angle faces with diamond
compounds down to 0.1 micron on a liard lap. Most material on the lapped faces was
relieved to minimize lap area and thus lapping forces. Frinal lap strokes were
performed pushing the biocks edge-first along the lap to minimize edge fractures.
Lapped faces were not polished to preserve maximum flatness and edge sharpness.
Final roughness was largely a function of the materials capahility to be lapped

in the manner employed and its own intevnal homogeneity. Up to 0.003 inch was re-
moved from the ceramics by lapping to remcve grinding pits and cracks. Edge con-
tinuity for most samples was on the order of 10 pin. and roughness less than 1.0

uin.

Preliminary Evaluations and Tests

Sample preparation and microscopic examination of the effects of a diamond scribe
on sample surfaces and edges provided valuable subjective data on the ability of
each material to be fabricated and to function as a cutter seal. The only material
reported in the literature to be impervious to the acid was aluminum oxide. It

was fairly certain that metal!-pound carbides would not hold up; therefore, serious
thought was given to synthetic sapphire or alumina as a viable material. Several
special sapphire samples were therefore prepared and tested.

One sapphire sample consisted of a right angle prepared with a 0.0002-inch-wide
flat approximately 0.10-inch long. The piece was held in a copper-jawed vise

so that the rutting edge was vertical. Stainless-steel wires of 0.0GU3-inch diam-
eter, and glass rods from 0.003 to 0.01 inch were repeatedly cut by pressing them
onto the edge with a flat carbide poppet; there was no visible effect at 500x on
the sapphire edge. The process was repeated with 0.0l-inch-diameter music wire,
requiring a blow from the carbide poppet; again no significant effect. It appeared

4-2
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that sapphire was indeed an exceedingly strong material. That is until the smooth-
ground shank of a 0.025-inch-diameter carbide ¢rill was very lightly drawn across
the 0.002-inch edge resulting in its total destruction. This experience, combined
with the aforementioned tests with a diamond scribe emphasized the fundamental
nature of brittle, single-crystal materials. That is, once fractured there is
little internal force to resist major damage.

Although somewhat set back Ly the tests with the sapphire, it was still believed
that sapphire might be the only material capable of sustaining months in RFNA.
Therefore, in addition to the right-angle sapphire specimen, a ruby crystal was
prepared with one lapped edge at 45 degrees to the horizontal face. With the pre
ceding experiences in hand, a sequence of examinations and tests were devised to
carefully screen and provide quantitative data for each material that would allow
an optimum selection for the cutter seal. These evaluations are summarized in the
data of Table 4-2. The first evaluation of grind and lapability is somewhat sub-
jective and depends cn the specific process used. All materials ground easily
except for the Chemetal CM-500 which proved exceedingly tough and required a high
wheel pressurc and coarse diamond. The harder ceramic materials were more dif-
ficult to lap simply because more material had to be removed to eliminate grinding
cracks and removal rate was slover because of nigh hardness.

Edge fabricability was somewhat more quantitative because the entire lapped edge
(normally 0.5 inch) could be examined to cstimate an overall average for the de-
gree of edge breakdown. As shown, the tougher carbides aic¢ bLetter than the brittlc
ceramics.

Edge fracturability was the most significant of the tests. A Lietz wmicrohardness
tester (utilizing iVickers 7/1 pyramidal-shaped diamond indenter with 100-gram
load) was used to produce a series of indentations along the specific edge. The
indentations were made to approach closer and closer to the sharp edge until frac-
ture occurred, or the diamond cut its way off the edge. Typical examples of this
test are shown in the interference photos of Fig. 4-1 for specimens 4, 5, 7, and
10.

The strongest materials were the vapor-deposited carbide (CM-500) followed closely
by the micrograin tungsten carbide (CA315) and other metal-bound carbides. The
ceramics and binderless carbides indicated significantly greater edge fracturabil-
ity. Edge strength is not directly related to hardness because the ceramics were
generally harder but move britile.

The remaining tests were visual evaluations of pit size and general surface. As
indicated, the ceramics appeared to be somewhat more pitted and rougher iy finish.

RFNA Immersion Tests

Based on the tests of Table 4-2, material samples numbered 1 through 11 were
selected for RFNA immersion tests. The general test sequence consisted of four
immersions in RFNA for intervals of ! hour, 1 day, 15 days, and 169 days for a
total of 185 days (~6 months). Each sample was placed in individual capped 20
cu? sample jars filled with RFNA and maintained at abcut 70 F.
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TABLE 4-2. PRELIMINARY CUTTER MATERIAL TESTS

——— e -

Specimen Number

—

2 3 4 5 6

7 8 91011

Material
Specimen

Material
Tests

« 1by Sapphire
Kennametal K2801 WC (6% Ni)
. Xennametal K201 WC (6% Ni)
Chemetal CM-502 WC
Nearox Alzo3

I.T.I.

Kennametal K602 WC (2% Co)

Ceradyne Boron Carbide

Ceradyne Silicon Carbide

Avco Alzo3

Amercom Silicon Carbide

©H U.C. Single Crystal Sapphire
> |l Carmet CA81S5 CrC (15%\ Naj

= | Ceradyne Silicon Nitride
>}l Carmet CAZ1S WC (15% Co)

> ) G.E. 883 WC (6% Co)

Grind § Lapability
A - No Difficulty
B - Moderate Difficulty
C - Very Difficult
D - Extreme Difficulty

>

(o]

o

2. Edge Fabricability
A - <10 microinch Break
B - <20 microinch Break
C - <50 microinch Break
D - >100 microinch Break

3. Edge Fracturability, Distance
To Edge, inches, Before Edge
Crumbles Or Cuts Away

A -<0.0002 inch
B - 0.0002-0.0003 inch
C - 0.0003-0.0004 inch
D - >0.0004 inch

(0.00082) o©
{(0.00056) ©
(0.00032)
(0.00039%) o
(0.00017) >
(0.00026) w
(0.00035) ©
(0.00013) >
(0.00028) w
(0.00048) ©
(0.0004)

(o]

(0.90052) ©

(0.00052) ©

(0.00065) ©

4. Hardness - Vickere, kg/nnz
(100 grazu load)

1854
1854
1290
1534
1530
1530
1530
1530
1854
2055

Impression Diagonal, micron 10 1011910.911 1111 11 10

3300
2898

1854

1J09.57.58 10

S. Pits (500%)
A - <50 microinch
B - <100 microinch
C - <200 microinch
D - >500 mirroinch

A ABCABB A AAADDA

6. Finish (500x)
A - Few Pits, Good Surface
B - Moderate Pits, Good Surface
C - Many Pits, Good Surface

D - Many Pits, Poor Surface

SN e - .
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A. No. b4 Silizon Nitride B. No. 5 Tungsten Carbide CA315

No. 7 Tungsten Carbide CM-500 D. No. 10 Tantalun “ungsten

Figure 4-1.

Carbide K602

Edge Fracturability Test of Typical Cutter Material
Specimens (462X Interference Photos)
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Prior to immersion, each specimen was photographed with the interference micro-
scope in the area of the microhardness tests. This provided the baseline data
for the 1 hour/day tests and subsequent inspection using the interference micro-
scope. Primary control data were provided by the scanning electron microscope
(SEM). Photographs were obtained with the SEM in the same location as with the
interference scope at magnifications of approximately 500x and 5000x. These photos
were taken at a nominal oblique angle of 45 degrees to the intersecting lapped
surfaces, looking along the edge. A coating of 200 to 300 angstrom of aluminum
was vacuum deposited on the nonconducting ceramic specimens to enhance their sur-
face visibility. This was removed prior to RFNA immersion using a 10-percent
hydrochloric acid solution. Setup of the CM-500 specimen in the SEM is typically
shown below, taken at 16x.

After the 15-day exposure, the remaining specimens were cleaned, hardness tested
as before, and rephotographed with interference ard scanning electron microscopes.
(Analysis of these data led to selection of the Chemetal CM-500 vapor-deposited
tungstcn carbide for the cutter seal poppet and seat.) The preceding process was
repeated following the 169-day period to conclude the investigation.

RFNA Exposure Data

Results of the four exposure periods in RFNA are summarized in the following para-
graphs. The majority of the information comprises visual examinations and direct
comparison of plain and electron-microscope photos taken before and after exposure.
Microhardness tests after 15- arn' 169-day periods also allowed quantitative asses-
sment of corrosion effect: and edge strength. These data are summarized in Table
4-3 for the entire test,

4-7




TABLE 4-3. CUTTER MATERIALS HARDNESS TEST DATA
Hardness - Vickers kg,mmz Edge Fracturability,
No. Specimen (100-gram Load) Distance to Edge, inches,
Designation _ _ Before Edge Cuts Away
Post-15 |Post-169 Post-15 |Post-169
Pretest Pay Test |Day Test | Pretest | Day TestjDay Test
1 Sapphire 1854 1854 1854 0.00082 | 0.00063 |0.00063
2 Ruby 1854 2290 2510 0.00056 | 0.00040 j0.00012
4 Silicon Nitride 1534 1534 1534 0.00039 | 0.00039 |0.00039
7 CM-500 WC 1530 1530 1530 0.00013 | 0.00020 |0.00024
9 Wearox 1854 1854 1854 0.00048 | 0.00048 |0.00048
10 K602 WC 2055 2055 2055 0.00040 | 0.00040 {0.00043
11 Boron Carbide 3300 3300 3300 0.00052 } 0.00052 }0.00057
3 CA815 CrC 1290 -- -- 0.00032 -- --
5 CA315 WC 1530 1530 -- 0.00017 | 0.00053 --
6 KZ801 WC 1530 800 -- 0.00026 | 0.00060 --
L_-8 883 WC 1680 1680 -- 0.00028 | 0.00060 --
4-8
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The electron-microscope work was performed at Hi Rel Laboratories (San Marino,
California) using a Cambridge model SF-10 (10KV) stereoscan scanning electron
microscope. The instrument is designed to provide high-resolution topographical
images from about 16X to 100,000X, with an ultimate cesolution of 100 angstroms.
Magnifications selected for cutter seal material evaluation of approximately S00X
and 5000X allowed comparison with the 462X interfererce scope photos and evalua-
tion of edge degradation at a dimension of about one millionth of an inch. Higher
magnifications were not warrarted because of the level of roughness present in
mcst specimens.

To provide a perspcctive for viewing the specimen SEM photographs, Hi Rel has
photographed the head of a common house ant at 500X (Fig. 4-2). The advantage of
the SEM is evident from the comtination of fine detail resolution and large depth
of focus. However, even more closely related to the cutter seal in size and fin-
ish, photos of Fig. 4-3, showing the edge of a new double-edge razor (with plat-
inum), provide insight into the question of "how sharp is sharp?" The rounded,
ragged edge ranges from 5 to 15 millionths of an inch in width thus providing a
saw tooth cutting effect. As might be expected, the 0.0002-inch width of the
cutter seal does not cut readily because of smooth edges, and relatively wide
angle (90 degrees) and land width (nominally 20X the razor blade).

Photugraphs for material specimens 1 through 11 are displayed in Fig. 4-4 through
4-15. If there was no visible difference between the 15-day and 6-month exposure
photos, only the latter are shown,

Specimen No. 1: Sapphire. This material was unaffected by all exposure tests.
The sample differed 1r~m other specimens in that the top surface was lapped;
whereas, the normal face (right side of photos) resulted from fracture of a ring
specimen. The sharpness of “he edge and brittleness of the material is revealed
by the SEM photos of Fig. 4-4. Note the fractures surrounaing the mnicrohardness
indentations and loss of edge material in Fig. 4-4C. These photos vividly dis-
play the catastrophic potential of a cracked brittle material. On the other
hand, the sharp edge was unaffected by exposure and there was no significant
change in microhardness. Material usage should be limited to applications where
all stress concentrations can be avoided.

Specimen No. 2: Ruby. This sample was quite similar to the sapphire, Y micro-
hardness cracks also producing cracks and material loss (Fig. 4-5A and C). An

interesting increase in hardness and edge fracturability was observed, as shown
in Table 4-3., There was no change in color or any other observable reason for
the hardness increase.

Specimen No. 3: Chromium C.rbide. Some visible pitting was evident at 500X

after the l-hour, 1-day exposures. Results of the 16-day exposure shown in Fig.
4-6 reveal substantial loss of binder material with the chromium-carbide unaffected
by the exposure. The material is clearly not suitable for use in an application
where nitric acid may be present.

4-9



Figure 4-2. Head of Common House Ant (500X StM Photo)
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A. 70X OBLIQUE

4

C.

idi b

650X ON EDGE

D.

6500X LOCATION C

Figure 4-3. Razor Blade Edge (SEM Photos)

ORIGINAL PAGE 1§
OF POOR QUALITY|
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A. BEFORE EXPOSURE L75x B. BEFORE EXPOSURE 470X

C. AFTER 185 DAYS 480X D. AFTER 185 DAYS 4800X

Figure 4-4. Specimen No. 1 Sapphire
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A. BEFORE EXPOSURE 510X B. BEFORE EXPOSURE 5100X

C. AFTER 16 DAYS 500X D. AFTER 16 DAYS 5000X i
Figure 4-5. Specimen No. 2 Ruby ‘
1 PAGE B
ORIGINAL PA!
OF POOR QUALITY
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A. BEFORE EXPOSURE 640X B. BEFORE EXPOSURE 6400X

C. AFTER 16 LAYS 600X D. AFTER 16 DAYS 2400X

Figure 4-6. Specimen No. 2 Chromium Carbide, CA815 (15% Nickel)
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Specimen No. 4: Silicon Nitride. Although it was decided early in the program
that this material would not be used, its relative edge strength, finish, and
promise of potential compatibility promoted further investigation. As shown in
Fig. 4-7, the material was virtually unaffected by the RFNA exposure. The slight
loss of edge material evident may possibly be due to handling and the many clean-
ings each material received.

Specimen No. 5: Tungsten Carbide (CA315). This material showed some pitting at
500X after 1 hour exposure, with little change noted after 1 day. Severe effects
were noted after 16 days, with three corners of the specimen spalled off on the
order of 0.1 inch. Another corner was easily "popped" off with pliers. This ef-
fect is visible in the loss of material around the microhardness indentations
(Fig. 4-8). Increase edge fracturability was also observed (Table 4-3). The 15-
percent cobalt binder is known to be attacked by nitric acid, and these results
give an appreciation for the degree of attack. The material has been noted as
compatible with N204, but evidently would be a poor choice for long-term service.

Specimen No. 6: Tungsten Carbide (KZ801). Also rated as compatible with N204,
this material did not survive even 1-day exposure. Pitting was evident at 500X
after 1 day. As can be seen in Fig. 4-9, tiie nickel binder is deeply etched around
the carbide grains. Edge strength was also degraded (Table 4-3).

Specimen No. 7: Tungsten Carbide (CM-500). This material was selected for the
cutter seal. The photos of Fig. 4-10 are before exposure, except for picture D,
which was included to show minor edge upset from handling. Picture C is a vertical
shct to give another perspective of the edge. Six-month exposure photos are shown
in Fig. 4-11 in the same areas as Fig. 4-10. As shown, the material was virtually
unaffected by the RFNA. Edge strength and hardness were also unchanged.

Specimen No. 8: Tungsten Carbide (883). This 6-percent cobalt binder material
was adversely affected similar to the 15-percent cobalt, CA31S. The coarser grains
of the 883 composition are evident in Fig. 4-12.

Specimen No. 9: Alumina. This material was included for comparison with the
single-crystal materials. In general, the sintered material had poor fracture re-
sistance similar to specimens 1 and 2. Although virtually unaffected by 185 days
exposure, substantial loss of edge material was caused by microhardness indentation-
induced cracks (Fig. 4-13). The original edge material was lost; therefore, the
16-day exposure photos are used for control.

Specimen No. 10: Tantalum-Tungsten Carbide (K602). Visibly (5000X SEM) unaffected
after 16 days exposure, this material was chosen for use as guide pins in the pro-
totype check valve. Its resistance to acid exposure can be attributed to the al-
most compiete absence of cobalt bonder (approximately 1.5 percent). The effects
of some etching are visible, however, after 185 days exposure, although there is
still good edge continuity (Fig. 4-14). More important, the edge fracturability
test (Table 4-3) did not indicate any loss of edge strength, so the etching could
not have penetrated to a significant depth.
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Figurc 4-7.

480X D. AFTER 185 DAYS

Specimen No. 4 Silicon Nitride
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A. BEFORE EXPOSURE 570x B. BEFORE EXPOSURE 5700X

C. AFTER 16 DAYS 220X
Figure 4-8. Specimen No. 5 Tungsten Carbide, CA315
(15% Cobalt) :
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A.

C.

AFTER 2 DAYS

Figure 4-9.

580X

605X D. AFTER 2 DAYS 6050X

Specimen No. 6 Tungsten Carbide, KZ801 (6% Nickel)
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BREFORE EXPOSURE

BEFORE EXPOSURE 2100X D. AFTER 16 DAYS 200X

Figure 4-10. Specimen No. 7 Tungsten Carbidc, CM-500 Vo, ... Depositcd
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C.

AFTER 185 DAYS

Figure 4-11.

B. AFTER 185 DAYS

2100X D. AFTER 185 DAYS 2200X

Specimen No. 7 Tungsten Carbide, CM-500 (Vapor Deposited)
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A. BEF. .. EXPOSURE 580X B. BEFORE EXPOSURE 5800X

C. AFTER 16 DAYS 575X D. AFTER 16 DAYS 5750X

A

Figure 4-12. Specimen No. 8 Tungsten Carbide, 883 (6% Cobalt)
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A. AFTER 16 DAYS 600X B. AFTER 16 DAYS 6000X

C. AFTER 185 DAYS 600X D. AFTER 185 DAYS 6000X

Figure 4-13. Specimen No. 9 Alumina (Superwearox)
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A. BEFORE EXPOSURE 500X B. BEFORE EXPOSURE 5000X

C. AFTER 185 DAYS 500X D. AFTER 185 DAYS 5000X

Figure 4-14. Specimen No. 10 Tantalum-Tungsten Carhide (K602)
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Specimen No. 11: Boron Carbide. Like the silicon nitride, boron carbide was of
interest because of its extreme hardness and potential compatibility. The mater-
ial proved virtually impervious to the RFNA exposure, as shown by Fig. 4-15.

Summary of Cutter Material RFNA Exposure Results

In general, the ceramic materials evaluated (sapphire, ruby, silicon nitride,
alumina, and boron carbide) were not visibly ( 5000X) affected by the 1°5-day
exposure to RFNA. All sintered carbides were severely attacked because of basic
incompatibility of the nickel or cobalt binders. However, the carbide crystals

in these materials were not visibly affected by the acid. This also was shown by
the CM-500 vapor-deposited tungsten carbide. Because of the very low cobalt binder
content in the tantalum-tungsten carbide K602 material (1.5 percent), only minor
surface etching of less than 20-microinch depth was evident after the 185-day ex-
posure. Furthermore, there was no measurable loss of edge strength or hardness.

As previously noted, the RFNA exposure test is extremely severe. Materials show-
ing degradation may be suitable fcr N,04 service vnder certain conditions.

STRUCTURAL MATERIALS

A group of materials that might be used in the prototype valve were selected for
]RFNA exposure. Sample preparation and testing were essentially like that employed
with the cutter materials. The materials chosen were numbered sequentially to
follow the eleven cutter materials.

12. 304L CRES 15. 17-4PH CRES
13. 440C CRES 16. Stoody No. 2 wear-resistant alloy
14. Stoody No. l.wear-resistan. alloy 17. Inconel 718

Erperience during the initial 15-day period with the cutter sample RFNA testing had
shown that darkening of the acid was an indication of attack. In a few days it was
evident that the 440C was being attacked. After 15 days, the 440C sample wa< re-
moved ana the corrosion had progressed so that the or:,inal hardness indentations

could not be located. After 70 days, the Stoody No. 1 alloy was similarly attackes.

Thus, =ach of thesc materiais were eliminated from further consideration.

After 118 days of exposure, the remaining four samples were removed for microscopic
examination. The 304L and Inconel 718 were darkened, but little attack was evident
at 500X. The 17-4PH <howed some edge loss, as did the Stoody No. 2, with carbide
grains arcented on the surface.

To complete a 169-day period, the same four samples were re-exposed to fresh RFNA.
Upon remowa', their appearance was essentially unchanged from that observed after
118 days, except for additional attack of the Stoody No. 2. The samples were then
hardness tested and photographed with the SEM. Hardness test results, presented
in Table 4-4, show little change on all materiais except for Stoody No. 2, which
suffered a softening between carbide grains. The before and after SEM photos (Fig.
4-16 through 4-19) show that all materials suffered material loss and etching of
the grain boundaries. The 304L material showed very little evidence of attack,
with virtually an unchanged edge continuity (Fig. 4-16). Next choice would be
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A. BEFORE EXPOSURE 535X B. BEFORE EXPOSURE 5300X

C. AFTER 185 DAYS 500X D. AFTER 185 DAYS 5100X B

Figure 4-15. Specimen No. 11 Boron Carbide

ORIGINAL PAGE I8
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A. BEFORE EXPOSURE 650X B. BEFORE EXPOSURE 6500X

C. AFTER 169 DAYS 650X D. AFTER 169 DAYS 6500X

Figure 4-16. Specimen No. 12 304L CRES
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Inconel 718 with somewhat more material loss evident by rounding of the sharp edge

and softening of the hardness indentation boundaries.

TABLE 4-4. STRUCTURAL MATERTIALS HARDNESS TEST DATA
2 Edge Fracturability, Distance
Hardness - Vickers kg/mm“| to Edge, inches, Before Edge
(Vickers 100-gram Load) Crumbles or Cuts Away
Specimen Post-169 Post-169
No. | Designation | Pretest Day Test Pretest Day Test
12 | 304L 281 281 0.00041 0.00041
15 | 17-4PH 464 L6y 0.00022 0.00027
i | Stoody No. 2 803 Lo9* 0.00024 0.00024
17 Inconel 718 508 508 0.00031 0.00031

*803 on carbide grains

Both 17-4PH and Stoody No. 2 experienced significant material loss, although the
etching shown by Fig. 4-17 and 4-18 is almost undiscernible to the naked eye.

From these photos it would appear that 304L and Inconel 718 would be best choices

for use in water-contaminated N204. It should not be construed from these results
that materials seriously affected by RFNA are incompatibie with N204; rather their
use requires more extensive testing.

POLYMER MATERIALS

Work with polymer materials consisted of initial investigations to provide means
for surface retention.and definition of seal fabrication processes. Preliminiary
program efforts with polymers were based on the work of TRW in material and seal
characterization studies (Ref. 5). Early efforts were therefore guided by their
recommendation for producing seals and fine surfaces from a highly poiished mold.
Difficulty was experienced by TRk in molding AF-E-124D perfluoroclastomer with
smooth surfaces; therefore, the Air Force Material Lab (AFMC) and DuPont were con-
tacted and they provided interim quantities of the material. This material was :
not smooth but was used in machining experiments.

After many variations of the basic perfluoroelastomer were evaluated in the first
half of the program, it was concluded that AF-E-124D could not be molded with a
sufficiently smooth surface. This led to the use of a titanium dioxide white par-
ticulate filler* by TRW and subsequent successful molding of a singie shect of
material that was flat over approximately 30 percent of the 3-inch diamcter.

Details of the various attempts at obtaining material and molding and machining
experiments follows.

*Titanox RA41 by N. L. Industries
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A. BEFORE EXPOSURE 590X 8. BEFORE EXPOSURE 5900X

C. AFTER 169 DAYS 590X D. AFTER 169 DAYS 1200X

Figure 4-17. Specimen No. 15 17-4PH CRES
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A. BEFORE EXPOSURE 500X B. BEFORE EXPOSURE 5000X

C. AFTER 169 DAYS 500X D. AFTER 169 DAYS 1000X

Figure 4-18. Specimen No. 16 Stocdy No. 2 Alloy
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A. BEFORE EXPOSURE 550X B. BEFORE EXPOSURE 5500X

C. AFTER 169 DAYS 550X% D. AFTER 169 DAYS 1000X

Figure 4-19. Specimen No. 17 Inconel 718
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Seal_Eptention Studies

Earlies* effort on the polymer materials (AF-E-124D, AF-E-124X, TFE, FEP) censisted
of retention method studies. A flat piece of polymer for the 'workhorse'" seal con-
cept had been projected, and a means of retaining it on the model was needed.
Molding TFE to a backing of 304L sheet using several thousandths inch of FEP as a
wetting agent and sealant was considered.

Additional means were evaluated for mechanical retention by creation of a 0.02-inch-
deep surface structure composed of re-entrant cavities. Three means considered for
this structure were (1) acid etch, (2) machining a "plowed field," and (3) diffusion
bonding a 50-percent open area wire scrcen to the substrate. Review of polymer

seal properties emphasized that major design considerations must be given to the
large expansion coefficient and comp-ession set of Ar-E-124D, as well as the other
polymers. Thus, the concept of molcing the polymer to a metal base was not puisuead
in this program due to the large expansion relative to metal, and the high risk of
surface disruption at low temperuatures.

AF-E-124D Molding Trails

TRW was visited to discuss molding AF-E-124D and to review various sealing couvepts.
A 3- by 5-inch sample of AF-E-124D material (0.l-inch thick) was presented to
Rocketdyne by TRW as an example of their current technology. This material was
maple brown and semiopaque. The surface skin was relatively smooth, but extiremely
rough and wavy and contained aumerous black specks which were also visible intern-
ally by viewing over a bright light. It was noted *hat the rough wavy condition
resulted from a 5-day postcure at high temperature (Ref. 5) and was typical of the
material. The black sprcks were contaminants carbonized in the postcure process.
(This material was ultimately machined for initial seal tests in lieu of acceptable
molded material.)

TRW strongly advised the use of an "as-molded" surface compared to a ground surface,
and stated that surfaces essentially equal to the mold finish were possible. It
was agreed, therefore, that Rocketdyne would prepare a mold die with superfinished
surfaces for molding 0.04-inch-thick material. This thickness was selected on the
basis chat the mold coculd be easily reworked for a thinner material or, if the
polymer surface produced was too rough, 0.01 to 0.02 inch would be availabie for
finishing. During these aiscussions, TRW noted that their research had indicated
that a new proprietary material, designated as AF-E-124X, had properties superior
to AF-E-124D, and with better moldability. Procurement of both AF-E-124D and 'X
mcterial was therefore initiated. A standard 4130 steel mold retainer set was ob-
tained and modified to produce a 3.5-inch-diameter sheet. Die surfaces were chrome
plated and finished to less than 1 AA. Details of the mold die preparation and
finish may be found in Appendix C. The die insert was prepared with a shim for
producing either 0.03- or 0.04-inch-thick material based upon TRW's estimate of &
10-percent postcure thickness shrinkage.

With delivery of the mold die, several proof sheets of various polymer materials
were molded by TRW with Rocketdyne personnel present. A number of problems were
evident from the days effort, which indicated process experimentation would be

necessary to evir produce acceptable as-molded surfaces. The AF-E-124D material
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which resulted in a 0.038- to 0.040-inch thickness rather than the 0.033-inch die
gap dimension, which allowed for 10-percent postcure shrinkage. The surface tex-
ture was quite rough, and thickness varied by several thorsandths inch. Several
trials at molding the AF-E-124X material finally produced a continuous sheet, but
the material shrank to a curled, rippled condition with a rough surface. It was
apparent that the thinner material presented more problems than the previously
molded thicker materials. Moreover, the:2 were uncured sheets, and the required
5-day postcure wculd likcly increase the rippled condition.

Several other materials more easiiy meclded were produced from the die set: NASEAL
411, AF-E-322, and Viton E-60C. The Viton material reproduced both the die surface
and thiclness, and the surface appeared flawless and shiny. The other materials
had flow lines and minor surface ripples.

exhibited significant OD shrinkage upon release from the hot mold (3.5 to 2.8 inck)

Shortly after this preliminary work, TR¥ delivered six sheets of cured AF-E-124D

material. All sheets contained numerous black specs and were too rippled and

rough for any use. Results of this ear'y experimentation led to the conclusion

that surfaces duplicating the die could not b achieved within the schedule re-

straints of this program, and that some type of machine finisking would be required

to nroduce adequate sealing surfaccs.

varing the ensuirg 3 wmonths, TRW experimented with molding techniques but did not
produce any suitable material. Alternate source: and finisi methods were investi-
gated during this period. The USAF Materia! Lab (AFML) at Wright-Patterson was
contacted since they served as the program monitors tor TRW the noted 3- by 5- 1
inch sample of AF-E-124D and subsequent 'D samples furnished by 'iRW werc made from
Lot No. 1 of the basic material. According to AFML, Lot No. i was ouite old and
not characteristic of later lots of material. AfML therefor> offered to mold two
6- by 6- by 0 075-inch sheets of later "Compound 4" material!. During this period,
DuPont was also contacted to supply material and it was verified that Lot No. 1

was quite old and of questionable compositicn. wuPent noted that the basic per-
fluoroelastomer, ECD006-X, was available in Variants 1, 2, and 3. Variant 3 is
designated AF-E-124D by the Air Force, and was chosen by them because of its super-
ior heat resistance compared to other variants. DuPont indicated that Variant 1 >
would give better mold replication with little (?) loss in compatibility. Samples

of FCD006-01 (Variant 1) and ECD00A-03 {Variant 3, AF-E-124D) perfluorcelastome:r

received from DuPont were black, opaque and quite different in appeavance than any

other material Rocketdyne had received. The AF-E-124D was "prune-lixe" in finish,

while the ECD006-01 was more elast:.c and had a better (but not usable) mold finish

than the Varian* 3 material. DuPont revealed that the AFML and TRW material had

prcbably been cured in air, with oxidization taking place during cure te produce

the brown color; whereas, DuPont cured its material in an inert atmosphere. Dis-

cussions with the DuPont personnel gave a greater insight into the nroblems assoc-

iated with this material. Processing of the raw stock, heating, milling, and mold-

ing all must be carefully controlled and experimented with to produce a final-cured,

good surface finish.

Some 3 months after the initial trials, TRW delivered one 3-inch-diameter, C.040-
inch-thick sheet of ATU'-E-124X which had a relatively smooth surface finish and was
pale yellow and almost clear. Included with the 'X matcrial was a -mall, white
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titanium dioxide-filled piece of AF-E-124X (0.045-inch thick) which had an excellant
molded surface finish. According to TRW, this material was compatible with NGy,
but did not exhibit the high-temperature resistance of AF-E-124D. It was agreed
that TRW would pursue molding of the white-filled material in licu of further
efforts with AF-E-124D. '

Two samples of AF-E-124D "Compound 4' material were received from AFML. One sample
was grossly filled with entrapped air or gas bubbles and, therefore, was useless
for any type of seal appiication. The other sample was somewha* uetter although

it contained multitudinous white specks which appeared by probing (under magnifica-
tion) to be minute bubble inclusions. Both samples had poor surface finish, not
quite "prune like," but very rough.

Continued efforts by TRW led to delivery of

a 3.5-inch-diameter, 0.045-inch-thick,

moldcd and postcured slab of the white-filled
AF-E-124X. The overall surface finish had a
glassy appearance and was on the order of 1
to 2 microinch, but large areas were de-
pressed apparently from gasses trapped in the
molding die or from some postcuring action.
Approximately 30 percent of the surface area
was usable for as-molded seals (Fig. 4-20).
At this point in the program, it was decided
that to wait in hopas of getting better poly-
mer material would cause severe schedule im-
pact. Thus, it was decided to use the mater-
ial on hand for the seal fabrication.

Near the program conclusien, TRU delivered g d LR
two 3.5-inch-diameter sheets of AF-E-124E e S o
matcrial about 0,045-inch thick to complete S LSS
the original order. This material was an
off-white shade of tan instead of the pre-
vious flat white. It was also notable that
some change in the mold/cure cycle had resulted

in degradation of the .irface finish. Because

the material was not used, no further consideration
was given to this latest change.

Figure 4-20. Typical Surface Texture
nf Molded AF-E-124X
Filled Elastomer (91X
Interference Photo)

Polymer Machining Experiments

The poor surfaces evident from early mclding results with AF-E-124D led to invest-
igation of various machining techniques. Rubber grinding was reviewca and it was
concluded that such surfaces were too rough. Because the perfluoroelastomer poly-
mer became hard below +20 F, it was considered necessary that seal geometry approach
that expected for metal sealing. A process of lapping the AF-E-124D matericl was
attempted using Mylar film impregnated with cutting compound similar to fine sand-
paper. The material was stuck to a flat metal plate with double-back tape. The
Mylar film was similarly taped to a fiat plate and submerged in alcohol and dry ice.
Lapping was thereby accomplished at about -20 F. The process proved to be tedious
and, similar to lapping soft metals, produced a smooth surface laced with decp
scratches.

4-33




|
% e wouTL e Y Yo YTy TR
a8 H '

Search for other methods led to utilization of a high-speed diamond fly-cutting
nrocess for producing polymer surfaces flat within 0.0001 inch over a 2.5-inch
diameter and with surface finishes of about 2 to 16 AA. Although these surfaces
were found to be inadequate for the OMS low-temperature sealing requirement, the
process proved excellent for rapid fabrication of flat, parallel seals by flycut-
ting only one side, leaving the opposite glassy molded side for sealing. Details
of the tooling and complete seal fabrication process are described in Appendix C.

Teflon Molding Experiment<

As the testi._ progres:s~d4, it became apparent that, if the flycut elastomer sur-
faces were too rough, the TFE and FEP seals would require even smoother surfaces.
Attempts to f.-rm TFE in the captive seal model, as was done in the SS/APS program
(Ref. 4), were unsuccessful for low-load sealing. Several experiments were there-
fore performed to explore the capat-lities of forming flat, parallel, Teflon sur-
faces. A flat flycut TFE seal of 0.670-inch OD, 0.0300-inch thickness, and par-
ailel wi:nin 0.0001 inch was placed inside of a flat-lapped metal washer of 0.0295-
inch thickness with about 0.001-inch diametral clearance. Three such assemblies
were placed between two polished carbide platens and loaded to 5000 pounds at 340
to 360 F for 2 hours, then allowed to cool slowly under load. High-pressure load-
ing was evident from the Teflon flash at each seal OD. While a glossy surface was
produced, the overall seal was wavy by several ten-thousandths inch. The same ex-
periment was repeated with FEP, but at 400 F. Although somewhat better than the
TFE, the surface still contained machining lines and was wavy.

A final attempt was made to replicate die surfaces by placing a 3/8-inch-diameter
piece of flycut FEP between two flat-face, 3/8-inch-OD, carbide pins contained by

a tool-steel cylinder with about 0.0001-inch diametral clearance. The assembly

was heavily loaded using a large C-clamp and placed in an oven at 540 F for 2 hours,
then allowed to cool under load. The resultant surfaces were glassy smooth and
parallel but extremely fragile and easily scratched, even with a cotton swab.

Photos of the three molded Teflon surfaces are shown in Fig. 4-21 through 4-23.

These experiments have led to the conclusion that proper utilization of Teflon for
seals requires that there by sufficient sealing load to provide a substantial de-
gree of plastic flow for "healing" minute flaws and surface imperfections caused
by handling and contaminant entrapmen.s.
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Figure 21.

Figure 4-23.

TFE Molded at 350F
(462X Interference
Photo)

FEP Die Molded at S540F
(462X Interference
Photo)

Figure 4-22.

FEP Molded at 400F
(462X Interference
Photo)
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MODEL SEAL TESTS

The purpose of the model seal tests was to evaluate the critical performance char-
acteristics peculiar to each of three selected model designs: flat cutter seal,
flat polymer seal, and captive polymer seal. Propellant compatibility was not a
part of the model tests, having been established in the Materials Investigations.
Testing was limited, therefore, to static load-leakage tests to evaluate funda-
mental s:aling capabilities, particularly at very low seal loads, on the order of
0.5 pound.

The test approach for each model was tailored to evaluate the most critical param-
eters that limited functional performance. Thus, the cutter seal, having demon-
strated extreme cycle life and low leakage in the SS/APS program, was tested to
determine contaminant particle resistance versus land width, using various wires
as worst case contaminants.

Polymer seals were characterized for basic room temperature sealing and then eval-
uated for low-temperature (-15 F) capabilities. The ability of various polymer
seals to envelope a 0.001-inch-diameter wire laid across the seal land was also
determined for comparison with the cutter seal.

GENERAL APPROACH

The evaluation of each poppet and seat model involved both the test equipment and
a sequence of operations and procedures that are reviewed in the following subsec-
tions. Detailed description of the SS/APS test fixture, system, and operational
procedures are presented in Appendix D.

Test Models

Description and details of the three noted models are presented in the Test Models
section. Each model had a mean seat diameter of 0.470 inch. Cutter seal model
(100 series) land widths were varied from 9.002 to 0.0002 inch; each width consti-
tuted a different model., The perfluoroelastomer and Teflon seals were evaluated
in the flat (200 series) and captive (300 series) models, with each different seal
given a separate model number. Polymer seal land widths were 0.03 inch.

Test Fixture

- The APS test fixture provided the functions of a precision check valve in retain-

ing and positioning the poppet relative to the seat. The closure mode was clam-
shell with repeat closgres provided within 0.0001 inch. A frictionless hydro-
static piston of 1 in.# area positioned the poppet and was used to augment inlet
pressure loading which acted over the nominal 0.17 in.2 seat area. Initial clo-
sure was detected by a piezoelectric load cell (mounted under the seat) sensing
poppet-seat contact within 0.01 pound.
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Test System

The static test system provided pressure supplies and instrumentation for the APS
tester. Both inlet pressure and piston loading supplies were double regulated
for a low-pressure range of 0.1 to 30 psig and a high-pressure range of 30 to

600 psig with 0.l-percent Heise gage readout. Load cell readings were obtained
from an oscilloscope. With this system, on-seat loads were measured with an ac-
curacy of 0.1 pound or 0.5 percent of reading,

All leakage was collected from small bore tubing into either a low-range flow-
meter or 1.0 cm3 buret and leveling bulb apparatus., Leakage measurement range
was nominally from 10-4 to 11.0 scim, with an accuracy of 10 percent of reading.
The noted small bore tubing on the tester prevented higher leakage measurements
because of excessive back pressure (drop) which resulted in unloading the seat.

Inlet Pressure Versus Leakqu Tests

Test model performance, with or without contaminants, was determined by a check
valve mode of load-leakage testing. Unlike previous programs (Ref. 1 through 4)
which used a constant inlet pressure, the seat load was obtained from variable
inlet pressure which acted on the poppet over the seat effective area. The posi-
tion of the poppet under the seat resulted in a negative poppet weight load of
0.088 pound. Thus, a minimum inlet pressure of about 0.5 psig was required to
"stick" the poppet to the seat.

The initial test of a new model was considered the control test, and provided
baseline data from which sealing performance with entrapped contaminants was
evaluated. If test after removal of a contaminant indicated negligible effect,
this test provided the control for a subsequent test with an entrapped contaminant.

Contaminant Size and Placement

Single wires were used to simulate a worst case contaminant particle. The cutter
seat was evaluated with wire diameters and materials in the following order:

0.0004-inch CRES
0.001-inch copper
0.003~inch copper
0.003~inch CRES

For comparison, the polymer seals were evaluated using -nly the 0.00l-inch CRES
wire.

For each test, a single short length of wire was placed radially across the pop-
pet land. No adhesive was used for the cutter seals to allow cut or ma.hed

pieces to spread unhindered. Wires for the polymer seal tests were cemented to
the poppet outside the sealing land.
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The model sealing surfaces were cleaned with benzene or alcohol and blown dry
with 0.5-micron filtered helium gas. The poppet and seat then were placed in
the tester, and piston control pressure (P;) was raised to obtain the balance |
pressure required to just contact the seat (i.e., establish 0.0l-pound load). ;
Inlet and control pressures then were sequentially increased (inlet pressure
also acted on the piston at the poppet end) until the poppet was stuck to the
seat with 1.0-psig inlet pressure, and control pressure was then dropped. Inlet
pressure was then raised through a logarithmic sequence of pressures (1.0, 2.0,

5.0, 10.0, 20.0, etc.) to 500 psig, then returned to 0.5 psig. Leakage was mea-
sured at each pressure level.

[ o Y RO

During the juggling ~f inlet and P, pressures, the poppet and seat were loaded to
somewhere between 0.5 and 0.8 pound. With some entrapped wires, this preload was
sufficient to reduce the low-pressure (1.0 psig) leakage level below 1.0 scim.
Subsequent increase in inlet pressure then usually resulted in less leakage be-

! cause reduction of the leakage gap was of greater influence on the leakage level
than the increased driving force of inlet pressure.

- PEY AV BB MR Rk

In cases where the noted 0.8-pound preload was insufficient to reduce 1.0-psig
inlet pressure leakage below 1.0 scim, the preload was increased with piston load-
ing (P.), keeping inlet pressure constant at 1.0 psig. Control pressure was in-
creased until the wire was cut, as indicated by an audible snap with reduction in
leakage, or until the leakage level had been reduced to a nominal value of about
0.01 scim. The previously noted sequence of inlet pressures were then applied to
obtain the characteristic data.

Cold tests were performed on selected polymer seal models by passing cold gas
through the tester cap around the seat. Supplemental cooling was obtained by
surrounding the cap with dry ice. All tests were performed with the poppet and :
seat at -15 5 F, as determined by a thermocouple at the seat. During chilldown
the poppet was loaded onto the seat with 2.5 pounds force for the cutter seat
and 1.0 pound force for the flat seal.

P

Following the sequence of initial control, wire cutting, or embedment (in polymer
seals) and cold test, as applicable, the model was removed from the tester and
examined for damage at 500x.

S MR s e

DATA PRESENTATION %

Several forms of data presentation are employed in the ensuing discussion of test
results. The following describes data format/source and interpretative procedures
used in assessing the results, :

i Inlet Pressure Versus Leakage Plots

The characteristic leakage curves obtained with each model constitute the primary
output data. Actual data points are shown and the interconnection of these points
represents a best-fit plot of the information. Arrows on the curves indicate the
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direction of recorded data. In the case of control data, the plot represents
stabilized performance characteristics. Test variations are differentiated by
appropriate test numbers, and data symbols as identified on each graph.

Correlated Data

As previously noted, all tests were performed with a negative constant load, the
poppet weight. What would the leakage be if a constant positive load of, say,
1.5 pound were applied to the poppet? Of primary importance in analysis of the
cutter seal, the answer to this question lies in prediction of an equivalent gap
for each test point from the recorded data. Seal load may be accurately computed
from the balance of forces acting on the seat (see Appendix D). The equivalent
gap is obtained from the equations given in the Leakage Analysis section for
laminar/molecular parallel plate flow.

The results of these analyses produce a characteristic load versus gap plot which
allows prediction of leakage at other than the test pressure conditions. As will
be seen, these analyses and plots are used to extrapolate the raw data for an
overall correlation of cutter seal land width versus load and leakage. Verifica-
tion of the analysis was demonstrated in test of a specific cutter model (105).

Model Inspection and Performance Data

Overview of the tests performed with each basic model is provided by a tabulation
of tests preceding each model subsection. Listed are the model number, test num-
ber, seal data, test condition, and reduced performance data for ready comparison
between models. Model inspection data are provided by plain and interference
photographs of sealing surfaces and measurements of critical seal features.

Concluding each model subsection is an analysis of the test results, analytical
correlations, and observations leading to design criteria.

CUTTER MODEL TESTS

A series of wire cutting tests was performed tc establish the optimum land width
for the cutter seal. The test models and summary of results are listed in Table
5-1

Models 101 and 102 constituted the two poppets and seats available from the APS
program. Models 101 and 102 were tested first with 0.003-inch-diameter CRES
wires. Poor performance with iModel 102 and the resultant groove across the land
indicated excessive width, so further tests were discontinurd and the seal was
reworked to become Model 104. Similarly, Model 101 became 103 and then correla-
tion Model 105.

As shown in Table 5-1, Models 101, 103, and 104 were tested sequentially with a
series of wire sizes which increased in size and hardness. This technique was
employed so that the posttest results of a given test could be used as control
for a subsequent test. With the wider lands and CRES wires, a permanent impres-
sion was made on the land which caused an increase in high-pressure leakage,
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This effect was, however, usually minor compared with the subsequent test with a i
larger wire, and thus, performance change could be assessed. -

Also included in Table 5-1 are leakage and closure load data extracted from the
test plots. The leakage data are taken at 10 psid, which produced a sealing load
of 1.65 pounds or comparable with that expected for the OMS check valve. Simi-
larly, the closure load required to reduce leakage to the OMS requirement at a
1.0-psid pressure drop is tabulated to show the relative difference between land
widths in required sealing load.

It is notable in the cutter tests that only three wires were cleanly cut, and
these only by Model 103 with 0.0002-inch-wide land. The cut wires (noted in

Table 5-1) were the 0.001-inch CRES, and both 0.003-inch copper and CRES wires.
Microscopic observation showed that tensile forces literally broke these wires
apart before an entrapment was made. In all other cases, including the 0.0004-
inch CRES and 0.001-inch copper wires with 0.0002-inch wide land, the wire was
only partially cut and a mashed entrapment was produced by the test. This entrap-
ment usually caused a significant increase in leakage except with the 0.0002-inch
land.

Cutter Model 101 With 0.00054-Inch Land

Test and theoretically correlated data for cutter Model 101 with 0,00054-inch-
wide land are displayed in Fig. 5-1 through 5-13. Supporting photographic data
showing cut wires and sealing land depressions are covered in Fig. 5-14 through
5-21. }

Initial control data and test results with a 0.0004-inch-diameter CRES wire are
shown in Fig. 5-1. The characteristic shape of these curves is caused by the
simultaneous changing of both gap and inlet pressure. The effect of the pre-
viously noied 0.5- to 0.8-pound preload is seen in Test 2 by an increase in leak-
age up to about 0.5 pound (about 3 psid). If the test had been performed without
preload, leakage would have gradually decreased from a relatively high rate to
intersect with the curve values shown at about 3 to 4 psid. Reversal in the leak
curve above 40 psid is caused by a relative decrease in gap reduction combined
with increasingly greater effective pressure driving force at higher pressure
drops. This effect is better illustrated by Fig. 5-2 and 5-3, presenting com-
puted seat gap versus seat load. As shown, the gap decreases, more or less
smoothly with increasing pressure-derived seat load. The preload effect is indi-
cated in Fig. 5-3 by the small change in seat gap at loads below 0.5 pound.

Not the 10/1 difference in gap scales in Fig. 5-2 and 5-3 which show that there
is little significant gap reduction above about 5 to 10 pounds seat load with
the entrapped wire, but an effective gap less than 1.0 microinch for the clean
control cordition.

Application of the correlated data is shown by Fig. 5-4 in which 1.0-psid helium

leakage is predicted versus seat load from the seat gap data of Fig. 5-3. As
initially perfcrmed (Test 2), about 10 psid, corresponding to about 1.7 pounds
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Figure 5-14. Model 101 Seat Showing
Groove From 0.004 Inch
CRES Wire (462X Inter-
3 ference Photo)

|
By v‘;'f‘

Figure 5-16. Model 101 Test 2 0.0004
Inch CRES Wire (462X
Interference Photo)
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Figure 5-15. Model 101 Seat (Repeat
462X Interference Photo)

-

Figure 5-17. Model 101 Test 6 0.003

Inch Copper Wire (462X
Plain Photo)




Figure 5-18.

Figure 5-20.

Model 101 Seat Showing
Groove From 0,001 Inch
CRES Wire (462X Inter-
ference Photo)

Model 101 Seat Showing
Crown (462X Interference
Photo)

el

> ] I{iﬁ'.. 7 i
Figure 5-19,

Figure 5-21.

Model 101 Test 8 0.001
Inch CRES Wire (462X
Interference Photo)

Model 10i Poppet Show-
ing Seat Groove (462X
Interfereace Photo)
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load, was required to reduce leakage to 0.01 scim. Figure 5-4 data allow reduc-
tion of the test data to a common basis of a 1.0-psid inlet pressure for compari-
son between models as shown in Table 5-1.

Posttest inspection of the model following removal of the 0.0004-inch CRES wire
revealed a groove across the land about 8 uin. deep by 0.00087-inch wide (Fig.
5-14 and 5-15). At 10 psid, 0.00016-scim leakage is predicted for this groove
and is in general agreement with posttest results (Fig. 5-1). The wire had been
mashed, as shown in Fig. 5-16. There was no visible damage in the poppet land.

Tests 3 through 5 with a 0.00l-inch copper wire (Fig. 5-5 through 5-7) produced
leakage results quite similar to the 0.0004-inch wire. Posttest examination in-
dicated that the softer wire, although not cut, did not produce a measurable seat
depression.

Additional preload was required with the 0.003-inch copper wire to reduce leak ige
to a measurable value. Piston loading was gradually applied with 1.0-psid inlsat
pressure. Upon reaching l1.5-pound load, leakage abruptly reduced to 0.0034 scim,
corresponding to a gap of 3.0 pin. The subsequent check valve test (No. 6, Fig.
5-8) produced results similar to the 0.00l-inch copper wire. Examination re-
vealed the wire had been mashed (Fig. 5-17) but produced no visible seat darage.

Removal of the inlet pressure during Test 6 resulted in leakage below control at
about 25 psid. This anomalous condition is evident in other tests and may b:
associated with the sudden closure. In any case, the equivalent gap is belov
the level of significance for the OMS requirement.

A preload of up to 2.7 pounds was gradually applied to the 0.001-inch CRES wire
to reduce 1.0-psid leakage to 0.0126 scim. Check valve tests and correlated re-
sults displayed in Fig. 5-10 and 5-11 show the characteristic leak curves with
posttest (No. 9) increased leakage indicating the effect of a permanent groove
across the seat land. The groove and mashed wire are shown in Fig. 5-18 and 5-19.

Preload of the 0.003-inch CRES wire produced a sudden shutoff to 0.00018 scim
(with 1.0 psid) at 4.6 pounds force. Check valve testing repeated the anomalous
condition noted in Test 6 (with the 0.003-inch copper wire) of leakage less than
control, as shown in the data of Fig. 5-12 and correlation plot (Fig. 5-13).
Cause of this condition may have been from the impact of sudden closure, as the
sealing surfaces were not separated after cutting the wire. Inspection of the
model surfaces and wire after test revealed that the wire had been cleanly cut
except for a minor entrapment and negligible seat groove. This particular wire
cutting test had been repeated numerous times with Model 101 during preliminary
testing in which wire cutting procedures were established, and it was thereby
established chat the cutting loads of Table 5-1 were repeatable.

Model 101 afforded an unexpected piece of data with posttest 11. Prior to record-
ing the data shown in Fig. 5-12, the seat was loaded to 500 pounds (should have
been 500-psig inlet pressure corresponding to 87 pounds). Inspection of the sur-
faces revealed that the seat had been plast 1lly crowned (Fig. 5-20), and a
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groove approximately 2 pin. deep had been impressed in the poppet (Fig. 5-21).
The apparent stress producing this condition was about 627,000 psi or slightly
less than 1/3 of the Vickers hardness plastic flow pressure of 2.2 x 106 psi.
Actual corner stoess for the square-edge land was well in excess of the apparent,
thus producing plastic flow in both the poppet and seat.

Cutter Model 102 With 0.002-Inch Land

Preliminary wire cutting tests were performed with this model following experi-
ments with Model 101 using a 0.003-inch CRES wire. Control test leakage from
0.5 to 500 psig was less than 0.003-scim helium for all pressures. Attempts,
however, to cut the 0.003-inch CRES wire were futile with leakage on the orde~
of 1.0 scim from 200- to 500-psig inlet pressure. Inspection following this .
showed that the center of the land was dented about 30 pin. (Fig. 5-22) and
wire flattened (Fig. 5-23). Apparently, hydrostatic pressures were greatest
the center of the land due to containment of the CRES wire. Because of thesc
poor results, further testing with this model was discontinued.

Cutter Model 103 With 0.0002-Inch Land

The performance of this model proved to be superior to all other models tested

and verified the need for a land width less than 0.0005 inch to meet the OMS check
valve load requirements. The actual land for this model varied around the circum-
ference from 0.00016- to 0.00020-inch width. Adjacent spherical lands were
0.0038-inch wide at the OD and 0.0064 inch at the ID for a total projected width
of 0.0104 inch across the 90-degree pyramid. The mean seat diameter was 0.4711
inch.

Figure 5-22. Model 102 Seat Showing Figure 5-25. Modpl 192 T?st 2 0,003
Dent From 0.003 Inch Iucq CRES Wire (91X
CRES Wire (462X Inter- Plain Photo)

ference Photo)
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Data for Model 103 are displayed in Table 5-1, graphs of Fig. 5-24 through 5-29,
and photos of Fig. 5-30 through 5-34.

Check ‘alve tests were performed with 0.0004-inch CRES and 0.001-inch copper
wires; in these cases, the normal 0.5- to 0.8-pound closure preload vas sufficient
to submerge all effects of wire entrapment on check valve leakage performance
(Fig. 5-24 through 5-26). Figures 5-31 and 5-32 show photos of the mashed wires.
Seat damage from these entrapments was negligible.

Additional preload was required with the larger wire sizes; cutting loads are
noted in Table 5-1. In these cases, the wires were suddenly cut with an audible
snap ard leakage wa:s reduced to less than 0.001 scim at 1.0 psid (Fig. 5-33 shows
a photo of the cut 0.003-inch CRES). Check valve testing then proceeded. The
final posttest 11 shows that there was very little effect of the test series on
seal performance.

Cutter Model 104 With 0.0012-Inch Land

Model 104 with a 0.001” ‘nch wide land clearly demonstrated the need for a nar-
row land. All wires were mashed by the land, and the larger CRES wires caused
significant depressions in the land.

Test and correlated data are displayed in Table 5-1 and Fig. 5-35 through 5-46.
Photos of the seat and cut wires are shewn in Fig. 5-47 through 5-54. Land damage
from the 0.0004-inch CRES wire and copper wires was negligible. The larger CRES
wires produced substantial depressions in the land that was reflected by increased
posttest leakage at higher pressures (Fig. 5-45 and 5-46), Tests 7, 9, and 11. As
shown in Table 5-1, the load to reduce leakage from 10-2 scim was substantially
higher than with the narrower lands.

Leakage Correlation Test

Cutter model 105 was created to perform leakage correlation testing. The model
consisted of a flat 0.0003-‘nch-wide land and a flat carbide poppet with four
0.0004-inch-diameter CRES wires ylued across the poppet land approximately 0.025-
inch apart so that a repeatable leak path could be produced. The model was loaded
10 times to the maximum planned load to stabilize the '"mashing" of the four wires
for repeatability.

The data from the correlatiun test ser.es is tabulated in Table 5-2. The model
wac first baseline tested in the check valve mode with helium up to a total seat
load of 3,39 pounds, well beyond the seat load which the OMS check valve will
have available. Using these baseline data, a computer program was used to pre-
dict GN2 leakage in the pure check valve mode (no spring load), helium leakage
with 2.0-pound spring load, and GN; ieakage with 2.0-pound spring load.

Examination of the tabulated data of predicted versus actual tested leakage shows

excellent correlation for all three predicted modes., In each mcde, the predicted
leakage is, in general, less than a factor of twe greater than the actual recorded
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Figure 5-30. Model 103 Seat Land (462X  Figure 5-31. Model 103 Test 2
Interference Photo) 0.0004 Inch CRES Wire

(462X Interference Photo)

Figure 5-32. Model 103 Test 4 .

. Figure 5-33-34. Model 103 Test 10
0.001 Inch Copper Wire ¥ 0.003 Inch CRES Wire
(462X Plain Photo) (462X Interference Photo)
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Model 104 Seat Showing
Groove from 0,0004 Inch
CRES Wire (462X Inter-
ference Photo)

Figure 5-47.

a4
i

s | . 2 <
Model 104 Seat Showing
Depression from 0.001 Inch
Copper Wire (462X Inter-

ference Photo)

Figure 5-49.

5-45

Model 104 Test 2
0.0004 Inch CRES Wire
(462X Interference Photo)

Figure 5-48,

Model 104 Test 4
0.001 Inch Copper Wire
(462X Interference Photo)

Figure S;SOl



Model 104 Seat Showing Figure 5-52. Model 104 Test 8
Groove from 0.001 Inch 0.001 Inch CRES Wire
CRES Wire (462X Inter- (462X Interference Photo)

ference Photo)

Figure 5-51.

Model 104 Seat Showing Figure 5-54, del 104 Test 10
Groove from 0.003 Inch 0.003 Inch CRES Wire
CRES Wire (462X Inter- (462X Plain Photo)
ference Photo)

Figure 5-53.
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leakage value. The repeated pressure loading cycles of the model throughout the
correlation test series resulted in a reduction of the leak path such that the
final rebaseline helium leakage values are lower than the initial baseline leak-
age values. The percentage of rebaseline leakage reduction is comparable with
the percentage of reduction of actual versus predicted leakages. At these levels
of leakage, a factor of 2 correlations is quite good and, considering the rebase-
line leakage reduction, the actual correlation is much better than a factor of 2.
These data give confidence in the leakage analyses for predicting leakages for
different conditions and/or different gases. A visual presentation of the corre-
lation is presented in Fig. 5-55. It can be seen that the actual values of each
test versus the predicted values are lower by the same order as the rebaseline
test is lower than the initial baseline test.

Data Correlation and Observations

The cutter seal test series has demonstrated the advantage and limits for the nar-
row land seal with practical limits placed between 0.00015- and, sav, 0.0003-inch
width., Manufacturing, finish, and length resistance considerations limit the de-
sign on the low side; whereas, cutting loads and high leakage from particle en-
trapments provide a boundary for the upper dimension. Visual display of the leak-
age performance and closure load of the cutter model is shown in Fig. 5-56. Data
points for these graphs were taken from Table 5-1 to show the effect of wire size
and hardness versus seal land width., As might be expected, both leakage and load
increase with land width for the noted parameters.

FLAT POLYMER MODEL TESTS

The flat model seal holder was designed to allow evaluation of a single flat seal-
ing surface with minimal influence from mechanical seal retention forces. As il-
lustrated in the Test Model section, the seal material is gripped near the OD by
serrated surfaces. The volume of the serrations protruding above the seal plane
is equal to the groove volume so that displaced material can be accommodated with-
out distortion of the inner sealing face. The material is retained at the OD so
that low-temperature shrinkage will tend to smooth the seal plane.

The basic seal materials evaluated were the perfluoroelastomers (AF-E-124D and

'X supplied by TRW) and Teflon polymers (TFE and FEP). Descriptions of molding
and machining experiments leading to the final sealing surfaces evaluated, and
photomicrographs of typical polymer material surfaces are covered in the Materials
Investigation section.

The test models and summary of leakage results are listed in Table 5-3. Models
201 and 202 were used for preliminary tests with machined AF-E-124D seals which
demonstrated the need for smoother surfaces. Model 203, with the seal cut from
molded AF-E-124X filled material, demonstiated satisfactory sealing ability under
all conditions except with a 0.00l-inch wire entrapped. Models 204, 205, 207,
and 208 were tests of Teflon seals to compare with the elastomer seals. A Viton
elastomeric material of exceptional finish was evaluated as Model 206 to ompare
with Model 203.

5-48



—— et

.

_ . e A~

(I

+

GO0T T°PO| ‘30Td uotierdixo) ofeyes] °§5-§ N1y

WI12S ‘3IMIVIN
l0°0 100°0

1000°0

T " T, M ]!
i f 4600 HRES RN
i I 1 b
T V enes Sopus suparas
AN T RAAT ; pdes bonad SI
I 11 [ pHtd-4 IR ST
s oL 1 3359 SR2SS DN
| HE Tt A SRpET -
: 3531 5558 B
: HH ] i 13 et sevet S30RY SREEE BN
{ i = i E HEI R B
: i S
so8d pgsd 5053 EE R
! t : j 352 10 b AR MR —
f it ﬂmuu ikl o
H 1231 S22RE SRR RE R R m
EHEHH 3 6 L it A LIRS R —
: HE 3 e Fanat i RS T
= nm 3 SISE 3PE] T “
-+ =2 1 .nhm zs l\v.mwl M‘ H - W by A o)
i 8 JAESA ot g T
il ! UE MER0E R =
H M N »w” mwh f_+“.:v -
i 194 D00 B8 DO -
: i e ] b
1 1l 80 JOBE ORI DA —
. pati it 1080, OB 1900d Sdisds Shdbalbdiben o
i 1288 SR8 ! DG o e T
‘ Ses S el SRty
QL =M ‘HINI 0[h°0 = @ “HONI 0£000°0 = 7 e Saa: I
S E0% SS
WNIT3H ‘YLVA 1S31 JATYA ¥I3IHD 3INITISVE3Y A i SISt EEE N £
Sl s b <&
Nzw ‘QV0T 9INIMdS ONROd-0°Z HiIM 39WIVIT vnLliy O H i e samm s e D.w..U
L Mkru : w ,W‘ru&ﬂw
Nzu ‘Qv01 9NIYdS ONNOd-0°Z Hlinm 39VIVIT Q3ILII0IYd —— — — — — e % NG
A Er 3
WN173H V01 INIY¥dS GNNOd-0°Z HLIM 39WXv37 “wnldv O ! sa=Em ZS
WNIT3H ‘QV0T INIYdS ANNOd-0°Z HLIM 39WNV3T 03L1J103Yd -- HiHH FISEEETES Wu,u._
H & EERER [
N9 WiVa 1531 IATWWA ¥IIHI TWNLIY V B g9 SAS)

NO Qa3sve .Nzu “I9MIVIT 3ATYA %I3IHI aILI1A3Nd
WNIT3H ‘vivd 1S31 IATVA ¥I3HI INIT3ISYE O




—— —

e

mS X HONI “HI1GIM ONVT Tv3S ¥3LIND

T 071

pEOT 9Inso[) pue a8eyeaT UNT[SH SATIB[IY °9§-G 2xndry

O03HSYW 3Y3IM SNOILYNTEWOI ¥IHIO 1TV ‘SIYIM S3IY)
€00°0 ONY ‘10070 QNV ¥3dd0D £00°0 1N ONVY HINI-Z0OO°0 :310M

¢-0T X HONI ‘H1GIM ONVT Tv3S ¥3LND

80 99 vV 20

W13S

aisd 0°1 1v
10°0> 01 33WNVIT
WAIT3H 3ONA3Y Ol

a3y¥1nd3IY avo™ 3YNSOTI | GNNOd L°0>

S3¥) £00°0 A
S3¥) oo
¥3d4d0) fooco (3
¥3dd0) 100°0
$3¥3 w000 O
IVIYILVH HONI
‘W3LINVIA FYIA

1D

0] ¢

001

SONNOd ‘av01 1v3S

2°1

0T 80 90 vV 2%

avel 1v3S WILINI SANROd $9°t
0L AINITVAINDI ‘01Sd 0°0t
IV 39WMVY3T WNiT3IH

/ W13s "01<

1000 0

1070

e
=]

WIJS "39¥NVI1 WNIT3H

5-50

oy



i 'r\r\]lv LSRR ] "J

— VII\ -~

paicasai §
p-01 > paieredas sadejang ) g1~ ; 11
12000°0 J St- (1]}
Jjexedas
03 qT s°¢Z p,bax
Qlcn > -h&uwum ddejans [eag o) [174 6
0z°'0 ] 0L 8
. 1T YITA _
58°0 juawaztnbax N st <
62°0 339u jouue) [ ] 0L 9
pisd 0°1 @
®|13S 600°0 ureiqo
SE£°0 03 p,bax qr z°¢ N oL od S
‘ur 01°0Q X
p-01> 2 0L -uroI>tH 0f v
p- 01> paiexedas parrTy) 2 sI- * xoxdde be TE3g €
5 1 Aq Arem PaIIT4
p-01> PIsOTd PIATTIYD i) st- ‘asezins a31yN 4 (£0°0)
§-01 > ) 0L Asser8-N| *XpZ1-9-4V 1 £02Z
‘ur 01°0
2.000°0 ) 0L xad -urosdtw €
. S1- 09 -xoxdde
oI < 2 Aq Aaem 1+ 1€35 z (s0°0)
98000°0 J 0L ‘¥V 91-34 aret-3-4v 1 20T
Burteas ‘ur 01°0
S1000°0 peO[ MOT JIOJ o} 0L 13d ‘utoisdTwW <
os* adejins yjooms 10j _ 01 ‘xoxdde
s°0 paau pIlevIISUOEIP 3 St Aq Aaem 24 leag c (£0°0)
08000°0 $3153) asayy J 0L ‘vv 91-24| avzi-3-av 1 102
avoT Lv3s ETIR ¢ =
IVILINI 97 £°1 HONT 100°0 ! do ; CGICIOW = KN
oL ‘AINDI SXYVIIY HLIM = 3 _maaéuazmﬁ IADATS = D4 TiLVR (N1 *HLOI%
a1Sd 0701 LV NYIT) = D ! 1Ivduns “ovy)
WAITIH WIDS NOILIONOD 1S3L " viva 1vas o B
I9¥AVIT . . 1531 13008
SLSAL TdAOW YIWATOd Lvid "¢-S J14dVl

5-51

OF POOR QUALITY,

ORIGINAL PAGE I8



.

oro°0 240013 jusuemIady o) oL <
st°0 M 0L 2
aseq japom 100% @ (£0°9)
%0070 arydes uo jery o] 0L W34 d3d 1 802 |
|
Jauz0d go 3addod 400y @ (s0°0) |
p-01> uo pafeas ‘3Ie[3y oN o] 0L 924 d3d 1 102
vI-0 N oL asezans ¢ (£0°0)
p-012> ) 0L Asse18-y F-NOLIA 1 902
0SS @ (c0°0)
L0°0 adeyins Aaey o] 0L N334 4L 1 £{174
81°0 2A0013 juduemiay o 0L S
prsd 0°[ 3
wIds £00°5 ureiqo
0r < 03 p,udlI QT ‘S~ M 0L v
£€0°0 3 0L £
. y3nox o003 adejans _
£0°0 ‘saxtssaxd Jaydry 2 st z (£0°0)
£0°0 e padnpax sadeyeaq 2 (174 VVv91-Dd 4L 1 voZ
avol 1vas EFTE -
TVILINI 31 £°1 SNUVIIY HONT 10070 ,éaéum_mm mw_%m.“ - 24 PR
OL "AIND3 ‘ A HLIY = 1 WIANID = ' Al “ary ¢
aISd 0701 Lv NI 1IvNs ¢ .zmé_q_*o:
r
RNITIH WIDS , ; “ON “ON
Iovaval NOILIGNOD 1S3L vLiva 1v3s 1531 13001
(papnidu0)) -¢-S 318VL

)

5-52




Cv ey wer s ouE

In all tests with the perfluoroelastomer sea!s, it was found that a positive load
was required *. separate the flat-lapped poppet from the seal face. This load
ranged from 1.5 to 2.5 pounds, equivaleat to 34- to 56-psi seal stress (Table 5-3).
This sticking effect could increase in a check valve and cause excessive cracking
pressure.

Models 201 and 202 With AF-E-124D Seals

Preliminary tests were performed with Model 201 to establish load-deflection data
for AF-E-124D seals in the flat model. The wave washer load required to deflect
the seal at the serrations 0.005 inch at each surface was measured ia the static
tester (Ref. 1). The results of loading to 0.0094-inch deflection, and permanent
set when left at this deflection for 11 days, are shown in Fig. 5-57. The wave
spring force was set subsequently at 16.2 pounds to maintain the noted deflection,
and this force was used for all succeeding tests.

The force required to deflect the same AF-E-124D flat seal in the seat area was
measurad using a flat poppet with 0.03-inch-wide land and 0.470-inch mean diam-
eter. A positive stop was machined to limit seal deflection to 20 percent of the
seal thickness. Data of Fig. 5-58 show that the sezl is deflected on the order
of 0.0005 inch with about 1.0 pound of seat load.

Test data for Models 201 and 202 are shown in Fig. 5-59 and 5-60. Each model
sealed reasonably well at ambient temperature, but failed to seal adequately at
-15 F. Cause of the high leakage was traced to a wavy condition in each seal
and almost complete loss of elasticity of the seals at -15 F., Model 201 seal
had surface thickness variation of about 0.0001 inch per 0.1 inch, while Model
202 had variations of up to 0.000¢ inch per 0.1 inch. This excessive waviness
was caused by recutting these two seals with the diamond flycutting tocl using
doubleback tape on the vacuum chuck face. The seals were initially flycut di-
rectly on the chuck face to a thickness of 0.02C( inch using a carbide cutt-r,
but the surface was too rough; the seals were therefore recut as noted. These
tests demonstrated the need for improved seal surface geometry.

Model 203 With AF-E-124X Seal

White-filled AF-E-124X material molded by TRW had a glassy surface over a portion
of the 3.5-inch sheet. One surface was flycut and seals were cut from selected
areas to maintain thickness variation within 30 uin. per 0.1 inch in the glassy
surface area.

Basic leakage results with the seal were excellent, as shown by the data of Table
5-3 and Fig. 5-61. Even at -15 F, the leakage was less than 10‘4, although an
initial high leakage was recorded for Test 3 when the seal was chilled witn sur-
faces separated. The resulting 0.8 scim leak at 1.0 psid corresponds to a theo-
retical gap of about 0.0002 inch. At 6.0 psid (equivalent to a net seat force
of 1.0 pound), the gap was closed.
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The elastomer seal was unable to seal adequately with a 0.001-inch CRES wire
crossing the 0.03-inch-wide poppet land, either at ambient or -15 F temperatures.
The test results (Fig. 5-61) show that increasing load of higher pressures did
not close off the leak path caused by the wire. However, the seal did function
satisfactorily after removal of the wire (Tests 9 and 10). The measuraole leak-
age of Test 10 in the range of 0.0001 to 0.0002 scim below 10.0 psid shows the
effects of a permanent groove in the elastomer that was measured as about 30 to
50 pin. deep by about 0.005-inch wide. These dimensions correspond closely with
predicted flow.

Models 204 and 205 With TFE Seals

Flat TFE seals were made by flycutting sheet stock using the vacuum chuck. Sur-
faces were parallel within 0.0001 inch, but the surfaces were too rough for light
load sealing. This is shown by the data of Fig. 5-62. Leakage values were in
the range of 10~! to 1072 scim at ambient and -15 F temperatures up to 100 psid
(Tests 1 through 3). With a 0.001-inch CRES wire across the land, leakage was
excessive and, with 5.0-psid inlet pressure, seal loads of 5 to 20 pounds pro-
duced leakages of from 0.03 to 0.01 scim. Test 5 showed the effect of a perma-
nent groove in the Teflon with removal of the wire. Ambient-temperature leakage
ranged from 0.5 to 3.0 scim with pressures of 1.0 to 100.0 psid.

Model 205 was used in an attempt to improve the TFE surface by molding the ma-
chined seals in steel washers at 350 F (described in the Materials Investigation
section). The resultant surfaces, although improved, were excessively wavy and
there was negligible improvement of the performance compared with Model 204.

Models 207 and 208 With FEP Seals

FEP Teflon is notable for its moldability; therefore, flycut seals were molded in
the steel washers, similar to the TFE seals of Model 205 but at 400 F. The resul-
tant surfaces were considerably improved but still retained machining lines and
were visibly wavy. T
Initial tests were performed with one seal as Model 207. It was determined, how-
ever, that the wave washer load was inadequate to impress the serrations into the
seal. The seal was therefore raised up from the seat base by several thousandth
inch. This caused the flat poppet corner radius to dig into the seal under load
with the unrealistic results shown in Fig. 5-63.

The test was repeated with a second seal (Model 208), using the captive model
base. The seal base was greased lightly to allow leakage at only the poppet/seal
interface. The improved flat surface is evident from baseline ambient Test 1
(Fig. 5-64). As expected, however, the 0.001-inch CRES wire could not be toler-
ated by the Teflon seal (Tests 2 and 3).

Improvement in flatness and finish is required tc obtain low load leakage with

Teflon comparable with the elastomer seals. This can be achieved by diamond tool-
ing with a circular lay or molding at high pressure (and temperatures) in a
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totally contained die, as described in the Materials Investigation section. How-
ever, this material is subject to permanent damage from entrapped particles which
may or may not become embedded in the seal.

Model 206 With Viton Seal

During the early molding experiments by TRW, a sheet of Vitcn elastomer was
molded to proof the mold surfaces. The resultant sheet was glassy in appearance
with an almost perfect reproduction of the polished chrome mold surfaces. A seal
was cut from this material and tested to compare with previous models, particu-
larly Model 203. The results, shown in Fig. 5-65, are similar to Model 203
(AF-E-124X seal, which had an equally good molded surface), but leakage was ex-
cessive with the 0.001-inch CRES wire entrapped.

Observations

Tests with the flat seals have demonstrated the sealing advantages of the elas-
tomeric seals over Teflon and the need for flat, smooth surfaces to obtain low
load sealing. A more narrow poppet lard would reduce the load necessary for a
given deflection but at the expense of contamination resistance. Multiple lands
would improve particle resistance and, with sufficient width between grooves,
could provide protection against wire-like contaminants. Furthermore, reduction”
of the land area would reduce the sticking characteristic of the elastomer seals,
but this problem shou’d be considered for low cracking pressure requirements.

The tests performed were limited, and additional effort is required to provide
detailed static and cyclic data over a broad temperature range with contaminant
particles.

CAPTIVE POLYMER MODEL TESTS

The captive polymer seal model utilizes a flat seal contained by inner and outer
floating retainers (see Test Models). The flat polymer seal land is 0.03-inch
wide and is overlapped by a wider flat-lapped poprnet surface. The concept thus
provides for seal containment with high loading. Initial assembly and tests with
Models 301, 302, and 303 showed that the free position of the retainers was above
the seal face by several thousandths inch., This condition may be desirable for
maximum seal protection and contaminant with higher load valves, but these pre-
liminary tests indicated that up to 2.0 pounds was required to force the poppet
onto the elastomer face. The retainers were therefore reworked to locate the
seal about 0.005 inch above the retainers,

Captive seal testing generally followed the flat seal tests and, therefore, bene-
fited from the experience gained. The AF-E-124X seal evaluated was flycut on one
side and had a giassy molded surface on the narrower seal side. Teflon seals
were flycut on both sides and heat formed in place.

A summary of the models tested is listed in Table 5-4. As shown, the results are
similar to the flat model.
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TARLE 5-4. CAPTIVE POLYMER MODEL TESTS
Seal Date Tast Conditi Leakage
est Condition SCIM Helium
C = Claan At 10.0 psid
Model No. Surface W = With Equivalent to
(Land Tast FC = Flycut 0.00} Inch 1.7 1b Initial
width, In.) No. Material M = Molded Temperature, F Vire Remarks Seat Load
304 | AF=E-124X Meglassy 70 4 Al tests 50 psid 0.0005k
Seal Ng. 10 | surface, max i mum
no retainers
2 -15 c Chilled closed 0.00063
3 =15 ¢ Sea) separated (~1.0 1b) 0.0017
and reseated
70 [ Rebas!ine 0.00080
70 A After 24 hours in RFNA 0.00015
(seal blew at 50 psid)
305 ) AF-E-124X M-glassy 70 [4 1.0 1d to separate <IO°~
2 Seal Ko. 10 ::r;;;‘in_ -15 c 4.9 1b to separate <|0::
3 above ’ -15 Seal separated and <10
retainers resested
y 70 ¢ | Revaseline <o
5 70 ] 0.17
6 70 v ~4,0 1b to obtaln 0.025
scim at 10 psid
7 -1 v 4.9 1b to separate 0.06
8 70 v 0.08
9 70 c ao™
306 || TFE Sea? M-heat 70 4 Wavy surface .34
No. | formed in
place at 300F
2 70 ' [ After 600 1b load for 0.03)
| 24 hours
3 70 i ] Leakage eacezded >10
! testar capacity
307 1 TFE Sea: M-flash 70 [4 Permarert arsove from 0.32
No. | trinmed from Aode! 106, Test }
base
ORIGINAL PAGE I8




Mudels 304 and 305 With AF-E-124X Seal

To demonstrate performance comparable with the flat model using the best

AF-E-124X material, an initial test was performed without retainers. The test

was therefore limited to 50-psid inlet pressure. Test results with the model

were quite good, as shown in Table 5-4 and Fig, 5-66. Approximately 1.0 to 1.5
pounds were required to separate the poppet and interface in each test. Loss of
stickiness was noted in immersion tests of this material in RFNA; therefore, the
seal was exposed to the acid for 24 hours, cleaned in alcohol, and vacuum degassed
for several hours. There was negligible change in the seal from the RFNA exposure
(as shown by Test 5) but the poppet-to-seal separation load was decreased to less
than 0.4 pound.

A complete test series was run with the same seal as Model 305, using the seal
retainers (Fig. 5-67). Performance was similar to the flat Model 203 except that
seal separation loads after cold Tests 2 and 7 were 4.9 pounds. Fn. these tests,
the seat was preloaded to 2.5 pounds during chilldown. Once separated and re-
seated cold, the separation load was negligible (Test 3). As with the flat seal,
adequate sealing could not be obtained with an entrapped 0.001-inch CRES wire.

Models 306 and 307 With TFE Seal

Model 306 represented the orly attempt to evaluate the captive concept with Tef-
lon. The seal was heat formed in place (in the model) under a 350-pound load
(approximately 8000-psi stress) at 300 F. The resultant surface was smooth but
wavy and tapered, with the ID approximately 0.0006 inch higher than the OD. Ini-
tial sealing performance was not acceptable, as shown in Fig. 5-68. The seal,
therefore, was loaded to 600 peunds at 70 F for about 20 hours, which somewhat
improved performance (Test 2). The model was not capable of sealing with an en-
trapped 0,001-inch CRES wire, Test 3.

Posttest disassembly of Model 306 revealed that TFE had extruded into the clear-
ance between the retainers and seal base. This flash was removed and the seal
retested as Model 307. The results were substantially the same as Test 1 of
Model 306,

OBSERVATIONS

The sealing investigation model tests clearly demonstrated the superiority of the
cutter seal concept compared with the polymer model seal technology uncovered

and developed herein for meeting the OMS check valve requirements. Insensitivity
to temperature rxtremes, propellant degradation and contaminant entrapments are
advantages for the cutter design whereas the elastomer seal suffers in these
areas. On the other hand, the two tests with AF-E-124X using flat Mod~l 203 and
captive Model 305 have indicated a strong potential for this material, even
though only one molded surface was obtained which performed adequately. lowever,
much additional testing is required to fully define the capabilities and limita-
tions of this material because of the additional factors that can affect its
sealing performance.
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CHECK VALVE DEVELOPMENT

Design and development of a prototype check valve was undertaken to provide fur-
ther data toward obtaining an optimized quad propellant check valve for OMS/RCS
application. Trade studies were performed in review of past state of the art,
but the stringent requirements and goals set forth for the valve (Appendix A)
clearly indicated need for a new approach to check valve closure and sealing.

Application of concepts developed in the sealing investigations with the trade
study and subsequent design work led to a unique check valve design incorporating
the cutter seal concept. Detail parts were fabricated for a single prototype
check valve element with spare poppets and seats.

A series of tests was performed with the prototype valve to demonstrate basic
functions and full-flow stability. Primary development effort was directed toward
demonstrating satisfactory cycle life. Initial cycle tests revealed insufficient
poppet hardness, which limited cycle life. An additional spare poppet and seat
were fabricated having greater hardness under a separate follow-on contract. These
parts were ultimately employed in a final cycle test of 100,000 cycles in which
leakage throughout the test was less than 0.001 scim (1.0 scc/hr) helium.

Details of the trade study, valve design, fabrication, and discussion of the test
results follows. '

TRADE STUDY

During the sealing investigation tasks a concurrent trade study of sealing and
closure concepts was performed to identify the best approach for use in a pro-
totype check valve capable of meeting the goals defined in Appendix A. The trade
study was accomplished through a systematic evaluation of current state of the
art and elemental concepts defined in the program. From past sealing studies,

it was reasonably certain that sealing goals could be achieved as an individual
function., Obtaining the desired performance with contaminants and propellant
residues in a high vibration, extreme temperature environment for thousands of
cycles with light sealing load attendant with l-psig cracking pressure was yet

to be achieved in any check valve.

The Apollo valves, utilizing TFE and nitroso rubber, had numerous sealing and
function problems; these are summarized in Fig. 6-1. The inability of nitroso
rubber to tolerate extreme low temperature, its incompatability with MMH, and
the relative stiffness of TFE eliminated these materials for the seat seal.
Tests in the sealing investigations uncovered major disadvantages with AF-E-124D
and other perfluoro-elastomers as follows:

1. Material becomes hard below +20 F
2. Contamination sensitivity at low temperature

3. Composition and molding technology was in a state of flux throughout
the program; reproducability was, therefore, questionable.
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In addition, polymer seals change shape and physical properties as a function of
temperature, chemical exposure and time. As a consequence, the functional per-
formance of a given polymer seal design is virtually unpredictable and must be
verified through an extensive combination of many tests and environmental con-
ditions.

Results from the sealing investigations showed that the cutter concept could meet
the OMS sealing requirements. However, conventional sintered carbides were not
sufficiently compatible with the corrosive byproducts of nitrogen tetroxide
(e.g., nitric acid), and compatible ceramics were simply too brittle for the
narrow land concept. As shown in the materials investigations, a form of chemi-
cally vapor deposited tungsten carbide proved to be not only the strongest avail-
able carbide, but virtually unaffected by 6 months exposure to concentrated red
fuming nitric acid. Furthermore, when applied as a thin coating (~0.001 inch)
over a carbide base, the material demonstrated sufficient adherence to sustain
complete shattering of a test specimen without interfacial separation. The pre-
ceding considerations led to selection of the cutter concept and CM-500 vapor
deposited tungsten carbide for use in a prototype check valve.

A wide variety of closure designs and valve concepts were sketched and traded off
in arriving at the selected configuration. Utilization of tungsten carbide for
sealing posed a serious poppet weight problem because of the light closure spring
force allowed by low cracking pressure (2.0 psid maximum) and relatively high
vibration (2.0 g2/Hz random). Furthermore, hard seating requires that the poppet
by able to self-align so that the seat load is more or less uniformly distributed
around the seal diameter. General valve concepts evaluated incorpnrated flexure
springs for poppet guidance and force reference, zero clearance bearings for
precise closure, and negative rate reference spring concepts (belleville washer,
toggle, magnet, etc.) to provide increased on-seat load. Damping devices included
coulomb friction, magnetic hysteresis and a stepped flow area approach. More-
complex designs, such as pilot and diaphragm operations, were simply too complex
for the application and suffered from excessive moving parts weight and thus
vibration sensitivity. These studies led to the conclusion that coulomb friction
was the most simple approach to obtain low flow stability, the disadvantage being
a hysteresis band between crack and reseat pressures.

A unique bearing concept was employed in the valve trade study to overcome problems
experienced with the Apollo check valves. Valve poppets that are guided by a
piston-in-cylinder approach are easily stuck from contaminants or galling because
once the clearance space is filled with debris, binding forces become very large.
This problem is overcome by greatly reducing the guide bearing area (giving room
for contaminants) and replacing at least one-half the diameter with a low rate
spring. The result is a ''zero-clearance bearing' poppet, which can move over or
around contaminants. The low rate spring provides force to hold the poppet in its
guide and also a controlled level of coulomb friction to ensure low-flow dynamic
stability and freedom from all chatter.

Sketches of conventional stem guided check valves incorporating the zero-clearance
bearing and carbice poppet with a ball joint were made and analyzed. In all cases,
not only was weig . excessive for the vibration environment, but detail parts were
overly complex because of the alignment requirements of a metal-to-metal seal.

6-3
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To alleviate the problem, several sketches were made of single, flat-plate-type
closures without a stem guide. The concept called for a relatively large-diameter
poppet and corresponding short stroke to minimize angular contacts. Breakthrough
to the final concept was an offshoot of a flat plate poppet fabricated of graphite
and entirely vapor deposit coated with CM-500 tungsten carbide. Although the

box section was strong, weight reduction was still marginal. The next step was
elimination of the graphite in favor of a free-standing shell.

Semifinal sketches incorporating the preceding concepts are shown in Fig. 6-2.
On the right are two designs employing stem guides (the bearing is upstream in
one case and downstream in the other). These designs do not allow the hard seat
poppet to self-align and are much too heavy. The alignment problem is overcome
by eliminating the stem and guiding on a carbide poppet ring (left sketch of
Fig. 6-2). As shown, one of the knife-like guides is a cantilever spring that
holds the poppet against the other solid guides. The poppet is reduced to a
single flat disk in which the stroke is minimized by a large seat diameter that
also provides for a relatively larger closure spring. The center sketch of
Fig. 6-2 is the final version in the trade study incorporating three carbide
guides and a machined carbide seal ring snapped into a steel plate. The com-
plexities of this poppet design with its required static seals, and overall
excessive weight, led to the finally selected configuration.

PROTOTYPE DESIGN

Layout and assembly of the prototype check valve is shown in Fig. 6-3. The pop-
pet is fabricated by vapor depositing tungsten carbide over a molybdenum mandrel

to provide a nominal 0.03-inch thickness. The poppet is machined and lapped using
the mandrel as a holding fixture and datum to obtain the required outside diameter,
seal land flat and edge height. The mandrel is dissolved in acid to produce the
free-standing shell poppet.

Guiding the poppet are three carbide pins, one of which is a cantilever spring
providing a nominal l-pound side load on the poppet rim. Each of these guide
pins is retained and angularly located by CRES pins locked by a set screw and
Teflon plug, which also provides an external seal. This arrangement ailows each
pin to be easily removed and interchanged for evaluation purposes.

The cutter seat detail is comprised of two lands separated by a nominal 0.03
inch. The inner land is the primary seal and the outer land serves to align the
poppet during closure and also provides a secondary seal. The seat is retained
in the body by a metal K-seal, which provides an external seal and secondary
seal around the seat base. Leakage past the K-seal is vented through the body-
base interface. A Teflon gasket at the seat base further isolates the upstream
side of the closure from downstream.

Details of the prototype valve are shown in Fig. 6-4 thrcugh 6-12. Fabricated
parts are shown in Fig. 6-13, which also includes a Teflon plug and B-nut used
to reduce downstream volume and collect leakage. A closeup of the seat is shown
in Fig. 6-14, Specialized fabrication processes are discussed following the
performance analysis.

6-4



R )II\"

uot37919s pue udrsaq renadoduo) SATBA Y29YD  °Z-9 sandtyg

-y

e SR

- c—— . e——— o




. -

Nl e I |

. isoilfiom — A

002 oK P al eamnad

——— 10803

-

P s PR S
MACHING BOOY '
Vfl’ ADWET STEOKE
\ . O STENE
W e
smom | -
Teooo '
oo0 ¥ M
%60 o :
l N
! A L orosm
- _ b 1 DVO MAY D4 FLAT
; A100 s QWA FLAT
— Mot DN —— —
POPrET
78000 R
SPEING GUIBE AND POPPET OETAIL 20/ }\

oo 2080 $.002 DM —

.00NR0 * PO0OE -
e T / 10202002 M ——1—>
SoR ZA
©0° e

4 oa rveE &

'.‘\;: . A DA 0
/
$
L———mr‘wu—JL-—- f) / !
S008 7 ;
SEAT ogTan. 100/ B i

208 -.008 (rr”

o080 ooz

090 £.001 DV @/

Lo003r0 0008
wris Agugmd

ORIGNAL PAGE ls At gus 2071
OF POOR QUALITY

FOLDOUT. FRAME |

125025557 o



8°'WT =SS

i

¥ o0a rvee #8033 (Tve)

33

N " canr. ama sm
, . e

! T
f-t e M SRR 2 :m:nl: aCnE . o Gt T =1
3 s.odw () Ace “ce€g a5 aTR -
faie maiuk® T o sedscee.  sassiars N
Liai 0 screar RSB T e o Jeoweara " K]
‘_r_:‘ oy 't CES T messivave 1 I
Z o 12 cebs | et ) $
o' . P e cces lmcscarrso | =
'L,‘ 2! sl . TN CARE 8oL, MONE .‘_*lllwﬂl F 4
r“, ! o 43 oy ;ptasndr' N 1 e h¢_1
'_7 .i; r “l:/‘ - M A T X7 4 q
r‘ n SAL ' | Fiwasnas cae8 -_
0'-'1 2] ser scoow T Aisey sven b =
Ve T Tsaas = 77 jaresceos __1 =
st adar ™ rx}umc caeq carrn| o
'21: [aanner Lagm remon st tu. =
PO Bagigeni 4 o —e
F;z_ aaid  Taowecess T ER
e or arscamp ey T Tardame

X .ia5 ~v0 B ol lel/m_f._'__;

Figure 6-3.

Prototype Check Valve

FOLDOUT FRAME -



B .010C * . 0002

05743 00028

. - —

— 0 * 005
<+ .

. - 2001002 - e 106*.002

B«J A‘]

— . 0L

=[A
. [
ATy

) 7

- et~ 087 F+ 002

= .430to002 - — 000/ B MAX /
2 P
. 00! MAXN SLesf A Z
TUNGS:
~ GUIDE

S 32/ 400 Macumngo soeracas
\ 18
O'RIGINAL PAGE Y 4 FuLeTs 003 RMAX L g
? POOR QUAL l 3. secax coonvees oottt 2o
0 . CLEAN 322 ce€ES SPRIM6 PER RAO03-002
\

MACHINE PER RA0D103-00?2

oo B2 / | emon e




¥ ) REVRIONS
T OESCRIPTION uu[m
£ GANNOT BE AEWORKED :mwm
| 6 PARTS MADE OX 4
-
I |1_| A l.oooz |
T—“-J g *.oo2
_05743.0002 L
secTIiON B-B
N0 x.002
.020 *.002
O TYP
+.0000 P
1248 _" pnp, DIA
‘087 F.002
0o £ A - .090 * 001 DIA
RS x .0003-.00C5 INTERFERENCE
SECTIONA-A
CANTILEVER SPRING
202 CRES COND B e
PO -W-423 (S PRING TEAMP)
TUNGSTEN CARB K&OZ
GUIDE
Figure 6-4., Spring Cantilever
6-7
o et —_— — R ——
Yo DMINSICNS ARE I INOMES AND. Nackeidyns Divislen
NONE ALY FRIOR TO FIROR D. Qcet 10-Ep 74 Canage Pork, Cotlorin
- vecauns s 8" s saf 9 | CANTILEVER  SPRING
HOLES NOTED "DRILL® )
PER RAOVO3-002 NONE omn iy +m.
2000 138 4 a9 -
g = ::Z::u
- NOTED i s mel iy D |02602| x=ox24 230601
¥ I 0 E———

FOLDOUT FRAMH.2_



v ™ .v v o

“."z\' )

s

8/
+.0000
1248 ., p001DIA

.001~.

o~ q90tocl - —
j>———— 2S5 - -}
—
|
|
|
i
|
| |
T

/

. OO/ MAX BLOEAL

EOLDOUT FRAME |

3

<
[

L0001 R MAX

2°PL

7.

ABLL MMCHINED S A ks
MOk &DSES .01 2K
MACKHINE PER RADID3-DO2




N L

_JEVSIONS —
LR OESCRPTION OATE | APPMOVED
1 MY BE REWORKED 3. RECORD OHwE
R T/t BE AEWORRED 4 NOW SMOP PRACTIOL
; 5 MATS DL O 1

8/
+.0000
1248 -, poo) DIA

—
- MAX ‘\, " /1./
p——————— - .!——« 42 Yoo
RIGH\IAL -
PAGE +
u Loz F POOR g, s -

Figure 6-5. Check Valve Guide

6-8

@UIDE . CHECK VALVE

D |02602| AEORDIZIOLD2

‘ ot 2., | !om ‘
* FOLDOUT FRAMY

TUNGSTEN CARG
Kooz




.
4
4
»
.
-
-
-
-
-

—— e
r—— ——
Ay
——

- .001DIA]

.~ e e - 1110 t.00i s — —
[w]]-Y

030R REF

+.0000
— 0560 ~,0005

203 1 00/

—- / i ' \\
) A\
s ' .020 MIN
/ | -
!- B 1.LOID MAX DIA FLAT  —— -
}., R e e e — 1208 MIN
~
~
750 :*.00/ SPHERICAL R
T~
-.013 2 po2 N
TYP \.
@“, CAtMs @ D PETIMA Lo
T CMEOO . A 1M SEE S
"5 P02 R AHROMES'S ZP0C - . AT TEFACE B

.00S £ 002 -]/
BLEND

AME |
. W ORIGINAL PAGE 1o

OF POOR QUALIT™

2. ALL SURFACES 32/
VIEW A (aLTERNATE) I MACHINE PEk RAOIC3-00Z
SCALE 100/ ML WL ¢ MDINE ST




bed b

Vs

— ¥
VRO,
L OESCRIPTION onrg | sovnoveD
L MY o AewomaD 3

‘ 8. CAINOT O REWORRED : mumm

y §. PARTS MADE OX 1

-
— ,..5801,‘3‘3‘3‘} - — o -

SPHER  DIA
- - T T e e e e ———— e
.025% oos
&‘\‘\ 7.003
N -2/ - 000 £ -
AN
\\\\ AN
. ‘ -, \‘ N
/ . \ 005 T 002 R
\\\ \\
[ N ”
\ / ”

=N
—— .090 t o0S \
SURFACE B’

¢ OF 1580 sP.ER 1A

MAY DIA FLAT
H

%

i

— OO MIN DIA FLAT - —— ___-——-ol

-~
. ES75 L [EEF)

/ Figure 6-6. Check Valve Poppet —

6-3

UMESS OTHERWISE Rockwell internationsl Corsoration
- DIMENBIONS ANE I Rockskdyne Division
FHCOI/MSE CHLIF APRLY PRICR TO Feersn, Caroge Purt, Cotternis
LA WICHERS w ; .
D -2200 AT SURFACE B' mm%m o POPPET | CHECK VALVE
[ = Eigc= ' —

RAOIN3-007 2% 30 . 0 —

- 12:5‘3 DJ|02602|)(50294230905

e DEPOSTLD 1'/E | 1om 2000 + 0120 — oong "
) TUNGSTEN CARBIE] o0 wot sonte e~ sasco/i ] ._....4..-. o

ROLDOUT FrAMER



e
Zi
]
i
g

5 INACTIVE COILS
THIS END O D= 80?592

.483

270° £30° FREE LENGTH (REF)

L2656 MINTMUM
WORKING —-—l

LENGTH (REF)

.180003-882

(80DY/{

,/16000+-90%
TINACTIVECEOILS)

CLOSE ENDS, GRIND SQUARE WITH AXIS & 3 AND REMOVE BURRS
© ACTIVE COILS, 1 !NACTIVE COIL ONE END AND 5 ON THE OTHER END
12 TOTAL COILS, REF
! POUNDS PER INCh, ..aTE (REF)
.48 POUNDS .07 POUNDS LOAD WHEN COMPRESSED 70.298 LENGTH (2)
CHERFORMING

/.73 POUNDS #.09 POUNDS LOAD WHEN COMRESSED TO .2066 LENGTH @
SPRING MUST DEFLECT TO . 24O LENGTH (MAX SOLID HEIGHT)
WHH—————POUNDS—LOMD—MAN- WITHOUT PERMANENT SET

A HOtEORROD-FORFESH
DIRECTION OF COILING OFTIONAL
OPERATING TEMP RANGE -30 TO +1/40
BREAK EDGE, BOTH ENDS .005 43032

ORIGINAL PAGE IS Figure 6-7. Check V

OF POOR QUALITY 610

L2

NONE

4. CLCAN PER RAOND-0/8 "]
TAG EACH SPRING WITH SOLID HEIGHT MONE
TAG EACH SPRING WITH ACTUAL LOADS
I, MACH! .
HINE PER RA0IDR-002 202 CRES

NOTL UNLESS OTHIIWASE SPECIFMD .020 DIA
WX W23 CoND 8

flod

 FOLDOUT FRAME /



‘ | '
\ ’
. 1 X

S meewATIgA Y T YT 14

“REVISIONS
m) DESCRIPTION DATE | arwnovD
L MAY BE NEWORKED 3. RECORU CHANGE b
2 CAMNOT BE AEWORKED 4. NOW SHOP PRACT.E $
& PARTS MADE OK :
4
VE COILS L pno —
N 0D .180_ pos
) r‘ ,
| 180002
{80DY{
./600D¢+-923
(INACTIVECEOILS)
D REMOVE BURRS
D AND 5 ON THE OTHER END
/MPRESSED T0.298 LENGTH (2)
VHERFORMING
IMPRESSED 70 .2 (b LENGTH
HEIGHT) @
AT SET
+
.
—
Figure 6-7. Check Valve Spring |
6-10
E Rockwel intermational Corperation
NONE 4 Y Canoge Park, Colornia
A e o s
: MOLES NOTED "DRALL® SPRING CHECK VALVE
HEIGHT NONE T + e w !
L LOADS % = 1 me_ o
_:-‘1)%20 Lt):'RAES D 4w - D[02602| xcoe 94220004
- W23 COND 8 DO NOT SCALE PRINT AL Now e | 11":“
L )

m—
ok R0 mimmE WY I

FOLDOUp FRAMg »



.-

FEEE BT 12

——

——— e _—

G[ALo0z0R]
®[A]002DA ]

1.006 t.0005%

DrA

rio2 t ooz
DIA

6|4 [0 3R]
by

-B-
Z7|.000010 |
o et 2500 *:9920

AND FINAL NALHINING

A

o
/

-" O
/——.aa:r—.oga(

- N@:ﬁ

1.433 1 po2
DIA B
+.005 16200 25055 v
) _ . ~.0002 BEFORE y AcTH®
'ZDF’,?-.OD()R \ DIA CoaTInG
- S I—-DSO ay |@|A
L ¢
L0027 P ’ ’
.00 —’fooo L —- I S N T i |
g 4
-~ 050
2/ g
——— 17
N le— 040 t.002
N1]8T.ooo0s0
= | .o00010
SECTION A-A
SCALE ’0// DO WOT COAT THIS ABREA
VAPOR DEPOSIT .00\0 T.0006 THICK Pu
TUWGSTEW CARBIDE (CHEMETAL CO., CH
EXCEPT AREA COLED THICKNESS T®
L0010 T . 0002 . \OOGM LOAD VICKERS
HARDUEOSS GO0 - 1800 W AREA
CODED (A M. COAT THICKIESS AFTER
ORIGINAL PAGE IS FILUISH . 003 "
OF POOR QUALITY‘\ BREAK (NRNERS 09 %m
CARMET (0., PITTIELKGH, PA.

ALL MACHINE 3URFACES 32/AFTER COATIN
MACHINE PLR RAQ103-002

NOTE: UN' E38 OTHERWISE SPECINED




ya

JINING

97
oL

1.0201.002

- 00: DIA

S

DIA

REVISIONS

LR

OESCRIPTION

oATE | aevnows

L MAY BE REWORKED
2. CANNOT BE REWORKED

3 RECORD CHANGE
4 NOW SHOP PRACTICE

S. PARTS MADE OK

2 v~ O

755§PHER-

ICAL R
2 PLALES

[@l4].0020)

[®]a] o002 pﬂ/g'

015 %998

S

1.033%00i

D/A

L0672 0c1
DIA

. BEFORE o AcTae 1,080 cC?
CATING DIA
|®|: | .001 DIA
.00020* .00005 -
2 PLACES 7 -
+.00
.0025 t.0005 .002 - 000 R —
2 PLR.ES 2 PLACES
S
f &0
THIS ABEA L‘”” 4 PLACES
S0 T.000a THICK PUP:
::;D;D(cne:lﬂ:: ec:.s,izgs:e) Figure 6-8. Check Valve Seat |
. .
. 10OGM LOAD vicKERS
-1800 Iy AREA VE!CE/\‘\NLEB’OU/ 611
IOAT THICKIUESS AFTER L Rockwell inlemational Corporatien
+ D04 NONE Y PO TO e O [ et It Canoga Park, Cabtornia
00— Ao R DATE
BURGH., PA, T | ™ T R L 5 sk SEAT , CHECK VALVE
RFACES 5€/AFTER’ COATING, {5 o T, Duwer [WT
0103-002 = gm::§"'“°' = ORI W0,
3)CARMET o] 3 1w = mefmmere 02602 24230608
=zl Lo o EIR DD 3
Rone cA-375 TuNa CaRBIDE] it § o = etk d X T
5 DO NGT SCALE PRINT sous 2/1 | ﬂ’.
RUNS

NV .:' EY“-,‘.)_’;{~
e |

i



|
:wv.vnf\ll' L IR R Nl

utd SATEA ¥P9YD °6-9 2In3Td

{
| oY) v ane? -
- B - A L WA Bmbus S
IEIE S| s1vr 1w,
H“o “ " 20U e V' ove &g ITNIHIYWN
ll!"b “‘ “ INON oo m‘o.c:cﬂf‘ ¥la NW3INY 2
e e - g PN
1T ] s —
g S PNsey =23) O wanns 64 vems A | INON
e ] e Tamub T i
o] T |l
l
—— S92 ITlIIIJ
ma— i
- |
/21
[-v- 2
206"~ . =
w10 222 SE60 5
&5
(o)
—
el
& &
&
0 30w LN 9
“_ MDY NS WOW ¥ GIENONIS 18 MO T
N0 G0N § I 38 A 1
TACRM | o WOLMA %

6-12




e

=im “Wl.l. [

Snrd oATBA O9yD *01-9 2In3T4

M X231 ' 9074

y 11

200-€010vd AId IANIKIOWYW 7
WGOM.M\QQ R 79 DY P

290" ~—e- -——

6-13

OF POOR QUALITY

ORIGINAL PAGE IS



PEAM . 250 THRY
3 NOLES EQ SP

9|: |ofooml

MMM MACWLE WITN
YEOR 84230629

300 DIA ——/

ORIGINAL PAGE IS
OF POOR QUALITY

.800 .
oo 09378 ¢
+ .
795 f>——— TAS DRY
000 /- 164-32 U
612 —p———— 9 MIN
/ 3 PLACK
S5 tpoz — - - J L@[:Iom
s10
DRILL N0 31 (.120) DEPTH SHOWN 487 £.002 ———po—— - »
1250 * 9093 Dia DEPTH SIOWN [z on) e —— 864 R(F--—
003 MAX FiLLET R 212 — e e[
3 WOLES EQ 5P |
QACED o
BA 002 04 f
|
| (AR
.00% R . ,‘P“ R
MAX S\\ N m ‘r*
2 3002! 308 - g
QA 1 bd—t— - 1
’ 1 ™ A W anmre
[\ . \\\\ tt
' ;.;_._._\.__.r-
l.lm:.% i '/l
OIA |.°7’Q —yor e
Lb!."w' ] DiA -.000 B e — e
oia) 00 T Ine—— —
et — IS
1418 20000 %
oA 008 R (=
MAR
28° G PLACES l B -~ BRK 020
* ——
219 R E 05801005 e }-1
TYP ﬂé{ o
VAN 07239, —= ;—-/ﬂ/ NECIN]
B 092289 —- -
. \\‘ . 150 2,005 —ed -wL
™ 4 - 1257008
) 5
A \\\ h>——t—— 300
N
N L
O NOE
NN . SECT!OEA'A
N 7\/ 20 aLgs scALE ¥
el
5 Fyn’s L0100 R MAR
4 6 ALL MACH QURF 4004
SECTION BB s. BREAX CORNERS .00\ 000
SCALE 4/ 2 MACMINE PER RADI0D3-002

L. CLEAN PER AADN10-0I8
U AN SN VRN

[

¢ 1

EOLDOUE FRAME |

pRp.-=ty

il T




]

joo——, 864 REF-——end

‘03375_‘,‘?333 DA THRY | WALL
TAF DRuL
164-32 UNJC-38
18 MIN Futl THD
3 PLACES

®fcTo0rm)

230 OLEP

.29 MAN THO

\\\\\
\\
SN
—+
AT
= 4 ‘r 7
- \\\ | ~
H b= \\
N \ \\\ —— .09t 005 D!A REF
RN ey
: 56 R - END PER MS33656-12
1 TYP
SR RSN N
J I - B — 8RK 020
o pesti4-
8 _
-~ - M*éiulﬂloegj
e
-t
[P R 1§
4»4 N~ 1287 005
i 100 |
-
© SECTIONA-A
scALE Y
-_—
T T e Tomimrsh vmatonsl Coperation
PRy - e :
e i ¥ 5
-‘-:‘.'.'.“‘:‘"n: —ld2] ek VALVE
- W [ S
EEiE e
-
‘ ‘g = 3:"—_5 4 1 m 162834230600
: —J- & G5V Mg fenm —-;ayy

Figure 6-11.

Check Valve Body

6-14

FOLDOUT FRAMEE



4
—_—
a
-
——
—
——miieeie
——
-

o = e cemal

| T | 4 T
=]
[Qlafociow] .30 —— _
o srx 008! 333 -
— M;,g’wsl-— ’\ o
e ——
\\\ /
NS

= t\\\

L
230001 2007 \\\
DIA
162109992
DA 9000 1,450 005 200 * 008
o 900 1
2375 1080 1.005 30" ——T"1
* D/A 1 500 1.00% v 7
TH v
r\“&
REAM .250 THRU
3 HOLES EQ SP N

S
MATCH MACHINE WITH
XEOR 94723%06T 8

y
—gm— 00

m 0002
3ECTIONA -A
SCALL </
. RF
DRIGINAL PAGE I8 e,
-4 4 -
DF POOR QUALITY, 2 wacHINe PLR RAGI03-502
I CLEAN PER RADIO-O/8
- i Ul YRS

FOLDOUT_FRAME |



_*‘.._.—-——_T— - -

- —— —— b

ks
&
430 — 86 REF —-‘
- L X —_— - .300 BOTATED
-rr- 1003 888 \ WO WTO ViEW 2Nl
=¥ 005 R max
/ 4 PL
> g \\
N
\E :\ N
005 1.000 * 008
. D/A
1050 2.005 30°'——"] L
DA
>
B L- 08 +.005
\ 0/A REF
. x\
" AN END PER MS336E6- 12
L BRK ,520
0752 005~ le-t
240792
L7
008! 992
.000 |
8] 000z -
¥ _—
. SECTIONA-A
. SCALE 4/;
Figure 6-12. Check Valve Base
s o e =il :
aax Y T G+ B | ==
.00t 2 283 Ry e VT 70 [N ‘
D300 E-gﬁxa.:- HASE | CHECK VALV
“"o-oi8 Bi =
n— e = EE o £ [02602|-coere 230609
1 ¥ O ML 6’ 1 S




O S

VIO 3L/8/8-S90ST

syTelag 9ATEA adL303014g

*€1-9 dandty

6-16

QUALIy

WPME(Q




81D-S2/8/8-S90ST

3825 aATeA 2dA3030.44

*r1-9 2andrty

6-17

IGIN

ORI

PP ET—
e e e
R I R R N R R R .



e e,

PERFORMANCE ANALYSIS

The prototype valve design was an iterative process in which the basic dimensions
and forces were traded off to arrive at a final design to satisfy the performance
goals of Appendix A. Primary parameters affecting the valve size and function
were: (1) the seatl diameter, which controlled the availal:!'e spring force; (2) the
flow capacity defining the required stroke; and (3) poppet weight. The sealing
investigation had shown that the cutter seat with a nominal 0,0002-inch-wide land
could meet seat leakage requirements with entrapped contaminaats, simulated by
CRES and copper wires of 0.001- and 0.003-inch diameter, respectively, with a
closure force of 1.3 pounds acting at the poppet center. These results led to

the selection of a nominal 1.5-pound spring force. Goal pressure drop of 3.5 psid
indicated the need for low cracking pressure to meet open flow requirements.
Moreover, without angular guidance a short stroke was necessary to minimize
closure edge impact stresses. These combined preprequisites led to selection of
a nominal 1,0-inch-diameter seat and 0.029-inch stroke. Selection of a 1-pound
lateral spring furce was based on the poppet weight and required vibration
resistance. A summary >f the nominal design data for the prototype check valve

is listed in Table 6-1. Analysis of the functional performance predicted for

the valve is covered in the following paragraphs.

TABLE 6-1. PROTOTYPE CHECK VALVF DESIGN DATA

Seat diameters (2), inch 1.02 and 1.08
Stroke, inch 0.029

Seating spring force, pounds 1.48

Seating spring rate, 1b/in. 8.5

Lateral spring force, pound 1.0

Lateral spring rate, 1b/in. 63.0

Lateral spring friction coefficient 0.25
(estimated)

Cracking pres .ire area, in.2 0.92

Open flow effective area 1.0

(estimated), in.2

Poppet weight, pound 0.021

Force Balance

Analysis of the static balance of forces is used to approximate cracking and rescat
pressures ard fill-flow pr2ssured drop. The analysis also indicates the ability
of the installed spring forces to resist acceleration loads that would cause

the poppet to unseat or slide on the sea..
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Cracking and Reseat Pressures. Without a lateral spring the check valve cracks
and reseats at the same pressure. This occurs when the cracking pressure drop

(AP¢) acting over the outer seat area (Aj) just balances the spring force (Fs)
reducing seat force to zero; thus,

b 7 |

- S . 1.48 -
APe = = = gz = .61 psi

~N

If the closure spring is eccentric with the seat diameter then cracking pressure
is reduced i'. proportion to the eccentricity (e) and seat diameter (Dz) as follows:

FS(D2 - 2¢)
8 = “xp,
272

For e = 0.05 inch, Pc = 1.46 psi

Incorporation of the lateral spring force (F_) will produce axial friction at
each guide pin to create a differential pressure between crack and reseat.

For
straight axial opening or pivot about two pins:
F_ +3uF
AP _jiii__Ji.
2

Assuming a friction coefficient (u) of 0.25 and 1.0 pound lateral spring force
indicates a cracking pressure

_ 1.48 + 0.75 _ .
AP = 597 = 2.42 psi

and reseat pressure

_ 1.48 - 0.75 _ .
AP = 002 = 0.79 psi

Acceleration Resistance.

The axial and lateral springs provide resistance and
damping to vibration induced acceleration forces acting on the poppet of weight
(W).

The g-force level required to unseat the povopet with a 0.5-psi closing
pressure drop acting over the inner seat area (Al) is given by:

Fs + APA1 + Sch
L

w|p

1.48 + 0.5 X 0.817 + 0.75 _
0.021 = 126 g

DT - '
cliahah
s
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Similarly, the lateral g force level required to slide the poppet on the seat
is calculated from

Fc + U (FS + APAl)
W

i

w|®

i.0 + 0.25 (1.48 + 0.5 x 0.817)
0.021

=70 g

The preceding g levels indicate the relative resistance of the valve to vibration.
However, dynamic analyses involving vibration inputs were not performed and are
a major consideration in valve performance and life expectancy.

t.ow Capacity

Worst condition requirements from Appendix A guidelines are for a 2.4 1b/min helium
flow through a quad valve or 1.2 1b/min/element (or 116 scfm).

Assuming a nominal inlet pressure of 245 psig and 70 F gas temperature provides
sufficient data to compute the pressure drop for each check valve element, and
thus the prototype valve. All flow areas through the prototype valve are signif-
icantly larger than the seat restriction. Therefore, assuming discharge coeffi-
cient (¢) of 0.6 and the orifice equation (see Leakage Analysis section for
nomenclature), the valve pressure drop is given by:

.2
AP =( 1(Z:Aw ) l_
2gp

where

A = Th = 7mx1.02x0.029 = 0.0929 in.2

— P _ 259 x 144 _ 3

5 = ¢ meai3y - 0-182 1b/ft
and, therefore:

w - 12x 1.2/60 )2 1 - 158 i

0.6 x 0,0929 7 x 32.2 x 0.182 -3¢ P

Thus, the predicted pressure drop lies between crack and reseat. Assuming flow
noise provides sufficient dither to negate the lateral spring friction, the force
balance for full open pressure drop is given by:
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Fs + Kh
AP = R
Ae
AP = 1.48 + 8.5 x 0.029 _ "1.73 psi

1.0

It would appear that the valve design is capable of meeting the goal pressure

drop of 3.5 psi for the quad configuration with only one leg flowing. However,
flow tests are required to establish effective flow areas and losses through split
flows, etc.

Seat Leakage

Leakage has been the primary subject of study in the program. Test models have
been evaluated and results presented in the Model Seal Tests section. Theoretical
analyses based on laminar and molecular flow equations have been performed for
the prototype valve seal to correlated measured and predicted performance for a
hypothetical parallel plate leak path. The results, presented in the Leakage
Analysis section, show more or less acceptable propellant leak rates but higher
N204 vapor leakage because of high driving pressure of the vapor (14.8 psia at

70 F) without added closing force. This correlation has been performed for the
prototype check valve test results to be subsequently presented.

FABRICATION

Parts for one complete prototype assembly were fabricated, along with spare poppets
and seats. Conventional shop practices were employed in fabrication with exception
of the poppet and seat. Special processing and handling of these parts is
described.

Seat

Two seats (No. 1 and 2) were machined from Carmet CA315 micrograin tungsten car-
bide. The carbide blanks were diamond ID ground and wrung to an arbor for 0D
and face grind between centers. This produced concentricity and squareness
within 50 microinches. Face grooves were formed by EDM in preparation for seat
corner grinding. Seat No. 1 was completed as follows and seat No. 2 was used in
subsequent spare parts testing.

Seat corners were ground to form nominal 0.001- to 0.002-inch-wide lands with a :
60-degree included angle. This was accomplished on an ID grinder with the part ki
wrung on a shouldered arbor and chucked ir a hydrostatic head. Corners were i
individually ground by a formed diamond wheel in high-speed air bearing spindle.

Material removed was constantly monitored using a 40X microscope and fiber optic

light. Land width was limited to the maximum chip size produced at the seat face.

Final forming of the seat lands was produced by a combination of spherical and A
flat lapping with reduction in diamond compound size from 1 to S microns to 0.1 !
micron. Lapping progress was intermittently viewed using a 500X interference

B, chrR AT T

6-21

TEE . e
e
R R

...



microscope. This allowed correction for eccentricity in the land edges as the
land width was reduced to a nominal 0.00015 to 0.00025 inch width. The final

lands were continuous and without any significant abridgment from grinding or

lapping flaws.

Seat No. 1 was cleaned, inspected, and vapor-deposit coated with a nominal
0.0012-inch thickness of CM-500 tungsten carbide over the land crests. The
process was performed by Chemetal Corporation. The seat was induction heated

to high temperature with tungsten and carbon bearing gases flowing over the sur-
faces to be coated. Buildup was preferential over corners and areas of maximum
gas velocity. Examination of sectioned trial parts revealed that exposed corners
received about two to three times the coating thickness as adjacent recessed
fillets.

Final finishing of seat No. 1 was accomplished by OD, ID grind and flat lapping
to produce continuous surfaces. Seat corners were spherically and flat lapped
to a finished condition, as before. During this process, dimensions of the
coating were continuously monitored to ensure coating thickness of not less than
0.0003 inch.

Extreme trouble was had with this part during initial lapping. Corners seemed
to chip easily (in a very small way - on the order of 20 to 50 microinches) and
material removal rate, even with coarse diamond (No. 20), was almost nonexistent.
The problem was traced to a Vickers hardness well in excess of 2200. Desired
coating hardness during this trial period was on the order of 1500 Vickers but
no requirement was specified. Poppets received earlier were about 1400 to 1600
Vickers, so hardness measurements were not made on the seat. Discussions with
Chemetal revealed that deposit hardness is variahle with temperature, gas
chemical composition, gas mixture ratio, flow rate, and time-at-temperature.
Moreover, the coating can be softened with reheating to a high temperature. This
was attempted with the coated seat and produced a coating hardness of about

1200 Vickers.

Poppet

Three poppet blanks of CM-500 tungsten carbide were chemically vapor deposited
over molybdenum mandrels. Process control was developed by trial coating and
sectioning several graphite parts. Two poppets were successfully formed. Part
No. 1 required spherical ID grinding to produce print thickness requirements.
Part No. 3 ID was finished by direct ball lapping. Sealing faces and the 0D
were diamond ground prior to acid etching the part from the mandrel. The latter
was accomplished using 4/1 nitric to sulphuric acid at about 190 F. The shell
poppets were then flat lapped to obtain spherical flatness within 10 u in.

Before grinding the poppets the suiface hardness of both parts was on t'~ order
of 1500 Vickers. However, to develop the required land width, ~0.015 -inch was
removed from the face of poppet No. 1 for a final thickness of 0.037 and 0.007
inch from poppet No. 3 with final thickness of 0.025 inch. Microhardness tests
were made on the sealing and rear surfaces of each poppet. It was found that
the thicker poppet (No. 1) was too soft for testing as the sealing surface was
about 1000 Vickers and the rear side was only about 700. Poppet No. 2 was some-
what harder at around 1200 Vickers in the sealing area and 1000 on the rear side.
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The cause of hardness variations was traced to n condition of variable hardness
through the part depending on thickness, which s a function of deposition time.
The thicker part (No. 1) was at temperature longer so a greater degree of soften-
ing was produced within the poppet compared with part No. 3. Thus, it was evident
that material removal must be controlled in conjunction with deposition hardness
gradient to produce the proper hardness at the final sealing surface.

In terms of structural strength the hardness gradient through t 2 part is a signi-
ficant advantage because the potential of brittle fracture is reduced compared
with a through-hard part.

Guide Pins

Three solid carbic > guide pins were ground per print to a 0.001- to 0.002-irch-
wide edge. Preliminary evaluation, however, revealed excessive bearing stress
from the lateral spring pin. To reduce the stress level, the solid pins were
assembled into the body and cylindrically lapped to a 1.158/1.159 diameter and
0.003- to 0.005-inch width.

Two lateral spring guide pins were fabricated. Each pin was permanently bent to
a predetermined deflection to produce an installed force on the poppet or 0.41
pound for one pin and about 1 pound for the second pin. The combination cf the
harder K602 carbide rubbing on the softer CM-500 poppet caused excessive scratch-
ing with the 1 pound spring. Consequently, all tests were performed with the
0.41-pound spring guide pin.

TEST PROGRAM

Evaluation of the prototype check valve consisted of a series of tests and meas-
urements to establish basic functional performance. Leakage was thoroughly
investigated in combinat.on with crack and reseat pressures. Flow stability
was also demonstrated. However, limited program scope precluded flow capacity
and vibration tests.

Test Setup and Methods

The helium pressure feed system used in the model test program was adapted for
testing the prototype check valve. As shown in Fig. 6-15, a dual level system,
capable of controlling helium pressure from 0 to 30 and 0 to 600 psig with 0.1-
percent sensitivity, provided precision control for leakage, crack, and reseat
tests.

Cracking and reseat pressures were defined by flow increase or decrease from .
0 to 10 scim with readings repeatable well within 0.1 psi. '

Leakage measurements were made using a Teflon plug (Fig. 6-13) in the downstream
port to reduce volume and provide for leakage collection to a 1 cc buret and
leveling bulb apparatus. The technique employed was identical to that used

in the model tests (described in Appendix D) and provided a leak rate sensitivity
of less than 10-4 scim (0.1 scc/hr).
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Cycle testing was performed by pulsing the check valve open with 33 psig feeding

a 1/4-inch, close coupled solenoid valve. Cyclic rate and pressure were estab-
lished to ensure full opening and impact reseat of the check valve. The cyclic
rate was on the order of 300 cycles per minute (0.5 ms open, 0.15 ms close).

Full open was verified by direct measurement on tlie poppet thrcugh the outlet port.
Impact reseat was evident by an audible click that could be varied by changes in
supply pressure and cyclic rate. The solenoid valve supply pressure of 33 psig
was set for maximum reseat impact. Cyclic rate was limited by the sol.noid valve
response. Capping the solenoid valve vent port did not significantly reduce the :
reseat click intensity, which indicated that the gas pressure pulse duration was :
probably considerably shorter than the poppet travel time. Consequently, the
test method was probably more severe than the intended service in which closure
occurs with a cessation in flow. The capped vent port did, however, reduce gas
consumption.
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Cracking and Reseat Pressure Tests

Crack and reseat pressure tests were performed initially with solid guide pins
' and then repeated with the 0.41-pound lateral spring guide pin; results were as
' follows:

Crack, Reseat,

psi psi
Without lateral spring 1.4 1.4
With lateral spring 1.7 1.1

Leakage Tests

Several assemblies were made and numerous tests performed to 500 psid. Maximum
leakage usually occurred between 0.1 and 1.0 psig reverse pressure with higher
pressures producing increased seat loading and leakage reduction. Values ranging
from less than 10~4 scim (0.1 scc/hr) to 0.003-scim helium were obtained up to
1.0 psid; higher pressure leakage was usually less than 10-3 scim (1.0 scc/ar).

During the test program a condition of apparent excessive leakage of up to 0.03

scim was observed for a seal normally about 0.003 scim at 0.5 to 1.0 psig or a

ratio of about 10/1. The condition was determined to be caused by molecular

flow at partial pressures. By purging the valve in one port with helium a helium
pressure drop of 14.7 psia would be developed. Because air was present on the

opposite side of the seat there was likewise an air pressure drop of 14.7 psia

: in the opposite direction. The noted 0.03 scim was, therefore, only an indication .
of the differential flow of helium into the leak apparatus and air in the opposite :
; direction. Thorough helium purging of the downstream cavity and leak collection §
% apparatus was required to establish true pressure drop leak rates and an indicated

i zero helium flow (i.e., less than 10-4 scim) at zero apparent pressure drop.

Analytical correlation of the leak results is provided by laminar and molecular
flow leakage equations utilizing test data in which leakage is known for a given

|
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load; typically for the prototype check valve: helium inlet pressure 1.0 psig
(15.7 psia), downstream helium pressure 14.7 psia and actual leakage 0.00217 scim
(2.1 scc/hr). Assuming a parallel plate leak path of length equal to 0.0002 inch
and circumferential periphery of 3.20 inch indicates an equivalent gap between

the poppet and seat of 1.0 u in. This model can be used to evaluate the previously
described cross flow of helium and air (or nitrogen) at apparent zero pressure
drop. With a 14.7 psia differential of each gas on opposite sides, the predicted
flows are 0.0317 scim helium and 0.0121 scim nitrogen or a difference of 0.02 scim
or about 10 times the 1.0 psid observed leakage.

Full-Flow Stability Test

The check valve was directly connected to a feed regulator and slowly cycled from
closed to full open to closed, with the outlet port dumping directly to atmosphere.
There was no audible indication of chatter or unstable flow. Full open was
verified by direct mezsurement of poppet position at the outlet port.
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Cxcle Tests

Two cycle tests were performed on the prototype check valve. The poppet and seat
were refinished between each test.

For prototype cycle test No. 1, the seat land width was 0.00021 inch and outer
land was 0.00028-inch wide. The results of cycle test No. 1, displayed in Fig.

‘ 6-106, show an increase in leakage with cyvcles with a maximum leakage of about

{ 0.06 scim at 0.5 psid after 20,000 cycles. Disassembly inspection of the sealing
; surfaces revealed that the seat was grooving the poppet by several micrcinches and
upset metal on the poppet caused small depressions in the seat. This is shown

in Fig. 6-17 and 6-18. It was apparent that the combination of approximate 1200
Vickers hardness poppet and seat was cause for the deformed surfaces.

The sealing surfaces were refinished with the seat lands widened to about 0.00028
inch. Although performance was somewhat improved, cycling again caused leakage
to increase, Fig. 6-19; inspection again revealed minor surface upset (Fig. 6-20
and 6-21).

In all tests, crack and reseat pressures were within 0.1 psi of previously noted
values. Examination of guide pins and mating surfaces on the poppet showed up
evidence of wear on the guide pins (2200 Vickers) and only minor scratthing on
the poppet rim (1200 Vickers).

Analysis of Test Results and Data Correlation

(rack-Reseat Hysteresis. Actual dimensions of critical details were measured

to allow correlation of crack and reseat pressures and thus provide a reason-
able estimate of the guide pin bearing coefficient of friction. Installed force
of the axial spring was 1.34 pounds. Mean seat land diameters were 1.024 and
1.077 inch. From preceding analyses the theoretical cracking pressure without
lateral spring is given by

6-26
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Figure 6-20. Test No. 2 Poppet
Showing Groove From Seat
(462X Interference Photo)
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Showing Deformed Land
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AP, = Ki = 1.34 5 = 1.47 psi
2 0.7854 x 1.077

or fairly close to the measured value of 1.4 psi.

The difference between cracking pressures with and without a lateral spring can
be used directly to compute guide friction coefficient as follows:

F_ + 3uF
AP=_.S- <
A2
F5
LA
A
3F,
_0.3x0.7854 x 1.077° = 0.222
H 3 x 0.41

It was expected that this friction coefficient and the corresponding +0.3 psi
hysteresis would decrease with a harder poppet.

Cyclic Life. In review of the cycle test results, it was evident that the poppet
and seat were too soft. As a basis for comparison, cutter model poppets and
seats from the APS program (Ref. 4, and used herein) sustained several tests of

1 million cycles at 250 pounds impact with gradual reduction in leakage with
cycles. Land wear was evident on the sealing surfaces (mostly the outer 1.:d)

at about 1 toe 3 p in. but there was no evidence of upset metal. Hardness of
these models was about 1500 to 1600 Vickers.

As shown in the Test Model section, the cutter model is exceedingly stiff and
thus the load is more or less uniformly distributed over both lands. For 0.0002-
inch-wide lands, the average seat stress at 250 pounds load is:

250
T x 0.00"2 (0.470 + 0,7000)

= 340,000 psi

In comparison, at 500 psi the prototype check valve seat stress is:

500 (0,7854 x 1.02°)
T x 0.0002 (1.02 + 1.08)

310,000 psi
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However, measured deflection of the poppet dome at 500 psi was appro:imately
0.0003 inch, indicating most of the load was concentrated on the inner seat land.
Consequently, excessive bearing stress on the softer surfaces was probably the
cause of the observed surface degradation. Therefore, it is concluded that with
the poppet and seat of suitable hardness, the design should be capable ¢ sustain-
ing many millions of cycles (or hours) of vibration in which small motion exists
between the sealing surfaces.

Leakase. Experience with several refinishings and tests of the poppet and seat
ave demonstrated the capability of the cutter seal to achieve a low leak level
at near zero loads (e.g., poppet weight). This characteristic stems from the
extreme flatness of the sealing surfaces which mate to produce a maximum gap on
the order of 2 u in. At pressures from 0.1 to 1.0 psig this gap theoretically
corresponds to helium leakage between 0.001 and 0.01 scim (1 to 10 sec/hr). This
is best illustratec by the theoretical correlation of actual leak data from pro-
totype valve test No., 2 (Fig. 6-22). The plot presents computed seat force and
gap obtained from measured leakage data versus inlet pressure. The results show
the theoretical gap to be about 2 u in., which corresponds with the flatness
produced. As pressure and load increase, slight waviness is pressed out and the
gap is reduced to a dimension commensurate with the roughness level.

The advantage of the low load sealing characteristic is shown by Fig. 6-23 graph
of predicted NO7 vapor leakage versus seat load derived from the model gap data
of Fig 6-22. Assuming decreasing seat load to the minimum value, NO; leakage
rises to a maximum of about 0.08 scim. Extreme low seat force may result from
near-cracking pressure drop across the check valve. Combined with the high vapor
pressure of NO2 and near zero seat load, the valve gap is thus controlled by the
free position flatness produced on each surface, i.e., 1 to 2 u in. With polymer
seals under the same conditions, a significantly greater waviness/roughness would
produce a relatively greater gap (and therefore higher lcakage) than the cutter
seal, although leakage under a light load was comparable with the cutter seal.

SPARE PARTS TESTING

As the program progressed, requirements for the OMS/RCS quad check valve were

firmed up by Space Shuttle contractors and commonalty became a major consideration.

Sealing requirements fcr the OMS check valve were most stringent whereas long
cyciic life was required in the RCS application. To verify the prototype check
valve for both OMS and RCS applications, an additional (spare} voppet and seat
were ordered (by NASA) with the object of completing 100,000 cycles. While
meeting this objective, this effort uncovered significant new data in both
fabrication and test experience with the CM-500 cutter seat and poppet. Seat
l'o. 2 was completed for this effort.

Desigg»and Fabrication

Results from previous testing showed that the poppet must be harder than the seat
to preclude poppet damage being transferred to the seat upon high loading. Fur-
thermore, it was believed that seat hardness should be near that of the Carmet
CA315 cobalt-based tungsten carbide used in tne previous APS program (about

e e —-



(31e3s) dey jeag paindwony gz -oN adLjojoxrg °zz-9 @andrtg

e — T

91sd *‘('d) 39NSSINd 13}

0001 001 ol 1 1o 10°0
M Ty - PR R V- _ . y T ~ w Y Y T wQOoo
, ) | i _ _ |

o o

B - t - - - 4 -4
i il HITRNNE B : 5 A N AR N N U
~— . I T ! ¥ :
m i - i " §:fdS N NTEE . _ Viva 1¥v1S OV |
1, YW O £ 2 0 1 Bl iamnEnaniisilin visa Lnt = %a |
IHD =0T ) N 3558 ¢ -t - TR 2 l
- - + . T 1 aNNOd %E°1 + ¥v'd = 4 |
: S 1 A ¥ e 0 = nrjau = v |
N L J L =D | HONY 9£28°0 = #/,0u = V =
fi T % it ; | HONI 40Z°€ = Qu =M | -
HNENIEESRTInNY} i HONI Zo't =a [ |'7°
- : . SR G ;
g [ e S HINI 92000°0 = 1

!
" )
.
'
'
r
o
. .4..7..
i

i

P

!

P
i
yi ‘1
[
T
y il
|
-+
T
vee o4
-
RS-
T
1 '

Ly AR M N0 808 8

A R,

SIHINIOYWIIW ‘dVD LV3S

. l< ‘ : - ) e 1 {
SRR 2 EE S S SR NI
| by P i = o
= = 1 > s ) R P WD S T /L T
m WIJS 100°0 F..!I.mm N
S 2 WiJS 10°0 -~ —_— “” SR

WIDS 01°0 == e — 21
ANIWIYINDIY IOVIVIT WNIT13H .

28 S5 I P SR
% ¢ E NI MDA AN S L0
S G S IR AR N 0 IS A2 TR

0001 oot ol . ! 10
SONNOd *(4) 32404 1V3S

[ ]
WA
M

"
WL
i

i

v
lmm'ﬂﬂ{l! Yoo v v

6-31



(z "ON 1S9l ‘@ATIm=A Yo9yp adA302014) o8eyes] aodep CON po1dIpadd "£z-9 9dandty

W12S 01 Q3LYIANCD “40/ LV 39VMVI1 ¥OJVA CON Q1Sd 841

: : ‘0 1000 1000°0
0°\ . . 1o . L0 . oy "0

[IORRP

4

g s
N i

e 1

i {
' !
S v $ 17
broy ot AN
S U, - P - [ S A
b1 T v ! AN A
l [ I

W
$rd .
BRI IR
R el S »M‘w -+ yTiTLIlmlLll._.l.l ————

s i
=t
~1
i
{
'
+
1
f
3
—) e
t
|
:
-t

-

t
i
1
1
+
—
s
-1
)
!
H
i
+ f
- -
i
o
=
MU
1
i

e e
P
1
i
|
-
4
!
+
4
]
|

to : i : ! - -
g O R T Sy R0 e ot B et s Mt
ut Im R xi*.lil.. . [O YR - Lty |.,rﬂ4” Im\ e b e ! o+ e p e e e -
' i i
~ |
|

-

"
+

4.....,,.. p——

dvo NI | ¢ ;
oL ._.zu._<>_:.cu —
Fy

L

T
?" ——

P ti

O - ) . — e e -

| Pe———

gt

L N .
o
LSRG S
[
T
t
i
i

g pe
Lt
i3
(AR
i
+
Lot
o v
[
.
;

‘
]
.

3 . f
] . RN

H.LI T z NI/NIW-87 (- 0l X 40

o 4/°Nl 822 = ¥

R 4 0L GNY YISd 8°H1 LV |
| ¢'NI/81, Ol X [zz°t = d -
1

| |
+ i ' Tt
.._!.lwib.. O w».w n.oON =11 ,(.. 4...Lr1+ .‘r.o.i.‘..é [,
i

—
-
N

SANNOd ‘32¥04 1v3s

+
e ve
]
-+
i
1
'
-
!
'
i

L4

i e
e s

f

o

. . . ' ‘
PR C T S N - = YiSd 0 = N& e i Rk Rl e ot S = —

- :

J L -‘-r.-if.,f-;.;h--h!“.,,r3
AR P visa gl = W LT T
-+ it ST I R e i

H : i ‘
T N T

1
Lot
-
——a—
L
1
i

. : - l_...l.. e ..“ . SY3ILIWYHYd MO L L.L il g e
Proo e s e | T A i sl Sl
‘.. _— e e B U Sy SURRSURIE D . SR s Sl MR A s = B X 001
b

ot e AR TS T Y SRR

6-32



vy “""W"WW"?‘:‘W

e e o

1600 Vickers). Hardnesses of 1600 to 1800 and 2000 to 2200 Vickers were selected
for the seat and poppet, respectively.

To preclude the need for excessive removal of sealing face material to develop

the necessary land width, the poppet mandrel was redesigned to incorporate a flat
on the rim face rather than the previous full radius. The resulting poppet design
is shown in Fig. 6-24 as an "A" change to the previous poppet (Fig. 6-6). The '
basic seat design was the same as shown in Fig. 6-8, except that final hardness
was required to be 1600 to 1800 Vickers.

The Chemetal coating on each part as received was 1850 on the seat and 2300
Vickers on the poppet. Hand lapping the seat proved exceedingly difficult and
tedious because of the extreme material strength and hardness. During flat
lapping, the seat slipped off the edge of the lap, which caused a chip out of
the base carbide material. The seat was then completely stripped and refinished
for recoating. Hardness of the second coating was again about 1850 Vickers;
however, the coating was only 0.0007-inch thick.

Considerably more effort was taken in lapping the second seat coating but great
difficulty was again encountered because of the extremely slow material removal
rate, even with relatively coarse diamond compouna (6 to 12 microns). Adding

to this problem, spherical lapping produced occasional minute chips on the land
edge, believed caused by circumferential scratches produced by the coarse compound
and the circular mode of lapping. To alleviate these problems, it was decided
that a softer seat would reduce brittleness (and thus chipping) while allowing
the use of finer compound. The seat was subjected to an anneal cycle. Although
several runs were made to arrive at the desired 1400 to 1600 Vickers hardness,
the final run of 60 seconds at 1000 € produced a hardness of 1200 or about the
same as seat No. ., which also had been annealed. Nevertheless, the seat was
completed to obtain inner and outer lands of 0.00024 to 0.00028 and 0.00024 to
0.00030 inch, respectively. Further reduction of the lands to the desired
0.0002 inch was not made because of the initially thin coating. Final coating
thickness over the sealing lands was 0.00032 inch. During sp-erical lapping to
reduce the outer land to the noted dimension, the sharp edge oi an inner lap was
inadvertently placed over the outer land. Rotation produced 13 damaged areas,

2 of which were about 0.01 inch long and several ten-thousandths-inch deep. As
a result, only the inner land was capable cf sealing.

The first spare poppet (No. 4) fabricated was set up in an OD grinder for face
and OD grinding. Grinding proved difficult and caused surface spalling on the
poppet face. About 0.004 inch was removed by grinding, followed by 0.003 inch
removed by flat lapping to eliminate the noted grind pits., This excessive
material removed resulted in reduction of the sealing face hardness to 1700
Vickers.

Distribution of deposited material on poppet No. 4 was unlike previous poppets
because of process variables and flow over the sharper face corners. Consequently,
material buildup in the spherical cavity was heavier near the rim and thin near
the center. Rim and center thickness, as deposited, were 0.035 and 0.019 inch,
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respectively. Final thicknesses after face grinding and partial cleanup of the

spherical cavity by ball lapping were 0.628 and 0.017 inch, respectively. Thus,
the poppet center thickness was under that specified per blueprint.

Lapping poppet No. 4 to an adequately flat condition proved difficult because of
a significantly wider land and harder material than previous poppet No. 3. These
problems were eventually understood and corrected but led to further refinement

in poppet land design. The design of poppet NO. 5 was varied from that of No. 4
(Fig. 6-24) as follows:

"A" Change (No. 4) "B' Change (No. 5)
0.194 0.200

\ +0.005

€.030 :'0.005 0.030 -0.000

0.005 o 0.010 0.020 *8'8(1)8

inner fillet radius T

1.110 inch diameter 1.100 inch diameter
minimum minimum

The purpose of these changes was to provide¢ a narrower flat land without the
sharp inner corner which produced an edge buildup at the entry to the spherical

cavity. Furthermore, poppet No. S was to have a hardness of 1800 to 2000 Vickers
to match with the desired seat hardness of 1400 to 1600.

Process variables and human error resulted in unusable parts for both poppets
No. 5 and 6. With poppet No. 5 the rim mask was incorrect resulting in too short
an axial length (0.056 dim.). Compounding this error the part was OD ground
using a machine of inadequate stiffness that produced chips around the OD, which
led to cracks across the face discovered during preliminary tests. It should be
noted that even with numerous surface cracks this part sustained 500-psi pressure

drop, which can be attributed to the relatively soft back side of about 500 Vick-
ers (Re 50).

Poppet No. 6 thickness was excessive (0.044-inch rim, 0.026-inch center) and
would have required chordal and face grinding to obtain the desired thickness.
This may be a necessity in production but so would an adequate process for

grinding. Economies precluded further experimentation and all additional effort
was expended using poppet No. 4

Cycle Test Results

Two cycle tests were performed in spares testing. In the first test of 50,000
cycles, poppet No. 4 was assembled with seat No. 1 which was refinished from
previous testing. At this point in time, parts hardnesses were not as desired
(1700 Vickers poppet, 1200 seat) but the pair had sufficient differential hard-
ness to demonstrate long cyclic life. Guide pins and the lateral spring of
0.41 pound side force was identical with that used for the last 20,000-cycle
test. After flat lapping the seat, land widths were 0.00031 to 0.00032 inch
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(inner) and 0.00038 to 0.07040 inch (outer). The lands were not spherically
lapped to narrow the seats because of coating thickness estimated at 0.0004 inch.

Results from t..e 50,000-cycle test are summarized in Table 6-2. Difficulty was
experiencrd in sbtaining the leakages noted. This was finally traced in the subsequent
100,000-¢ycle test to flatness errors in the poppet. These errors also helped
explain the <vend of increased leakage above 50 psi indicated in Table 6-1 and

the pheromeni of varying leakage with poppet orientation shown following the test.

Seat No. 2 was used with poppet No. 4 to demonstrate cyclic capacity to 100,000-
cyles. The poppet was relapped to obtain peripheral flatness within an estimated
2 y in. The ;uide pins were cylindrically lapped in place to produce lands
0.008/0.009 i- ch wide. The resulting increased diameter between pins was com-
pensatcd by r- bending the lateral spring to produce a side load of 0.45 pound.

Precycl. ng coiditions were: Pgc = 1.6 psig; P, = 1.2 psig; leakage less than

1.0 scc/hr helium for pressures noted in Table 6-1. These data were repeated at
10,000-cycle intervals through 100,000-cycles. Cracking to reseat hysteresis
increased up to Pg = 2.25 psig, Py = 0.8 psig at 20,000-cycles, whereupon the
valve was disassembled. Guide pins 1 and 2 (the lateral spring) were worn over
the entire width. The poppet was rotated and the valve reassembled with crack
and reseat pressure returning to the original 1.6 and 1.2 psig. Leakage remained
less than "..0 scc/hr.

From 30,00C through 100,000-cycles the crack and reseat pressures remained at
1.55 to 1.r psig and 1.2 psig, respectively. Numerous leak tests uncovered
several heretofore unknown variables that led to the conclusion that the '"moise
level" of tie test was on the order of 0.5 scc/hr, Variables identified were:
(1) thermal effects from c--cling, pressurization to 400 psig and vercing to low
pressure; (2) molecular .low and diffusion interactions between gases upstream
and downstream of the seat, which included the air and water vapor in the buret
column; and (3} torque from the outlet port B-nut, which could cause a significant
level of creep in the TFE volume-reducing and leak-collection plug. It was found
that after cycling or pressurization, thorough purging of the entire system with
helium was necessary and up to several hours stabilization was required to
establish a "zero" indicated flow (i.e., less than 0.1 scc/hr) at zero pressure
drop, as defined »y a vented upstream line and buret water level differential
within 0.01 inch .f atmos, *tevic.

At the test conclusi~m che valve was allowed to stabilize as noted for several
hours and indications were that leakage at the noted pressures was significantly
less than 1.0 sce, hr with values measured at about + 0.2 scc/hr. These results
point up the va.iables and difficulty in accurately measuring leak rates between
10-5 and 10-% scim (0.01 to 1.0 scc/hr). Moreover, it is imperative that the
noise leve' for uny system be thoroughly defined before it can be used to
establish iow level leak razes.

Valve disassembly and inspection showed that the guide pin wear had not progres-

sed significantly eyond that observed after 20,000-cycles. Apparently, the
initial wear ma-ched the guides to the poppet OD, and when combined with a new
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TABLE 6-2. 50,000-CYCLE TEST

Cycles
—_— oK 10K 20K 30K 50K
Pressure,psic
Pc . 1.65 1.84 -- 2.1 2.15
Pr PR 1.3 1.2 - 0.9 1.0
P] scc/hr helium leakage
0.1 U 1.3 1.1 2 5.9
0.2 3.7 1.2 1.0 2.1 4.8
0.5 3.1 1.2 1.0 1.9 4.5
1 2.5 1.2 1.0 1.7 3.4
2 1.7 1.0 0.8 1.4 3.4
0.7 0.3 0.3 0.5 1.3
10 0.4 <0.1 0.2 0.2 0.4
20 0.4 <0.1} 0.4 0.2 0.3
50 0.7 0.7 1.0 0.6 0.5
100 1.4 1.4 1.3 1.1 1.9
200 3.1 2.7 2.8 2.4 5.5
Loo 4.o 5.4 6.9 5.0% 16.612*

*Valve disassembled following this test to inspect for
guide wear--none visible; poppet rotated 180 degree
with PC = 1.68 psig, Pr = 1.2 psig

**Valve disassembled and found two solid guide pins worn
with matching grooves in the poppet; wear depth was
<0.0001 inch. There was no visible (500X) sealing
surface wear or deformation.

***Valve reassembled with poppet reoriented and leakage
from 0.1 to 400 psig was <1.0 scc/hr
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unworn area on the poppet OD, there was little further wear. There was no visi-
bile wear of the poppet OD for the final 80,000-cycles. Similarly, there was no
visible wea1 or deformation of the sealing lands or poppet surface at 500X.

Wire Cutting Tests

The damaged outer land of seat No. 2 was used with poppet No. 4 to measure the
force required to cut or mash CRES and copper wear. The outer land width was
nominally 0.00027 inch. The valve was assembled without lateral or axial springs
so that closure force was simply inlet pressure times seat area plus the poppet
weight (0.024 pound). Wires evaluated were 0.0004- and 0.001-inch CRES and
0.001-inch copper. For the 0.0004-inch CRES wire a loop was laid over the outer
land so that two wires were mashed. Only a single strand was used in evaluating
the 0.001-inch wires. Results of the tests are summarized in Table 6-3. Note
that the force tabulated is the total force applied and is equivalent to a
centrally applied spring force. The actual load applied to the wire wcs one-half
the tabulated force.

The data of Table 6-3 indicate that higher loads were required to mash or cut
the 0.0004- inch CRES and 0.001-inch copper wires than observed in model testing.
However, with a 1,5-pound spring there is sufficient force to meet the 10 scc/hr
requirement for low (less than 1.0 psid) pressure drop conditions. The leakage
condition is improved with higher pressure drop. Also, it is certain that a
narrower land would reduce the required load.

Disassembly and inspection of the valve seat at 500X indicated that the maximum
load applied of 8.26 pounds was insufficient to cause any permanent deformation
of the seaiing land.

Analysis of Test Results

The spare parts tests served primarily to underscore the fabricatiun variables
while demonstrating the potentially indefinite life of the cutter seal. The

cycle and wire cutting test results have indicated that 1200 Vickers may be a
suitable lower hardness limit for the seat. These tects also verified the cutting
ability of the cutter scal and reaffirmed the need for a narrow land on the order
of 0.0002 inch.

PROJECTED QUAD VALVE FERFORMANCE

Comparison between the prototype valve actual performance and that projected for
a quad configuration is presented based on the goals and requirements set forth
in Appendix A. It is expected that a flightweight quad valve incorporating the
shell poppet-cutter seal design would simply be four prototype valves housed in
a lightweight series-parallel configuration. Secondary static seals at each
seat would contribute to seat seal leakage.

Application

Ability to minimize propellants from leaking past the valve to the upstream
system is predicted for prototype model seals in the Leakage Analysis section,
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While all liquid leakage is probably negligible, it is shown that there is the
potential of significant NOj vapor leakage, depending on the allowed level of
helium leakage.

Fluid Media Compatibility

Propellant compatibility was a major consideration in selection and evaluation

of model seals. Materials were selected based largely on results of prior
compatibility studies. However, little data were available on cutter materials
and broad assumptions were necessary to provide concrete evidence of compati-
bility, particularly with N304 and its acid byproducts. Limited time and budget
allowed study of only one compatibility parameter and cutter seal materials were
ther>fore selected based on resistance to RFNA, as described in the Materials
Investigation section. Propellant combinations and residues thereof were not
evaluated and could constitute a leakage hazard if such residues were to build up
on the sealing surfaces and agglomerate sufficient solids to withstand the cutter
seal. However, if such were the case, it is difficult to imagi 1y other seal
concept more capable of performing a comparable sealing functior.

Contamination

Contamination tolerance was demonstrated with metal wire particles from 0.0004-
to 0.003-inch diameter. It is certain that much larger organic or polymeric
particles would have negligible effect on the seal. On the other hand, very hard
metal or ceramic particles could cause excessive leakage if entrapped between the
poppet and seat. It has been demonstrated, however, that the probability of
cyclic entrapment is a direct function of the seal land width (Ref. 2). With a
land only 0.0002 inch wide the probability of closing on a comparably sized hard
particle is quite small because the incidence of such particles is very low in
filtered gaseous systems. Furthermore, the probability of both series check
valves entrapping a particle on the same closure cycle is even more remote.
Because the cutter seat cannot permanently embed particles, it is concluded that
the potential for particle derived leakage is negligible with the cutter concept
:n a filtered helium system,

Previous check valves have failed to crack or reseat because of contaminants
entrapped in guide bearings. This problem has been completely overcome with the
shell poppet guided by three narrow lands, one of which is a movable lateral
spring.

Service Life

The service and cyclic life of the cutter seal has been shown to be greater than
the 100,000-cycle RCS requirement., Redesign of the pin guides will be necessary
to prevent a granular type of wear between the guides and poppet 0D (particularly
with a 1-pound side load) so that cracking and reseat pressures will remain
constant throughout the cycle life.

6-40

. e —

s b i e b o -

1o b e e

PR

P



i '
}
.
. o av Y4 " WO ) R
Wf’i@fﬁz': el o S T L LI Ap——— SR S LT Tt BRIt o ek
- %

[ —

Moisture Sensitivity

Very thin ice films coating the se-ling surfaces or guide bearings will cause
virtually any check valve to fail. Although not tested in this program, it is
expected that under icing conditions causing conventional check valves to fail,
the prototype valve would function satisfactorily.

attn - a

Mechanical Design Characteristics

Previous valve failures have led to concepts for advanced component design, as
defined in Appendix A under the above heading. The prototype valve does not have
any critical flow passages. Sliding contacts were pusposely incorporated to
provide stable operation but were designed to minimize wear. Precision guidance
is not required by the cutter seal and may, in fact, derive some benefit from
closure scrubbing in reducing cutting loads and leakage.

Thermal Environment

Provided the valve body structure does not warp the carbide seat, +150 to -150 F
temperatures will have negligible effect on the valve functions.

Flowrate, Pressure Drop, Cracking Pressure

With a lz2rge poppet diameter and short stroke the valve capacity is determined
more from the cracking pressure than basic flow area. Computations shown in the
Check Valve Development section indicate adequate capacity. However, full flow
tests of a quad valve are required to accurately establish pressure drop.

Operating, Proof, Burst and Surge Pressures

The prototype valve was proofed to 600 psig and each poppet tested to 500 psi.
One poppet with numerous surface cracks sustained 500 psid without failure.
However, burst tests were not performed and are needed to establish real safety
factors. Opening surge pressure testing was not preformed (as described in
Appendix A) but such operation should have negligible effect on the poppet or
the mating impact surfaces.

Stability

Stable operation of the valve was demonstrated in cycling between closed and full
open with discharge to atmosphere. Furthermore, the valve was continuously
stable throughout 150,000 cycles discharging to atmosphere.

Leakage

The cutter seal has demonstrated the capability of meeting 0.1 scc/hr helium leak-
age from 0.1 to 400 psig. However, the program results have clearly indicated
several problems in attempting to accurately measure this very low level of
leakage by volumetric means. Unavoidably large internal volumes in the quad
valve will necessitate extended stabilization periods and repeated evaluation of
the apparent background leakage caused by molecular flow-diffusion and pressure-
temperature effects.
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In the quad valve, leakage will result form the cutier seal and a secondary
static seal between the seat and valve body. Overall valve leakage therefore
will be comprised of two static and two seat seals. Based on the work herein,

the design goal of 1.0 scc/hr is considered a reasonable goal for a new quad
valve.

With welded construction, external leakage will be ascertained with a mass spectro-
meter and should present few problems.

Viba 1tion

Vibration was the major consideration in arriving at the shell poppet and lateral
spring design. As shown by computations in the Check Valve Development section,
the combination of poppet weight, frcition, and spring forces provides consider-
able resistance to acceleration loads. Vibration testing was not performed and
valve performance could be seriously affected by poppet-to-seat impacts or fret-
ting due to lateral scrubbing.

RCS Commonalty Considerati.ns

These considerations have been satisfied by demonstrating long life and ability
to function stably under very low flow conditions.
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APPENDIX A
GENERAL TECHNICAL GUIDELINES

The following guidelines were extracted (in part) from the contract statement of
work. They were defined as optimum design objectives and, with a few noted ex-
ceptions, not considered as firm requirements. Consequently they were subject to
change in accordance with technology limitations and reliability considerations.
One of the primary objectives in the work was to help define realistic require-
ments for check valves and general poppet sealing for the Space Shuttle and thus
help avoid component and system problems that result from unrea)istic performance
requirements. The intent of this effort was to develop new tecnnology, but suffi-

cient similarity between this program and the flight program was required to ~ &
utilization of the results.

APPLICATICN

The Space Shuttle OMS propulsion system will utilize earth-storable propellants
that will be pressure fed to the rocket engine(s) with gaseous helium. A check
valve will be located between each propellant tank and a common helium pressuriza-
tion system. The function of the propellant check valves is to minimize propellant
vapor mixing, reduce vapor exposure of the pressurization system, and prevent any
liquid exposure of the pressurization system.

CONFIGURATION

The propellant check valves will be a quad redundant configuration. This means
that one valve will consist of four independent check valve subassemblies that
will provide two parallel flow paths to each propellant system with two series
check valve subassembl.es in each path and either path will be capable of satis-
fying the flow requirements.

FLUID MEDIA COMPATIBILITY

The valves must be compatible for exposure to the following propellant vapors,
liquids, and combinations of oxidizer and fuel vapors. Although a separate check
valve will be utilized for euch propellant, each valve must be compatible with
both propellants to preveut propellant leakage through one valve from failing the
other valve. The propellants will be nitrogen tetroxide (N,0,), unsymmetrical
dimethylhydrazine (UDMH), 50-50 blend of hydrazine and unsyiimetrical dimethyl-
hydrazine (N,H,-UDMH), and monomethylhydrazine (MMH). Tha2 valves must also be
compatibie with anticipated flushing and cleaning fluids.

In evaluating propellant compatibility, propellant and moisture combinations must
be evaluated since once a valve is exposed to propellants it is unreasonable to
assume that the unit will remain free of moisture for the remzining service life.
Propellant decontamination of components to extend the service life is not allowed
since cleaning of hardware between missions is improbable and will result only
when required to ensure personnel safety during system repairs. Propellant
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compatibility is a primary design requirement for this program. Conclusive data
must be supplied or generated for each material that is considered for use, and
all data sources or test data must be documented.

CONTAMINATION

Contamination tolerance is a major design objective for these valves. As a design
goal, the design should be insensitive to particles of 150 microns and smaller.
Limitation of self-generated contamination will also be a primary design goal.

The contractor will take appropriate measure to limit self-generated contamination.
These measures, as well as the contamination sensitivity tolerance, will be docu-
mented in detail during this contractual effort. Contamination faiiures were a
major failure mode during the Apollo program and significant improvements in both
component tolerance and self-generated contaminates will be required for the Space
Shuttle progrem. In evaluating the component contamination tolerance, *“e con-
tractor will trade off the penalties associated with the 150-micron contamination
capability.

SERVICE LIFE AND REFURBISHMENT

A design goal is tc obtain valves capabie of a minimum shelf life of 7 years anu
a service life of 5 years with no maintenance other than minor adju.tments or
recalibration allowed. As a guideline, the contractor will assume that 1 year

of soervice life consists of 52C minutes of flow time. This will consist of 16
minutes per mission for 20 missions and 10 minutes of ground checkout per mission.
The design will be refurbishable and the possibility of critical subassembly re-
placement in the field should be evaluated.

MOISTURE SENSITIVITY

The contractor will take appropriate design mea-ures to minimize the sensitivity
of the valves to moisture and propellant vapor freezing.

MECHANICAL DESIGN CHARACTERISTICS

To erhance component performance potential and to ensure a technologically ad-
vanced component design, the following mechanical design characteristics should
be incorporated into the design unless significant design penalties are involved:

1. No critical flow passages or or.fices that could be susceptible to
particulate contaminate or propellant reaction residue fouling

2. No sliding contact surfaces to eliminate frictional wear, self-
generated contaminates, and sources of contaminate fouling

3. Precision guidance to reduce scrubbing at the seal interface to a level
dafined as acceptable in the analytical sealing tradeoff studies

4, Simplicity of design to minimize failure sources



THER*AL ENVIRONMENT

The valves will be required to function nominally for helium inlet temperatures
varying from a maximum of +150 F to a minimum of -150 F and for unit temperatures

-that will vary from +150 to -20 F at the initiation of helium flow through the
unit.

FLOWRATE

As a sizing design point, a flowrate of 1.2 1b/min of helium at 70 F will be used.
However, the contractor should maintain an awareness during his design effort that
the flowrate requirements for a flight qualified valve for the Space Shuttle OMS
are not firmly derined. Three possible cases exist:

1. Nominal operation: Approximately 1.2 lb/min at 70 F

2. Simultaneous propellant supply to two OMS engines (cross feed lines from
one OMS pod or payload bay kits): Approximately 2.4 1lb/min at 70 F

3. Emergency OMS propellant dump: Requirement presently not defined but may
require dumping of total OMS pod propellant supply in 100 to 200 seconds

OPERATING PRESSURE

The unit willbe capable of operating as specified for nominal operational pressures
from a minimum of 200 psi to a maximum of 275 psi and will be capable of with-
standing full tank pressure (i.e., 275 psi) across the valve in the reverse flow
direction for extended periods of time.

PRESSURE DROP

Minimum pressure drop is a desirable valve characteristic but consistent pressure
drep is essential to propulsion system mixture ratio control. As a design goal,
the pressure drop should be limited to less than 5 psi (with 3.5 psi as a target
goal), but this value is subject to evalnation with respect to increased perform-
ance (i.e., dynamic stability, contamination tolerance, leakage, extended life,
etc.).

CRACKING PRESSURE

The cracking and reseat pressure for the valve poppets will be controlled only

to the extent that the valve satisfies the other requirements and not interfere
with OMS or RCS operations by imposing unacceptable propellant tank pressure var-
iations. The valve will be required to crack and relieve the pressure downstream
of _he regulators prior to the possibility of overpressurization of any regulator
element.

PROOF PRESSURE

The unit will be capable of withstanding a proof pressure of one and one-half
times the maximum operating pressure without failure, distortion, or subsequent
variation of any of the valve performance parameters.

E
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BURST PRESSURE

The unit will-be capable of withstanding a burst pressure of two times the maximum
operating pressure without rupture.

SURGE PRESSURE

The unit will be capable of withstanding, without subsequent performance degrada-
tion, a helium surge pressure of one and one-half times the maximum operating
pressure that will occur within 100 milliseconds of flow initiation Since this
surge will vary depending on the specific regulator and pressurization system
characteristics, as well as operational modes, the design should not depend on
surge pressure for check valve operation.

STABILITY

The unit will perform stably throughout the preceding pressure and flowrate ranges.
The unit will stabilize within a maximum of 2 seconds after flow initiation.

During "stable'" operation, limited poppet movement will be acceptable but no con-
tact with the poppet sealing interface will be permitted. As a design goal, poppet
movement during a flow cycle should be limited to a minimum and no poppet movement
is considered a desirable design feature. Under no circumstances, including reg-
ulator flow initiation transients, should the valve originate or amplify pressure
perturbations that could be detrimental to regulator performance or possibly re-
sult in life degradation or damage to the check valve unit or surrounding hard-
ware. In evaluating unit stability, consideration should be given to the possi-
bility of life degradation resulting from low flowrate operation of the valve
during system purges for propellant decontamination, brazing operations, or other
system maintenance tasks.

INTERNAL LEAKAGE

Minimum reverse flow leakage is a primary design objective of this contract. 'The
intent of this valve is to minimize the propellant vapor exposure of the compo-
nents upstream and to ensure that absolutely no liquid propellant is allowed to
leak upstream of the valve. A detail evaluation and tradeoff study will be per-
formed to define the optimum valve leak rate as a function contamination tolerance,
pressure drop, compatibility, service life, weight, complexity, and exposure po-
tential for upstream hardware. An initial design goal for internal leakage is 1
scc/hr of helium, at any pressure differential from 0.5 to 275 psig and at any
temperature as previously specified. Under no circumstances wili ieakages in
excess of 10 scc/hr be considered acceptable.

EXTERNAL LEAKAGE

6 scc/hr helium,

The design goal for external leakage is a maximum of 5 x 10~
RANDOM VIBRATION

Vibration insensitivity is critical to the check valve if it is to achieve an
extended service life. The check valve wili be required to operate satisfactorily
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during an OMS helium flow cycle for both the OMS engine burn and orbiter main
engine burn vibration environments. The valve will be required to seal and not
be damaged by repeated exposures to the vibration environments associated with
orbiter main engine burns, liftoff, transonic, and max q. As well as valve .
stability in the presence of vibration, vibration induced wear, fretting and seal »
damage, particularly for low or zero pressure differential across the valve will

be evaluated. These vibrations will not exceed the following.

QT I VAT IR JONT X v e S

Orbiter Main Engine Burn

Acceleration speccral den51ty constant at 9.025 g /Hz from 20 to 280 Hz, 6 db/
octave increase to 0.15 g 2/Hz at 700 Hz constant 0.16 g 2/4z from 700 to 2000 Hz.

OMS Engine Burn

Acceleration spectral denflty constant at 0.004 g /Hz frqm 20 to 340 Hz, 6 db/
octave increase to 0.01 g2/Hz at 500 Hz, constant 0.0l g°/Hz from 500 to 2000 Hz.

Liftoff

Acceleratlon spectral den51ty increasing at the rate of 9 db/octave from 0.004

g 2/Hz at 20 Hz to 2.0 g 2/Hz at,160 Hz, constant at 2.0 gz/Hz from 160 to 1000 Hz,
9 db/octave decrease to 0.25 g~ /Hz at 2000 Hz.

Transonic

Acceleratlon spectral dens1ty increasing at the rate of 9 db/octave from 0.002

g2/Hz at 20 Hz to 1.0 g2/Hz at,160 Hz, constant at 1.0 g2/Hz from 160 to 1000 Hz,
9 db/octave decrease to 0.12 g“/Hz at 2000 Hz.

Max q

Accelerat1on spectral dens1ty increasing at the rate of 9 db/octave from 0.001
g2/Hz at 27 Hz to 0.2 g2/Hz at 160 Hz, constant at 0.2 g2/dz from 160 Hz to 1000
Hz, 9 db/octave decrease to 0.025 g2/Hz at 2000 Hz.

Test Duration For 500 Missions

LIftoff 1.5 hours, transonic 1.5 hours, max q 7.0 hours, orbiter main engine burn
67.0 hours, OME cngine burn 50.0 hours.

RCS COMMONALITY CONSIDERATIONS

The reaction control system (RCS) for the Space Shuttle will have a requirement

for a check valve with basically the same requirements that will be required for
the OMS. The primary difference will be a variable helium flowrate as the pres-
surization system response to the helium requirements for different combinations
of RCS engine firings.
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APPENDIX B
SE'" MODEL CONCEPTS AND DETAIL DESIGNS

Seal concepts studied for application in the OMS check valve are shown in Fig. B-1
through B-9. Design considerations are presented along with advantages and dis-
advantages based on judgment and previous experience. These concepts led to selec-
tion of a basic flat polymer seal, a captive seal, and the flat cutter concept for
the test program. Assembly and detail drawings for these designs are displayed

in Fig. B-10 through B-28.

The flat and captive seal models included provisions for a poppet loading spring
so that load-leakage tests could be performed with constant inlet pressure. This
assembly is shown in the captiv: model assembly drawings (Fig. B-20).

Cutter models fabricated for the SS/APS program* were modified for this program to
remove the outer land (Fig. B-28). Detail drawings for the poppet and seat &re
reproduced in that report.

*Smith, G. M.: High-performance Space Shuttle Auxiliary Propellant Valve Prqugg,
NASA CR-120976, Rocketdyne Division, Rockwell International, Canoga Park, Cali-

fornia, June 1973.
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APPENDIX C
POLYMER SEAL FABRICATION

Polymer seals of perfluoroelastomer (AF-E-124D, AF-E-124X, ECD-006), TFE and FEP,
were cut from sheet stock. The elastomers were initially molded and then flycut
on one or two sides to obtain parallel and smooth surfaces. TFE and FEP Teflon
sheet stocks were too rough for use and were flycut on both sides. Methods and
tooling developed to prepare the sheet stock and cut seals from it are described
herein.

AF-E-124X POLYMER MOLDING

A precision molding die was fabricated for use by TRW in supplying sheet stock for
flat and captive seals. The mold assembly and details are shown in Fig. C-1
through C-4. The mold surfaces were lapped before and after plating to produce a
mirror-like, corrosion-resistant finish. The ring (Fig. C-2) provides a valving
effect to contain the raw stock under high pressure. Overload protection is pro-
vided by a wider land between the excess material well and the inner seal land.

The composition and specific molding process for the white titanium dioxide filled
AF-E-124X polymers are proprietary to TRW Systems. Specifics for molding and post-
curing AF-E-124D elastomer were documented by TRW.* Briefly, raw stock is milled
between heated rolls (similar to a wringer washer) to a prescribed thickness near
the mold size. A slightly excess quantity is cut out and placed between the die
plates, which are closed and brought up to temperature in a heated platen press.
At appropriate intervals, the press is unloaded (but not opened) to allow evolved
gases to escape and excess material to flow into the peripheral well. When the
"done" light comes on, the press is opened and the ''molded'" material is removed
for an elevated temperature postcure extending several days. Because this pro-
cess involves many variables, including the raw stock composition, precise repeat-
ability between molded parts proved difficult.

POLYMER FLYCUTTING

Early experiments with molding AF-E-124D produced rough surfaces and means for
obtaining flat, smooth sealing surfaces on elastomer and plastic materials were
required. As noted in the Materials Investigation section, various methods were
examined leading to a relatively new process made possible by the high-speed air
bearing. A sample of AF-E-124D given to Westwind Air Bearings (Division of Federal-
Mogul) was flycut down to 0.03-inch thickness from 0.075 inch by alternately remov-
ing several thousandths from each side at a pass. The 1- by 2-inch sample was
double-back taped to an air table that could be traversed under the high-speed air
bearing spindle. Cutting was performcd by a 1/2 carat diamond. Surfaces produced
were parallel within 0.0001 inch and had a nominal 4-8 AA roughness. Waviness on
the order of #50 uin. per 0.1 inch was though to be transference from the tape
surface.

*22539-6001-RO-00, Space Shuttle Seal Material and Design Development for Earth
Storable Propellant Systems, TRW Systems Group, TRW, Inc., Redondo Beach,
California, October 1973,
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For further exnerimentation, a setup similar to the preceding was made using an

ID grinder to provide spindle mount and precision rotary head in lieu of an air
table (Fig. C-5). Sho... are a vacyum chuck and flycutter designed and fabricated
for cutting 2.5 inch OD sheets of polymer material. The vacuum chuck (Fig. C-6)
was made from a standard Hardinge faceplate. A hardened tool steel outer ring
contains a 1/2-inch-thick section of Crystolon grinding wheel of suitable porosity.
The three parts are epoxied together. The chuck face was lapped flat and parallel
to the rear face within 25 pin. Excessive pits were filled with quick-drying
cement, which was lightly lapped flush with the basic surface. Within 0.01 inch
of the porous surface 0D, the tool steel ring was gound down 0.0038 inch to accom-
modate a band of double-back tape, which was cut in place with a razor blade and
provided an air-tight seal. A sheet of machined elastomer is shown in Fig. C-6,
which includes a flat model seal that was inset for thickness reduction,.

Initial attempts at flycutting were made using carbide tooling fashioned after the
Westwind diamond tool. However, it was found that a one-pass cut of 0.001-inch
depth increased the tool edge from an initially sharp condition (less than 50 uin.
break) to several ten thousandths inch. A diamond tool, subsequently purchased
from Westwind, remained sharp for numerous cuts throughout the remainder of the
program, The 1/2 carat diamond (Fig. C-7) has a 0.l-inch radius with 5-degree

rake and clearance angles; as shown, the face plane passes through the wheel center.

The diamond is inset into a steel post that is held into the wheel (at a 0.6875-
inch radius) by a set screw. The aluminum wheel is balanced by a pin of equal
weight on the opposite side and by precision machining.

The plane swept by the flycutter tool was made parallel to the chuck face within
50uin. The tool is positioned to pass through the center and over the material
edge by 0.125 inch.

Many experiments were made in this setup to optimize material flatness and finish.
Parameters were varied (and selected) as follows:

1. Tool geometry: diamond face angle *10 degrees off center (0 degree)

2. Cutter speed: 17 to 52K rpm (20K rpm)

3. Surface feed: 3 to 60 rpm (28 rpm)

4, Cut depth: 0.0005 to 0.005 inch (0.002 inch)
S

Overpasses: minimum one pass to several passes depending on item 3
(minimum)

6. Coolant: air, alcohol, water and soap solution (air)

Materal cuts were made by plunging the rotating cutter into the rotating material
to a preset depth at a rate of about 0.0005 to 0.001 in./sec. To minimize surface
ripples, initial cuts on rough material were made using double-back tape over the
entire chuck face. Subsequent cuts were made on alternate surfaces with each pass.
Efficiency of the vacuum chuck was demonstrated by drawing a sheet of rubber down
over a paper clip.

C-6
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1S062-10/24/74-C1E

Figure C-6. Flycutting Vacuum Chuck




15062-10/24/74-C1B

Figure C-7. Diamond Flycutting Tool

The best surface produced was on the white-filled AF-E-124X material und is esti-
mated to have a surface roughness over 0.01 inch of about 4-8 AA. This finish is
evident in the interference photograph (Fig. C-8). Thickness over the 2.5-inch
sheet diameter was within 0.0001 inch. Waviness was produced on all machined
surfaces on the order of 25 to 100 win. This may have been transference from the
original surface or material relaxation after removal from the chuck face.

As previously noted, the process did not produce surfaces suitable for the OMS seal
requirement. However, flat seal material of virtually any thickness was quickly
produced and the process has potential for improvements over that indicated herein.
To demonstrate the ability to cut thin material, one sheet of AF-E-124D material
from AFML that contained numerous minute voids was machined down to 0.005 inch
holding 0.0001 inch parallelism. At this thickness, the material was translucent
and free of voids.

c-9




A major problem with the setup was the re-
peated cutting and variable feed from the
rotary head and cutting process. A lin-
ear table wherein the c.tter passes off
each side of the cut material and only one
cut is made would produce more uniform
results. Even better for seals, the
sealing surface should be single pointed
with the diamond to produce a circular
lay. This means that the material should
be retained on the air spindle face and
the diamond located in a crossfeed, simi-
lar to a conventional lathe. Ultimately,
however, the sealing surface should be
molded to provide a tough, glassy skin,
inherent in the process, that machining
cannot produce.

SEAL CUTOUT PROCESS

Figure C-8. Flycut AF-E-124X
Filled Elastomer (91X
Interference Photo)

Flat and captive seals were cut from the
flycut sheet stock using specially de-
signed razor blade tooling. The setup,
shown in Fig. C-9, is made in a Hardinge chucker lathe. Five razcr blade tools
are located on the rotary head.

Flat seal razor tools consisted of razor blade pieces wrapped around a brass rod
and secured by a split collar and hose clamp. Sheet stock was held onto a rubber
face plate by double-back tape. Seals were cut from the stock by plunging first
the ID, then the OD blades through the stock with the faceplate rotating at slow
speed; a water/green soap solution provided necessary lubrication. Diameters were
sharp, square and well within $0.001 inch.

The captive seals required two angular cuts to a specific depth hefore ID/OD cut-
out. This was accomplished with the razor blade tools shown in Fig. C-10 and
illustrated in Fig. C-11. Because the razor fomuvd an ellipse, the rod diameters
were adjusted to minimize the circumferential iv:out of the blace (2t its nominal
20-degree wraparound angle and cut depth) to within 0.0002 inch. Angular plunge
into the stock was provided by the tool holders (Fig. C-9) with the carriage locked
in place. Seals were initially cut by trial to establish dial settings. Dimen-
sions were verified by measuring the hole ID in the stuck and cutting a thin sec-
tion from trial seals for microscopic inspection. Seal diameters were held well
within *0.001 inch.

C-10
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Figure C-11. Captive Seal Cutout Razor Tool
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APPENDIX D
SEAL MODEL TESTER, SYSTEM AND OPERATIGNAL PROCEDURES

Poppet and seat sealing characteristics are predominately affected by sealing in-
terface closure positioning and loading. Precision control and repeatability of
these parameters is fundamental for production of accurate data. The leak test
provides the basic criterion of performance; therefore, accurate pressure control
and Jeakage measurement are also required. Lastly, evaluatior of cyclic perform-
ance calls for a tester capable of unlimited cycles over a range of temperature.

Poppet and seat model testers have evolved through several generations from past
poppet and seat research progremc, The first design consisted of a 440 C CRES
body and 1.5-inch-diszmeter nydrostatic piston that provided accurate seal inter-
face positioning, load control and leakage collection (Fig. D-1). This '"static"
tester was used ‘o define the relation between surface geometry of metal-to-metal
seals and ioad-leakage (Ref. D-1 and D-2).

The cyclic parameter was added in thc¢ second generation tester (Fig. D-2), which
incorporated a hydraulic dashpot for scat impact zontrol, and integral seat load
cell to measurc impact forces. This '"dyuamic- ‘“ester was used to evaluate cyclic
impact closure effects in dry gases and in a rreon recirculation system contain-
ing precisely controlled distribuiion of artificial contaminant particles (Ref.
D-2 and D-3).

Poppet and =eat mcdels in the dy.amic tester were clamped in position and made
parallel within &i-ott 10 um, Closure contacts ivere mad: with similar accuracy,
which resulted in models iv-instrating extremely long life. Recognitiun of
tester preciul » not attai.thle in real valves led to the third tester design
Jased in the Space Sk tle Avsiliary “ropulsion System (SS/APS, Ref. D-4). In
this tester, .ean. ver~ o»rc.iccd to vary the degree of interfacial scrubbing pro-
duced during ciosur:. Additl.oraliy, refinements for improved performance and
us.de were incorporoved into wre de agr.,

In all previous tes:~r~. i.iet pressu-n was rorted through the model seat with
leakage collected 2t *he periphary around the poppet and seat interface. Scat
loading was developed ny ap;iicat on of '".ontrol" precssure tc the hydrostatic
piston above that neccssary ty just balance piston weight and seat inlet pres-
sure. Leakage versus net seat load data were thereby developed for a given con-
stant inlet pressure, usually 100, 300, or 1000 psig. Net seat load accuracy was
thus limited by the ability to discriminate bei reen balance loads and incremental
control pressure loading. Seat load error was on the order of :1.,0 pound although
0.1-percent lHeise gaging was emploved.

OMS check valve seal roquiremcnts extend down to near zero seat load; therefore,
previous methods wcre revised in the model test program. The APS tester was re-
furbished from the previous work (Ref. D-4) and modified to allow testing model
poppets and seats in the check valve mode. The following paragraphs describe

the modified APS tester with an analysis of load measurement methods and accuracy,
tie test system, and procedures employed in performance of specific tests.
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APS CLOSURE TESTER

General Description

The APS test fixture provided for (1) precicion positioning and closure of poppet
and seat models, (2) inlet pressure application around the poppet for check valve
type loading, (3) augmented seat loading via piston control pressure, and (4) low-
volume leakage collection. Tester functions are schematically shown in Fig. D-3
and D-4, and detailed in Fig. D-5 and D-6. The tester and parts are shown in

Fig. D-7 through D-10.

In operation, the poppet is positioned between 8 carbide tipped, 120 pitch, set
screws on a "'wobbler'" bearing, which provides for self-alignment by clamshell or
scrubbing closure. The seat is retained in a separable cap by a quick-release
spring. These features allow short turnaround time between model tests.

Frictionless translation of the poppet onto the seat is provided rith a positional
accuracy controlled by the piston to body clearance (about 0.0001 inch) and poppet
to set screw -’ :arances. The latter were set at 0.0002 inch diametral at top and
0.002 inch on the bottom for clamshell closure. A 40-p°tch screw in the tester
base with pointer and 0.010-inch scale allowed accuracy prepositioning of the pop-
pet relative to the seat before applying inlet pressure to preclude inadvertent
closure impacts. A welded metal bellows between the base and piston prevents
piston rotation. The poppet was similarly retained by a pin in the holder.
Poppet-to-seat contact was indicated by a Kistler piezoelectric load cell under
the seat, which was capable of sensing load applications of less than 0.01 pound,
Readout was by an oscilloscope.

The poppet retention beam shown in Fig. D-9 was used in previous tests (Ref. D-4)
to retain the poppet onto the wobbler bearing during cycling. This beam and
associated bearing parts were omitted for all tests described heresin. The poppet
was thus simply gurided by the poppet holder during closure. After closure, the
poppet holder and piston were retracted a few thousandths inch to prevent any pos-
sible influence of the test results.

Tester Refurbishment and Modification

The APS closure te: ~r underwd1t millions of cycles from -320 to +390 F in the

previous program (Ref. D-4). Tester cyclic function at -320 F was marginal due
to piston binding. To complete this prior program effort, the diametral clear-
ance wis substantially increased. As a consequence, bearing stiffness was re-

duced to the point of allowing contact between the body and piston. Excessive

clearance also caused a much greater consumption of piston bearing gas.

Original clearances w2re established between the body and piston by lapping the
piston to a straight condition with the center section 100 uin. smaller than the
ends. The body was hard dense chrome plated 0.001 inch and rod lapped to produce
a final bore of 1.127650- and 0.00011-inch diametral clearance. With this condi-
tion, the piston could be spun free at all bearing pressures to 800 psig. Leakage
at 60N-psig operation was between 50 and 100 scim helium. Piston stiffness was
such that the piston could not be made to rub the body with application of about
100 pounds between the oppet holaer and body.

D-4
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Figure D-9. Poppet Holder With Poppet

ST91-5/21/71-C1D

Figure D-10. Cap With Seat
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A new Kistler load washer was assembled into the tester cap. The load cell elec-
trical leads were sealed at the cap with silicone rubber to prevent both external
leakage and leakage into the coaxial cable,

To allow pressurization ot the tester cap and thus provide inlet pressure around
the model poppet, the normal inlet port filter assemblv was removed. A small
bore tube was epoxied into the cap below the seat and also out the inlet port,
which provided for low-level leakage collection. Supply pressure was ported to
the tester cap through a 0.5-micron membrane filter. A test was performed to
prove that up to 500 psig could be introduced inside the tester cap without sepa-
ration occurring between the cap and body.

Seat Load Analysis

Poppet-to-seat closure was initially obtained by slowly raising piston control
pressure to the balance pressure required to just contact the seat, as indicated
by a 0.0l1-pound output from the Kistler load cell. Inlet and control pressures
were then sequentially increased to establish 1.0-psi inlet pressure to the pop-
pet. Piston control was -chen dropped and the piston retracted if leakage was
less than 1.0 scim (1000 scc/hr); otherwise, piston control pressure was raised
to gradually decrease leakage to about 0.0l scim, holding inlet pressure con-
stant at 1.0 psig. Measured back pressure through the discharge system was 0.1
psid at 2.0 scim and 0.5 psid at 11.0 scim. Closure loading was thereby produced
by single application of inlet pressure acting over the effective seat area or
was augmented by force from the control piston. Piston control pressure was used
to measure the load required to either cut a contaminant wire or reduce leakage
to a measurable value. Analysis of each loading me<-hod follows.

Check Valve Closure. With simple check valve closure the net seat force (F) is
simply the pressure drop acting over the seat affective area (A,) less the poppet
weight; thus:

F = APAe - W

With laminar flow, the pressure distribution across the seat land is parabolic
(Ref, D-1) and

where Dg is the seat mean diameter and L is the land width. With leakage less
than 1.0 scim, the pressure drop was essential’y equal to the inlet gage pressure
as back pressure was less than 0.1 psid.

Error in computed seat force stems from pressure drop error and variation in ef-
fective area with load. A dual pressuriza:ion system provided pressure reading

and control from 0 tc 30 psig and 0 to 600 psig with setting and accuracy within
0.1 percent of full scale. With the cutter seat, effective area variation was

D-11



PR —
P
—

negligible. However, with soft polymer seals, the poppet and seat were not suf-
ficiently parallel to ensure constant area and some (unknown) variation in ef-
fective diameter was probable. The maximum variation would be equivalent to a
change in effective diameter from ID to OD, or reverse. The corresponding force
change for D, = 0.0470 inch and L = 0.03 inch is %29 percent from the actual
value.

For the cutter seal, the nominal effective area was very nearly 0.173 sq in.
From 0 to 30 psig, the maximum load variation from gage error was ic.s than 0.01
pound. Above 30 psig, the maximum load variation was less than 0.1 pound.

Poppet weight was about 0.088 pound for all models. Therefore, simple check
valve tests were essentially performed with a iiegative closure force, equivalent
to an inlet pressure drop of 0.503 psid for the cutter seat. At 1.0 psid, the
net seat load was 0.085 pound and at 10 psid the load was 1.64 pounds.

Check Valve Closure With Piston Loading. For most wire cutting tests, piston

loading was necessary to cut the wire or reduce leakage to a measurable level.
Force halance of the tester piston and poppet with control pressure (P.) above
balance control pressure (P.g) is given by:

IF =0 = PcA + P

p 1Ae ~-PA -F-W-W

1'p P
where W, = piston weight + bellows force

Peg = (W + W)/A at Py =0

A =2 x1.12765% = 0.99871 £ 1.0 sg in.

P

NP

Reducing gives

F= (P~ Py - Pg) A+ PiAg

Maxirum seat force error is computed as before for the low-pressure range system;
thus from the preceding equation, assuming 30-psi gages with 0.1 percent accuracy:

AF = (0.03 + 0.03 + 0.03) x 1.0 + ¢.03 x 0.173
AF = 20,095 pound maximum

The rms average of the noted gage errors indicates a probable error of about
0.05 pound (assuming negligible seat area variation).
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LEAKAGE MEASUREMENT

In all testing, closure leakage as a functioa of sealing load was a prime per-
formance parameter. Gas leakage measurements made luring various phases of seat-
ing investigations ranged from about 11 scim to 10™% scim (0.1 scc/hr). Specif-
ically calibrated, float-type flowmeters were used for flows down to 0.05 scim.
Leakage was collected at the seat outlet and directed to the appropriate range
flowmeters,

Lower range flow was measured with a leveling-bulb water buret system (Ref, D-1
through D-3). As shown in Fig. D-11, the leak is introduced into the top of the
buret at atmospheric pressure, which is maintained by moving an interconnected
water leveling bulb to hold buret capillary height constant. This procedure
eliminates head pressure and surface tension effects associated with conventional
bubble-under buret measurements. It also provides for self-leak checking by dif-
ferential vacuum head testing to ensu 2 a tight system. Computation of leak rates

is determined from the following equation:

3:6€ AV (Pa - Pv) Ts

Q= Tt P,
where
P, = atmospheric pressure, psia
P; = standard a*mospheric pressure, psia
P, = vapor pres_ure of water at temperature, psia
Q = leakage, scim
t = time, seconds
T = gas temperature (assumed equal to water temperature), R
Tg = standard atmospheric temperature, R
AV = change in volume as a result of leakage, cc

Buret Flow Measurement Errors

The ultimate use of the flow data is to allow comparison of the performance capa-
biiities of various seating configurations. Because the range of data spans sev-
eral orders of magnitude, great accuracy is not required. However, consistency
of point-to-point data and repeat hysteresis loops dictated the need for reason-
able precision. To meet these requirements, the following measurement errors
were evaltated.

Volumetric. Where leakage values were greater than 10”3 scim, volume and time
errors were made smail by obtaining suitably large buret displacements over a
sufficient time interval. These intervals ranged from a minimum of 30 seconds
to several minutes. When leakage was measured between 10-3 and 1074 3cim, a

D-13
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Figure D-11. Leveling Bulb Leak Measurement Setup and
Low-Range Rotameter Tube
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minimum volume of 0.01 cc was displaced from the 1.0 ml buret (five 0.002 cc

divisions). Because burets have precision bore tubes, the significant source of
error is in the reading accuracy of the displaced water levels at start and stop.
For the minimum leak of 1077, tne length of displaced water was 0.200 inch which,

for an estimated Ah = (.02 inch (20.01 at each level), results in a maximum error
of 10 percent.

Leveling. Errors in leveling cause the volume of gas being leaked into, as well

as the leak volume, to be nt a pressure other than atmospheric. Leveling errors
stem from two sources:

1, Capillary action results in a differential height between the tube and
bulb level. Variations in this height differential (due to film con-
tamination of the glass) over a given span will result in pressure
changes during a test run if a constant capillary height is assumed.
This error was nullified by calibration over a specific span. (Thor
or.gh detergent cleaning of the tubes usually eliminated any notice
able error.)

2. Basic comparison reading errors of the levels in the bulv and buret

The cquation for leakage error caused by pressure variations from variable head
is.

P, Ah (V, + &Y+ v))

Error =
(Pa - PV : pL Ah) AV
where
Ah = leveling head error, inch
V1 = 1initial volume in buret, in.3
VL = leak volume external from the buret, in.3
A water density, lb/in.3

In the modified APS tester, external leak collect1on volume was comprised of 48
inches of 0.03-inch ID plastic tubing (0.034 in. ) and about 0. 019 in.3 volume in
the seat model (typical for the cutter seat) or about 0.053 in.> for Vi. Initial
volume in the buret was usually less than 0.02 cu in. Assuming a leveling error
of 0.1 inch differential from start to finish for a minimum collection volume (AV)
of 0.01 cc indicates a volumetric leveling error of 3.0 percent.

Temperature. Variations in air temperature surrounding the external leak volume
and buret induce changes in the final lesk volume. The equation for leakage
error caused by a change in system temperature is:

Vi AT
AVT

Error =

b-15
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where (4T) is the temperature variation, and (T) is the mean absolute temperature.
Temperature variations were estimated to be generally less than 0.1 R. Conse-
quently, for a minimum leak of 0.01 cc (6.1 x 107 in.3), maximum leak volume of
0.0736 in.3 and mean temperature of 530 R, the maximum (calculated) error in
lrakage is 2.3 percent.

Summary of Errors. From the preceding discussion, it can ve seen that probable
leakage measurement error down to 107% scim (0.1 scc/hr) was less than 15 percent.
Around the 10~3 to 1072 scim level (1 to 10 scc/hr), leakage measurement error
was negligible.

TEST SYSTEM

The APS tester and system wo~e se¢t up in an air-conditioned room containing all
of the tools, pressure-, temperature-, flow-, dynamic-, linear-neasurement de-
vices necessary to the test effort and microscopes for visual surface inspection.
Figure D-12 shows the assembled system with four Heise pressure gages for high-
low piston and inlet pressure control, the APS tester on granite gaging surface
in front of the leak measurement buret and oscilloscope, a Cleveland electronic
indicator, and a dewar for providing cold gas to the tester, as required. The
system schematic is shown in Fig. D-173,

15062-10/24/74-C1C

Figure D-12. Test System
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Pressurization Subsystems

Five pressurization sources were used, three for tester operation, one for cool-
ing polymer test models by purging through the cap and one source (not schemat-
ically shown) for manual purging. Helium gas was used exclusively for tester
operation (supplied as GFP,- per MIL-P-27407).

First-stage inlet and control pressure regulation was obtained with commercial
bottle regulators (Hoke, Airco, etc.). These devices have exceptional stability
under low-flow conditions to provide pressure control within 1.0 psi from a few
psi to over 1000 psig. For precision pressure control from 0.1 to 30 psig, Moore
Nulmatic regulatcrs were used. These valves proved capable of incrementing and
holding pressure constant within 0.03 psi. All operating gas supplies to the
tester were filtered through 0.5-micron millipore membranes.

Inlet pressure and seat closure load accuracy was established by 0.1 percent com-
pensated Heise gages. Prior to performing any tests, all gages were connected to
a common pressure source and Sensitivity and common readings were verified to be
within 0.1 percent of full scale,.

Instrumentation

Poppet position relative to the seat was initially established in the tester using
the 40 pitch screw and pointer built into the tester base. Actual ccatact between
the poppet and seat were indicated on an oscilloscope by the output from a Kistler
load cell located under the seat. This was the sole purpose of the load cell;
therefore, sensitivity of the charge amplifier was increased to indicate contact
for leads less than (.01 pound.

Low-temperature conditioning of the polymer poppet and seat models was monitored
using a thermocouple contacting the seat with readout hy a thermocouple bridge.

Cold Test System

Low-temperature (-15 F) conditioning of polymer seals was accomplished by purging
cold gas through the tester cap, across the closure model. The gas was chilled
through a coil submerged in alcchol and dry ice at about -90 F, Supplemental
cooling during chilldown and test was provided by surrounding the tester cap with
dry ice. A thermocouple was used to continuously monitor the seat temperature.
Several trail test run< were made with the thermocouple embedded in the seal ma-
terial to establish temperature stabilization caaracteristics of the seal rela-
tive to surrounding metal.

TEST PROCEDURES
The sealing performance of all test models was determined by a check vaive mode
of testing. Because of the vertical position of the tester, the poppet weight

acted as a negative closure force. As a consequence, the force required to cut
or mash most (larger) wires was determined by application of a gradually increased
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load from the tester piston. Reduction of the closure gap produced by wire cut-
ting was ascertained from leakage produced by a constant inlet pressure of 1.0
psig. Because cutting or mashing contaminants is a plastic process, it was neces-
sary to carefully control the sequence of load applications so that low load data
were not lost. In other cases, sealing performance was much more simply obtained
by repeated pressure loops from 1 to 500 psig tc verify leak performance repeata-
bility. In those cases where low-pressure leakage was excessive, pressure loops
were run using the piston to simulate a constant spring load between 1 and 2
pounds.

The sequential steps in operating the tester and performing the preceding tests
are covered in the following sections.

General Pretest Sequences

1. Turn on eiectronics and verify load cell operation

2. With all regulator valves in the closed position, slowly raise supply
pressure to each regulator by gradually opening gas bottle valves

3. Raise tester film pressure to 600 25 psig

4. Ensure tester piston position screw is backed off at least two turns
to provide 0.05-inch space between poppet and seat upon assembly

5. Assemble test model seal as necessary and clean sealing surfaces with
solvent and tlow dry with filtered gas; inspect for foreign films and
particles and remove same

6. Assemble model seat into the tester cap and place poppet in the poppet
holdcr; reinspect sealing surfaces for particles and blow off with
filtered gas

7. Place cap on tester and advance tie-bolt nut one and one-half turns
after taking up slack

8. Place all manual valves in position for low-pressure (0 to 30 psig)
operation

9. Raise inlet pressure to each Moore regulator to 25 psig

10, Using the Moore regulator, raise tester inlet pressure to purge cap
cavity with helium for 10 seconds; shut off purge

11. Slowly raise P. to bring poppet into contact with the seat, as indi-
cated by lozd cell output of about 0.01 pound on the oscilloscope.
Bellows rate allows the piston to advance with increasing pressure;
P. to touch varies with the length of the poppet and seat (about 5.6
psig for the cutter model to 2.6 psig for the captive polymer model).
The P. obtained is the balance pressure (Pcp) at zero inlet pressure
and represents the combined piston and poppet weight and the bellows
force at the poppet to seat contact point, Bellows rate at contact
deflection is 0.063 pound per 0,001 inch travel; therefore, seal de-
flection at light loads will have negligible eff.ct on P.p and thus
net seat load.
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At this point, procedure varies with the model and test objective. With initial
test of each model, the piston handwheel is advanced to just contact the seat as
indicated by the load cell. The scale reading indicated by the pointer is re-
corded as the contact point. The handwheel is then retracted 1 scale inch to
provide 0.00441-inch gap between the poppet and seat.

Clean Model Leak Test

4.

Raise P to 1.0 psi greater than P_.p, which places a 1.0 pound force
on the poppet and seat

Raise P) to 1.0 psig and reduce P. to zero

Raise inlet pressure in a logarithmic sequence of pressures (1.0, 2.0,
5.0, 10.0, 20.0, etc.) to 500 psig and similarly back to 1.0 psig, re-
cording leakage at each pressure level. Repeat as required to verify
consistency of data. (Note: At P; of 25 psig, appropriate shutoff
valves must be switched so as to maintain inlet pressure constant within
5 psi.) The Moore regulator is left open for descending switchover.

Back off handwheel two turns if model is to be removed from tester

Cutter Seal Model Leak Test With Entrapped Wire

N OOV e N

o

10.
11.

12.

Place clean wire radially across one land of poppet

Verify that handwheel position from contact is backed off two turns
Assemble cap containing seat onto tester

Establish P.g to contact wire

Advance P. an additional 0.6 psi to provide 0.6 pound load on the seat
Raise Py to 0.2 psig, reducing net load to 0.435 pound

Raise P, an additional 0.3 to 0.9 psi over balance; net load is now
0.735 pound

Raise P; to 0.5 psi and record leakage for net load of 0.487 pound

Raise P; to 1.0 psi and reduce P. to zero if leakage is less than 1.0
scim; net load is now 0.085 pound. If partial reduction of P. causes
excessive leakage, raise P. in 0.1 psi increments (recording data)
until leakage is reduced to 0.0l scim (10 scc/hr) or less

Advance handwheel to within 1 scale inch of contact

Reduce P, to zero and proceed as with clean test (step 3) except do
not reduce P; below 1.0 psi until the test conclusion

Back off handwheel two turns and remove poppet and seat from tester
for sealing surface inspection
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Polymer Seal Test

Polymer seal test procedures were similar to cutter model methods except that an
initial 1.0 pound P. load was applied with P; raised to 1.0 psi to stick the pop-
pet onto the seat. P. was then either raised .o reduce leakage below 0.01 scim
or dropped and P; incrementally changed as above,

Cold test procedures were the same as ambient tests except that the model was
closed (P) = 1.0 psig) with a net seat load of 2.5 pounds for the captive and

1.0 pound for the flat model during chilldown. A thermocouple was placed on the
seat base to ascertain temperature stabilization. The time relation between
chilling the metal and polymer seal was determined by comparison of chilldown
times required for both materials during an initial calibratioi. test. The -15F
model temperatu:~ was obtained by blowing cold nitrogen gas over the model through
the tester cap. Additional cooling was provided by surrounding the cap with dry
ice.
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