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Valves for the gaseous hydrogen/gaseous o.xygen Shuttle Auciliary Pro- 
pulsion System are  required to feature low leakage over a tkide ternpei"1re 
range coupled with high cycle life, long term compatibility and minimum 
maintenance. In additioa, those valves used as thruster shutoff valves must 
feature fast response characteristics to achieve small, repeatable minimum 
impllse bits. These valve technology problems were solved by developing unique 
valve components such as  sealing closures, guidance devices, and actuatim 
means and by demonstrating two prototype valve concepts. One of the prototype 
valvzs was cycled over one million c y c l y  without exieeding a ieakage rate cf 
27 scc's per hour at 450 p i a  (310. N/cm ) helium inlet pressure throughout tht  
cycling program. 
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The objective of NASA Contract NAS3-14349 W ~ S  the development of valve 
technology for pulse modulated gaseous hydrogen/gaseous oxygen thrusters for 
the Space Shuttle Auxiliary Propulsion System. These thruster valves a re  re- 
quired to operate for one million cycles over a ten-year pxiod with zero main- 
tenance, very fast response, very low leakage, and over a wide temperattlre 
range. The program included tne tradeoff of various n l v e  concepts and their 
subcomponents; conceptual design, analysis, fabrication, and test evalurtion 
of sealing closures; design layouts of candidate flightweimt valves, detail dc 
sign, fabricstion, and test evzluation of two test fixtures featuring a variety of 
valve eubcomponents; and culminated in the successful demonstration of one 
million cycles with one of these test fixtures. A design layout of the recommended 
flightweight valve design was  also prepared. 

The initial part of the program included two parallel tasks entitled, "Valve 
Subcomponent Analysis '' and "Conceptual Design and Sealing Closure Zvaluation. '' 
The valve subcomponent analysis and conceptual design task served to  identity 
potential valve concepts and their subcomponents such as guidance devices, 
actuators, linkages, and sealing closures. z ince  the ability to meet the 100 scc 
per hour of helium at 450 psia (310.3 N/cm ) inlet pressurc maximum leakage 
requirement over a wide temperature range (-260 to + 390 F) (111 to 472 K) 
under fast response conditions and, therefore, undsr high impact loads for one 
million cycles was consibered a severe requirement, an aalytical  and experi- 
mental sealing closure evalcation program was performed. Ten (10) sealing 
closure concepts featuring a wide variety of materials such as polyimides, gold 
plating, Inco 718, ceramics, teflon, and Custom 455, and including both 
spherical and flat sealing closure interfaces were ccmceived. Of these ten (10) 
concepts, seven (7) we-.-e selected for fabrication and test evaluation in the Rapid 
Screening Tester which was specifically designed for this program. The Rapid 
Screening Tester fully simulated valve guidance techniques by featuring metallic 
flexure guidance and had a stroke capability of one inch. The Rapid Screening 
Tester further had the capability of varying both static and dynamic loads at the 
sealing closure interface to airnulate actual valve conditions. S:?aling closure 
interface criteria such as static load, dynamic load, surface finish, maximum 
allowable scrubbing distance dbring mating, etc. were generated by wms of 
analytical leakage model. Sealing closure evaluation tests with the Rapid Scseen- 
ing Tester included cycling of each sealing closure to 100,000 cycies at -260 F 
(111 K). Four (4) of the seven (7) sealing ciosures successfully paased the seal- 
ing closure screening tests and were considered suitabla for incorporation into 
the test fixture designs of this program. These four (4) sealing closures were 
identified as a flat polyimide seat, spherical polyimide seat, flat tungsten carbide 
seat, and gold-plated lip seat. Bath the flat polyimide seat aud the gold-plated 
lip seat were subsequently incorporated into the test fixtures that were evaluated 
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during tliia program. Also, the analytic31 leakage model was updated a t  the end 
of the sealing closure evaluation program to agree with the esperimental data 
obtained during this grogram. 

During the initial months of the Advanced TechnologJ- for Space Shuttle 
Auxiliary Propellant Valves Program, vrilvc subcomponent ana!gsis and con- 
ceptual design for application to both a 20 psia 113. 8 K;'cm') and a 400 psi3 
(876 N/cm2) inlet pressure were pxformed. Holvever, as  9 rer'ilt of other 
gaszous hydrogen/gaseous oxygen propulsion system p :ograms sponsored by 
E A S A ,  it became apparent that the 400 psia (276 K ':.xi2) inlet pressure system 
wzs the preferred application and consequently v: t lw  desigr, layouts and test 
fixrare ~ 3 P x + i . : 2  sci-f;';r-ed during this program consisted of only those concepts 
that were d i rx t ly  applicable to the high pressure requirement. The valve sub- 
component analysis and conceptual desigl: conzluded that 3 poppet-type valve 
utilizing the gaseous propellant supply pressure for actuation was the most 
promising type of concept for this application. Within this type of concept, 
several arrangements are possible such as dortble pressure actuation, pressure 
actua;ion to  open and spring return, or vent to open and spring retcrn, and all 
of thcse with 0 1  without pressure balancing of the poppet. These possible arrange- 
mmts were explored in more detail and preliminary design layouts of three of 
these concepts were prepared. Two of these concepts were iinally chosen for 
detail evaluation and detail design drawings of test fixtures of these concepts 
were subsequently accomplished. 

Two separate test fistures were detail designed , fabricated, aad test 
evaluated t o  permit a compsrison of various valve subcomponents such as  wid-  
ance devices -- flemres vs. sliding fits, dynamic seals -- teflon jacketed sliding 
seals vs. bellows, static seals -- teflon jacketed seals vs. welded jcints, and 
sealing closures. The test fixtures were designed sach that the movirg elernerits 
were of a flightweight configuration, but the housipgs were boilerplate and 
featured several joints which could be readily di5assembled to permit i-mpection 
of all inner parts of the valve assembly. 

I 

Each of the two test fixtures was cycled 122,300 c cles with gasewdi 3 nitrcger a t  an operating pressure of 400 psia (27 l-l/cm ) and over a temperature 
range of -260 to ~ 3 9 0  F (111 to 472 K). Leak chec'rs of all static a d  dynamic 
seals, a s  well as  response tests and pressure drop tests, were perFormed 
periodically to Lermine test fixture performance degradations, Both test 
fixtures successfully achieved the 100,000 cycle requirements. Post test inspection 
and teardown of these test fixtures did,  however, indicatc scveral problem areas. 
These included the wear-out of the sliding 'eflon jacketed dynamic seals, PX- 
cessive leakage of the pilot valves, ar,d the loosening of a locknut and somc re-  
sultant damage from this loosening in one of the test fixtures. However, sealing 
closure leakage performance, which was considered the most severe requirement, 
was excellent for both of these test fixtures. 
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Upon completiou of the test fixture evaluation program, additional funding 
was received from NASA to permit the extended life cycling of the more prom- 
ising of the two test fixtures. During this extended life cycling, a bellows as 
well a s  a welded static seal failure and some minor operational proolems with 
the pilot valves, were experienced. However, after these items were repaired, 
over one million cycles were demonstrated successfully w ~ t n  the selected test 
fixture. Maximum leakage rate through the main valve during this cyc l i5pro-  
gram never exceeded 27 scc's per hour of helium at 450 psia (310.3 N/cm ) 
inlet pres s u r  e. 

Based upon the test results of the test fixture evaluation program and the 
extended cycling program, a final flightweight valve design layout w a s  prepar d. 

In conclusion, the Advanced Technology for Space Shuttle Auxiliary Pro-  
pellant Valves Program successfully generated and demonstrated the technology 
required by valves featuring very low leakage over a wide temperature range in 
combination with fast response and very high cycle life. The program further 
resulted in the demonstration af components which, through a choice of materials 
and design concepts, appear to have the capability of meeting the ten-year life 
and zer- maintenance requirement of the Space Shuttle. 
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The valve technology program described in this report was performed 
in support of the Space Shuttle Program of the National Aeronautics and Space 
Administration. Thc Space Shuttle vehicle is  designed to provide low cost 
tramportation to earth orbit to suppdrt a variety of missions, including logistic 
resupply of a space station. To achieve maximum cost effictivencss, the Space 
Shuttle wi l l  be desigmd for up to one hundred (100) flights (reuses) over a ten- 
year operational life time and be capable of relaunch within two weeks after 
earth landing. The system will be designed to minimize required post flight 
refurbishmmt, maintenance and checkout, and for simplicity and ease of main- 
tenance w h a  required. An Auxiliary Propllsion System (APS) is required for 
attitude control of the orbiter stage during all phases of the mission. A s  origin- 
ally conceived, the APS was t3 utilize the hydrogedoxygen propellant combina- 
tion. A t  the outset of the program described in this report, b th low pressure 
(20 psia) (13.8 N/crn2) and high pressure (400 psia) (276 N/cm ) gaseous pro- 
pellant operation was under consideration. The APS studies have indicated a 
wide rang2 of engine duty cycles from small pulse widths to long continuaus 
firings. The pulse mode operation of rocket engines of the size (1500 lbs 
thrust) (6672 N) propeliant phase, and service life that is required for the APS 
had never before been accomplished. Therelore, the valve design phi; osophy 
and accepttd design practices of past applications had to be extrapolated and 
new approaches developed for the pro?ellant vaives reqgired to control the 
pulsing of the engines to achieve the high cycle life, low leakage, and fast re-  
sponse requirements of the Space Shuttle APS. 

?? 

The performance requirements of the APS valves are  presented in 
Table I. During the performance of the Space Shuttle Auxiliary Propellant 
Valves Program (NAS3-14349) described in this report, it became apparent 
that the high propellant pressure auxiliary propulsion systcm was more prom- 
ising that the low propellant pressure approach. Consequently, the work on 
the low pressure valvc. concepts was terminated after initial tradeoff studies 
;i?!d sealing closure evaluations and the work was subsequently concentrated on 
the high pressure system. The program, as  originally Zontracted by NASA, 
included the demonstration testlng of twr, prototype valves to 100,000 actuations 
each. A t  the completion of thePe 100,000 cyclc. testr,, the NASA-Lewis Research 
Center provided additional funding to permit life cycle testing of one of the pro- 
totype valves through one million cycles. Thus, it WAS possible to demonstrate 
exceptionally high cycle life capability. 

The Space Shuttle Auxiliary Propellant Valves Program consist( d of five (5) 
principal tasks: an extensive valve subcomponent analysis and conceptual design 
tradeoff study; the preparatbn of valve preliminary design layouts; the design, 
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Valve Type 

Propellants 

Operating Temperature Eange 

Propellant Temperature Range 
Hydrogen 
Oxygen 

Propellant Pressures at 
Valve Inlet 

High Pressure System 
Low Pressure System 

Pressure Drop (Maximums): 
High Pressure 

Fuel . 

Oxidizer 

Low Pressure 
Fuel 

Oxidizer 

Opeding and Closing Response 

Internal Leakage 

Zxfernal Leakage 

Operating Life (Goal) 

Maintenance 

Size and Weight 

Proof Pressure 

Burst Pressure 

Failure Criteria 

Single o r  Bipropellant 

Hydrogen 
oxygen 

200% to 850% (111 to .1?2"K) 

200- to 800"R (111 to 444.5%) 
250% to 800"R (139 to 444.5OK) 

400 f 50 ps ia  (276 f 34.5 N/cm2) 
20 f 5 psia 03.8 f 3.5 N/cm2) 

5 psi at 0.69 pps and 540"R 
(3.5 N/cm2 at 0.313 Kg/sec and 300% 
5 psi at 2.76 pps and 540"R 
(3.5 N/cmZ at 1.25 Kg/sec and 390%) 

1 psi at 1.14 pps and 540"R 
(0.69 N/cm2 at 0.52 Kg/sec and 300%) 
1 ps i  at 2.86 pps and 540% 
(0.69 N,'cm2 at 1.3 Kg/sec and 300%) 

10-15 milliseconds; total response less than 
30 nis signal to  open 

100 scc/hr. with Gaseous Helium at operating 
pressure and temperature for Items 4 and 5 

1 x 
pressures and temperature per Items 4 and 5 

1,000,000 Cycles and 10 Years 

There shall be no maintenance of components during 
the design life period.. 

Design to minimum 

1.5 Times Operating Pressure 

1.33 Times Proof Presswe 

The valve shall f a i l  safe close under normal operating 
conditions. 

scc/sec with Gaseous Helium at operating 
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Single piece and slotted concepts 
60" and 90" rotation 
Impact dampers 
Retractable seals and force loaded seals, 
Soft and Metalic dynamic seals 

L Balanced and unbalanced concepts 

I 

r 

fabrication, and the thorough feasibility testing of sealing closures and - 
subcomponents; 'he preparation of detailed flightweight valve desi@ i 
based on the established design criteria and the test results from the k; .:viols 
tasks; and the preparation of various reports. This program approach i8 shown 
schematically in Figure 1. 

,ts 

Task 1 cpnsisted of the conceptual design and analysis of valve subcom- 
ponents such as fluid shutoff devices, actuators, '. inkages and related support- 
ing parts. These devices were sized for application to the gaseous hydrogen 

thru?t and bt inlet pressures of either 20 psia (13.8 N/cm ) or 400 psia (276 N/cm ). 
The types of shutoff devices and supporting parts considered include the follow- 
ing subco mponents : 

and gaseous oxygen shutoff valves for thrusters operating B t 1500 lbs 2 

Shutoff Devices Supporting Parts 

Poppet 
Blade or Gate 
Diaphragm. 
Ball 
Butterfly 
Spool 

The actuators, actuator details, and linkages that were analyzed during the subject 
program consisted of the following devices: 

Actuators Actuator Details 

Solenoid Sliding flexure and ballbearing guidmce 
Impact dampers 
Bellows, diaphragms and tiynamic seals 
Using  propellant supply pressure 
Using 3000 psi paeumatic or hydraulic supply 

Double pressurized piston 
Spring return piston 

Vane-type rotary actuator 
-- ~ ~~ 

With Linkages 

Bell crank or cam 

Ballbearing or friction screw 

Rack and piDion 

I 

I 
I 
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Due to the severity of the leakage requirement o\ier the wide temperature rang(’ 
and particularly at the clevatcd temperature of 8 5 0 ~ ~  (472OK),  and also l o  limit the 
number of tradeoffs whir had to be accomplished, Task I of the program inchded 
the use of data from a series of sealing closure screening tests. To select the 
sealing closures to be subjected to these sc,eening tests, a sealing closure trade- 
off study was performed init !y which compared such ctar:tcteristics a s  stroke. 
moving mass, seating force o r  torque, actuaLor force o r  to .que required to m o x  
the closure witnin the required 15 to 20 millisecond respolrs?, przdictec leakagc 
rate, cycle capability, and filtration requirement. In additicn, a qualitrtive 
point rating system utilizing a scale OC 1 to 10 points was estiblished to ekaiuatc 
test parameters such a s  materials compatibility, pressure :ad venting h2xards, 
reliability to operzte at maximum and minimum temperatuT-e, degree of tabri- 
cation, inspection ana assemh!y difficulty. contamination sel’sitivity , etc. 
Based on this criteria, the sealing closures subjected to  the screening tests were 
selected. Subsequently, the data from the screening tests were utilized to update 
an analytical leakage characteristics model for each promising sealing closure 
and these sealing closure; were then furtyer considered during the ‘1 cisk i trade- 
off siudy. 

Once the mGst promising sealing closures were selected, the conceptual 
design and analysis tradeoff study considered various fluid shutoff devices and 
su$porting parts, actuators and linkqes which were appiicable to the particular 
sealin, closure design and a tradecff of these devices was performed. At the 
conclusior- Jf Task I ,  two fluid shutoff devices and two actuator concepts for each 
propellan . selected. 

Task iI consisted of the preparation of hydrogen,’oxygen valve preiiminary 
design layouts incorporating the two selected configurations of fluid shutoff 
devices and associated actuators for the APS valves. l’nese preliminary designs 
were scaled drawings which completely defined the valve concept and glhich were 
sufficient to permit the detailed design of critical valve subcomponents. 

Task TI1 consisted of two pz.ts, namely: a sealing closure screening test phase 
and t h e  vqlve subcomponent evaluation test pbssr.. The sealing closure screening test- 
ing supported the conceptual design and analy;is tradcoff performed during Task I. 
The valve subcorrFment evaluation consisted of the  testing of complete valving units 
of fluid shutoff and associated actuator concepts whicn featured tho internal dimensioils 
and mechanisms of the valve pre1in:inF.q designs. Testing incluc‘pd cycling to 100,000 
cycles and over the temperature range of 200’ to 850°R (111 to 472’K), with numerous 
functiona! checks performed durin:, tht cyc1ir.g. Subsequently, one prototype valvc! w a s  
cycled for onc (1) million cycles at  ambient tempergture. 

Task I\’ consisted of n rcview of the exper :)ental valve subcomponei t data 
;1 the selection of a prelerred valve design approach for the hydrogen an1 oxyger. 
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wive based a0 beth the experi~enral data and the anaiysis and comeptual deeim 
performed during the early part of the program. The experimental datz and 
ihe preferred valve design approaches were then discussed at a design review 
meeting. -4t this design review, the cptimum valve desim was  selected and e 
fi@twelpht design layout of this concept was subsecpent!y prepard.  

The Space Shuttle Auxiliary Prcrpcllad Valves Program served to demo3- 
ntrate new sealing closure concepts and guidance techniques, and that by properly 
combining these valve subcomponents, it is indeed possible to demonstrate s h ~ t -  
off valves featuring high cycle life and high response whil. reiiabiy mahitxi-i?.,- 
low leakage &aracteristics. 
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The reliability 0: sealing closure in any flutr! &:!off valve depends 
on the severity of its allowable leakage requirement for a given number of 
closing cycles and the environment in which it rnmt operate. Therefore, one 
of the first program tasks was to establish the design criteria for the sealing 
closure. This trsk consiF'.ed of a valve sealing Aosure which wb;lld best meet 
the stringent performance tradeoff study to sekq promising valve sea! en- 
closures and a rapid screening test program to obtain actuai performance data 
with  these promising sealing enclosures. 
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To assure that the most advanced state-oi-the-art uK v ~ h e  tecPao!qgy 
was being applied during the performance of this prcpam,  a special kffort 
was made to review all availahk reports on valve tecbology and to contact 
various Government agencie- and vendors for up-to-date information. A list 
of pertinent reports that were reviewed is presented in the section entitled, 
"References. '' 

To facilitate the prediction of various performance and physical character - 
istics of the valves for the specific applications, certain design data are com- 
b * ~ !  t~ yicW ?bo flnw factor (C: .A 1 of each valve. This value is indicative 
of the valve's required flow area to meet the pressure drop requirement and 
~ e p r a u a r i r ~  *&e equivalent orifice of the valve. A substantial amount of ddta 
is available which relates various valve types to the equivalent orifice coefficient 

O f  

Therefore, for each application, the flow tactor can be calculated and for 
eac '?I- va!ve type, the minimum flcw area required can be determined by appli- 
cation of an appropriate equivalent orifice coefficient. Combining flow rate, 
pressure drop, inlet pressure and flowing media characteristics, the valve 
application fli:--* factor can be exprebsed as: 
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Where: 

CdAt = flow factor -- in 2 

a = 
in -1b R = gas constant of media - - 
1b-9. 

T = 

PI = 

flow rate -- lb/sec 

media tempel'ature -- 0 R 

inlet pressure -- psia 

K = specific heat ratio o€ media 

P2 = outlet pressure = PI -AP --pia 

~p = allowed pressure drop -- psi 

Marquardt previously conducted an extensive parametric study of 
gaseous propellant injector valves, under NASA -Houston Contract NASS- 
10886. Thrt effort utilized the valve flow factor (C A ) as a key. input to 
a program for predicting valve performance and physical characteristics. 
The calculation of the flow factor for this application permitted the pre- 
diction of a number of useful parameters by the methods developed during 
the parametric study. 

d t  

For specif-c cases of this p r e r a m ,  the calculated flow factors are: 

Propellant 529!E!L 
2 

Inlet Press. psia 20 (13.8N/cm2) 400 (276N/cm ) 
2 

(3.5Wrrrn ) A P  psi 1 (0.69K/cm ) 5 

w PPS 2.86 (1.3Kg/sec) 2. 75 (1.25Kg/sec) 

c A inZ 

2 

2 
13.30 (85. $1 cm ) 1.256 (6.103cm ) 

d t  

I -  
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Propellant Hydrogen 

Inlet Press. psia 20 (13.8N/cm ) 400 t~ X N / ~  m') 2 

A P  psi 1 (0.69N/zm 2 ) 5 (3. 5h'/crn2: 

w Pps ?. 14 (0. JZKg/sec) .69 (0.31Kg,/sec) 

C A in 21.20 (136.77cm ) 1.256 (8. 103crn2) 2 2 
d t  

Based on these calculations, it was evident that the salve orifice size 
range of interest was from 1-1/4 to 6-1/2 (3.175 to 16.51 cm) ?diameter. 
Because of the g r e a t y  difficulty of sealing st 400 psi (276 N/cmd) a s  comprrsd 
to 20 psi (13.8 N/cm ) inlet pressure, a sealing closure evaluation diameter 
of 2 inches (5 cm) was  chosen for the rapid screening tests. 

The prediction of the closing motion impact magnitude requires knowledge 
of moving mass and dynamic characteristics of the closing motion. Employing 
the parametric a a l y s i s  techniques developed under IWSA Contract NAS9-10886, 
these characterictics can be estimated as a function of the calculated flow 
factors (C2,) €or each case. 

2 
Moving mass for the inlet pressure range from 0 '0 400 psia (276 N/cm ) 

has been found to ccxespond to the rdationship 

M = moving mass - lbs 
V 

2 
C 8 t  = 

flow factor -- in 

C - = orifice coefficient 
d 

This relatimahip io  vzlid for poppet type closures wherein linear occurs. The 
moving mass (M ) is defined as the mass of the clmure moving eiemect, cy.- 
cluding ~e actualor. Since the actuation mechanism may be any of a number 
of caxdidate devices, it is assumed that ?he motion of all moving elements takes 
place at constant acceleration. From the parametric analyuis program, the 
valve stroke is related to the flow factor (CcAt) by 
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s =  

where S = stroke -- in. 

and if the allowable time for total motion (full open to full closed) is considered 
to be 15 milliseconds, the constant acceleration of the moving element is 

in 
sec 

wbtre a = acceleration -- -7 

t = allowable motion time -- seconds 
and the terminal valocity of the moving element becomes 

2 s  y = -  
t t  

in where v = terminal velocity -- - 
i 8eC 

Assuming that the actuation device is a pneumatic cylinder, the parametric 
analysis program yielded data which estimates actuator moving mass (M ). 
A summary of the resultant parameters which provided the basis for impact 
considerations is a s  follows: 

A 

400 p i a 2  
Tester (276 &/cm ) 20 psia 
Equiv . H &02 (13.8 N/cm ) (13.8 N/cm ) 

Case Size $alves H, Valve O2 Valve 

20 psia 
2 

2 Flow Factor (in ) 2.04 
(13.16 cm ) 

(1.3 cm) 
Stroke (ir.) . 5  

Shutoff Device (lb) . 2  
Moving Mass (6.09 Kg) 

hlass (0,009 Kg) 
Actuator Moving (lb) .02 

Accelel-ation(in/sec ) 4440 

Terminal (in/sec) 66.6 

2 

tcm/sec2) (1 1278) 

Velocity (cm,/sec) (169. 2) 

1.25 
(8.06 cm ) 

(. 998 cm) 
.393 

. 18 
(0.08 Kg) 

(0.005 Kg) 
.012 

34 90 
(8865) 

52. 3 
(132.8) 

2 21.2 
136.8 cm ) 

(4.32 cm) 

(0.77 Kg) 

.011 
(0.005Kg) 

8150 
(20701) 

163 

k. 62 

1.70 

(4 14) 

13.3 
(85.8 cm ) 

(3.25 cm) 
1.28 

. a5 
( 0 . 3  Kg) 

. O l O  
(0.904 Kg) 
64 50 
(1.6383) 

129 
(328) 

13 

._ .. --:-e- 



I.-. 

Impact characteristics, based upon the total moying m?ss and dynamic 
characteristics can be determined from the tots1 kinetic energy %t impact. 
These values a re  tabulated below based u, an the following relationships. 

M = \M,+MA) VT t 
2 in lbf 

wheie K. E. = Kinetic Energy -- - 
SeC2 

M = moving mass (poppet) -- lb 
V 

MA = 
moving mass (actuator) -- Ib 

= terminal velocity vT 

I 

j 

2 20 p i a  

0 Valve 

2 
20 psia 

H p  Valve 

2 
400 psia 

H & 0 2  (13.8 N/cm ) (13.8 K/cm ) 

Tester i276 X/cm ) 
Equiv. 

2 
2 

Case Size Valves 
- 

Mv -t- *A lb . 2 2  . 192 1.71 . 86  
( .485 Kg) (*423 Kg) (3.77 Kg) (1.90 Kg) 

idsec 66 .6  5 2 . 3  163 129 
(169.2 cm/sec) (132.8 cm/sec) (414 cm/sec) (328 cm/sec) vT 

K. E. in !bf 48? 263 2 2 , 7 5 0  7 170 
2 

s ec 2 (. I42 NM) (. 077 K 3  (6.66 NM) (2. 10 EM) 

279 NM '11 NM 
SeC S e C  SeC 

-- in Ibf 14.6 ~~ iC 05 NM 
(1. 14 -) (31. 5 - ) (12. 54-- ) s ec (1.65 -& ) Mt 

Based on these kinetic enera ,  detewnat ions,  it was decided to use 2 500 (. 146) and 2500 lb (, 782 NM) in /5ecA as the test objective values for the 
high pressure and low pressure sealing c!osure tests, respectively. Use of the 
2500 figure to simulate the low pressure valve kinetic enerE,r is based on the 
square of the diameters ratio which applies approximately a s  a scaling factor. 

14 
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Analyticai Leakage Model 
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I 

To assure the successful conception and design of seal enclosures for 
the Space Shuttle Auxiliary Propellant Valves, it was  essential to develop an 
understanding of the factors affecting seal enclosure leakage characteristics. 
Furthermore, since the rapid screening testing of the seal enclosures were 
performed with the same size seal enclosure (2 inches nominal diameter), it 
was essential to develop the scaling capability from this nominal size to  the 
actual valve sizes required as  discussed in the section entitled, 'Sealing 
Closure Sizing" of this report. For these reasons, substantial effort was 
expended in developing a preliminary v?.lve leakage Math Model. 

In general, the mechanism of leakage extends from permeation flow in 
solid walls to laminar Cow in the interface between waUs to gross flow in an 
interstice o r  gap. A preliminary objective in determining appropriate 
analytical techniques concerning leakag,: is to define the leakage path as a 
function of the forces involved. If this can 5e suitably achieved, certain 
theoretical equations can be employed to calculate the leakage values. The 
choice of the correct equation or  combination of equations is dependent upon 
the particular flow regime. A tabilar summary of the flow regimes and their 
identification is shown in the following table. 

DEFINITION OF FLOW REOIb¶ES 

A 
h -' 1.00 

Not Detined 

"bdent  FLOW 

Mired Flow 
Lamlaar Flow 

Reyuolds number 

Molectl'ar mean free path 

Characteristic channel dimension 

15 

. , -.. _ _ _  . -. I .- _ _  .___._ ~- . . .  



, 

Examination of the auxiliary propellant valve leakage requirements 
(Q 5100 scc,hr of helium) identifies the flow region of interest as that of the 
transition flow regime. References 1 and 2 suggest the use of an empirical 
relaticnship combining the laminar flow and molecular flow equations in the form 
w = UT + w to define the flow in the transition region. As 
discusk&%?nakeference !?,%e molecular flow factor t is close to unity and was 
so assumed f a r  this study. 

mol c a r  

The laminar and molecular flow equations using valve geometry notations 
are as follows: 

A P L R T  b 

fn terms of volumelric iiow at standard conditions, the above equations take the 
following form: 

- - 4.14 x lo8 Ds pi - '2) HZ 
QM L 

Q = Leakagerateofhdlum cc/hr 

% = Mean valve seat diameter ia 

PI = supplypressure Ps is  

p = Vieooalty 

L = Valvelandwfcith 

R 
H = Effective leak path !might in. 

T = GssTempetrature 0 

J 

i 

1 
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i s  repeatedly pointed out in the reference literature reviewed, the 
effective leak path dimension, H ,  is a most difficult parameter to define, 
particularly by analytical methods. Refsrences 1 and 2 both theorized solutions 
proposing H to be a function of the peak to valley Toughness heights of the mated 
materials modified by a deformation factor which included the seating stress. 
From a direct analytical cocsideration, Reference 1 assumed various geomet- 
rically defined surfaces, including a sinusoidal topography and applied the Hertz 
stress equations to define swface finish deformation under load. This con- 
sideration took into account the elastic properties of the material and its yield 
strength. Reference 3 showed empirical results which related the cube of the 
lcakage path height to a load factor composed of seating stress and material 
hardness. Cousidering the above results, path relationship composed of the 
following factors was used for this study. 

M =  
M =  

= 

= 

= seating stms6, pal 
= 

.68 for assumed eiweoidal surfaoe, laminnr flow 

.61 for aaeumed einuaoldal surfaoe, molaular flow 

peak to valley rou@mr8 height for llurtaoe number 1, in. 
pe8k to valley roughnee8 height for eurfeoe l e r  2, in. 

hl 

h2 

U S  
yield strength ob softer material, pai 

QY 
N = etreesexponent. 

_ . I _ ,  . -  --... . , 

It was believed that the exponent N could be determined empirically from 
the upcoming test results. For preliminary design purposes, however, the work 
of Reference 1 has been used by Marquardt to approximate a value for N of 1.373. 
This value was determined using metal to metal surface properties characteristic 
of the Reference 1 work. 

It was decided that this leak path height relationship could be extended to 
include plastic surfaces since analytical techniques regarding plastic a r e  
premntly net available. For consistency, and until test data became available, 
the stress exponent v:!ue of 1.375 was assumed to be a %allparkff indicator for 
both metals and plastics. Combining the stress factor with the leakage equation 
and recalculating the constants resulted in the following leakage model which was 
used for the program preliminary design calculations. 

17 



Q, t QL + QM 

? 

i 

L 
c 1 2  

A s  previously st2tq:d, H and H are  the peak to valley (PTV) surface 1 2 roughness heights. These values, as  discussea in Reference 1, a re  approxi- 
mately equal to three times the surface . . >  ish for a sinusoidal topography. 

I 1 3  
(r 1.375 

using a leakage rate of 100 c c h r  and, in turn, the sgating s t ress ,  (I-s, was 
determined for various seating materials with given surface finishes. The 
materials evalv3ted were tungsten carbide, cotper, teflon, and polyimide. The 
results of the..;:: calculations are shown in Table 11. 

L 

u Y  
The above equation wzs solved the the quantityrh, t h,) (1 - 
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It should be recognized that the Table I1 results a re  only approximations 
of the true vaices particularly for the softer matzrials. They served, however, 
2s a guide for the design and testing of the various valve closure configurations. 

A s  can be seen y.ofi$he equation, mathematically the leakage rate is re -  
duced to zero when u 
statement because of the limitations of d e  theory employed and the a.ssumptions 
used. It did serve, however, to indicate limits for the use of the eqclation until 
test results became available. 

is equal tou . This is not proposed to be 9 true 
S 

Because of the complexities and the difficulties of mi  . suring the minute 
dimensions associated with even large leakage changes, very little factually 
co-related experimental data on the mechanism of valve fFihires due to wear have 
been documented. When wear is due mainly to the shea.ri.ig of junctions, which is 
referred to by Rubinowicz (Reference 4) as  adhesive wear. an empirical relation- 
ship for t h c  value of wear per unit distance Qf travel is: 

K w  z = -  
3P 

Where K represent8 the percent of friction junctions producing wear, T! is t hz  
applied load, and P is the hardness of the wearing surface. Tabulated values for 
K, which is referred to by Rubifiowicz as the wear coefficient , show that the wear 
rate between two surfaces is reduced by (1) the use of hard materials, and (2) the 
use of materials with low interaction, i. e. , unlike materials of low solubility. 

The above relationship does not, however, provide any information about the 
change in surface texture with wear. Rubinowicz (Reference 4) has shown that, 
in some cases, wear particle sixes can be predicted on the basis of elastic surface 
energy and H d n e s s  properties. Reference 5 used the empirical wear rate relation- 
ship, 2 = - , in combination with the Rubinowicz theories to arrive at an equation 

3P for use in estimaiing surface finish change due to wear as  a function of valve cycles, 
impact s t ress  and poppet/seat scrubbing distance. 

This equation has the form: 

c 
4 

I 
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= wear coeffioient 'AD 
N - Number afoyoles 

b = Laterd Sliding oomponent I an poppet and leest (8Orubbhg 
distance), in. 

I = Poppet/eeathpmtFltreea, 

pA = 

a , B  

Material laminem (softer aurfaoe), ke/mm2 
2 = Energy uf adhemion, srga/om 

The equation, as presented in Reference 5, was modified somewhat to more 
closely conform to the sinusoidal surface model as presented ir Eieference 1. This 
relates surface finish, y , to peak to valley height, h, t-J v = 1/3 h. 0 0 

Values of the wear coefficient for a few materials determned from testa are 
presented in Reference 4 ,  along with the following typical relationship for unlubri- 
cated (clean) surfaces. 

k~~ 
5 x log3 
2 x lo4 

6 x loo6 

MATING SUIIFACEB 

Metal on Metal (like materials) 

Metal on Metal (unlike wte~riah) 
Non ->fetal on Metal 

The energy of adhesion between surfaces, G , is a function of surface 
energy, , as discwised in Reference 4. The rel&%nships given are: 

21 
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A table of surface energy values is presented in Refcrerxi: 4 f a r  ;1 wide range 
of materials, 

Wear calculatio,ls for the materials previous 1y ctinsidureci in tbe leakage 
and seating stress analysis shown in Table XI wtire p-rtcrimd to define scrJhb- 
ing distancees a functiov of surface finish degradaiion. 
of 9 . 5  x 10- was arbitrarily assumed for calculation purposes. The impact 
s t ress  was assumed to be lS07- of the seating s t ress  of Table 11. 

The results are presented in Table 111 for IOa v d v e  cycles. A s  shown, 
the allovrable scrubbing distance for the wear specified is approximately one 
to two ordtr;; of magnitude greater for the plastic compared to the metals, It 
is noted that the wor$ present,?d in Tables I1 andI!! was done foi t h e  high pressure 
(450 psia) (310 Ncrn’) prope1lar;t valve configuration. A lie requirements a re  
considerably less severe in t e r y  of surface finish and/’lJr seating stress for the 
low pressure (20 psia) (14 K,’cm ) configuration. 

.\ surface finish chaygt. 

- 

A comparison cf the high and low pressure configurations using tungsten 
carbide as  an example, indicates th-9 the surface finish can be changed from 
the high pressure value of 0.5 s 1L at the same stress level with no change 
in leakage rate; o r  with no surface finish change tha? the seatirig stress can 
be reduced to a value just sufficient to keep the poppet in  place. This results 
from an allowable effective 1eaka:;e path height increrse brought about !JY the 
lowc-r pressure requirements when introduced into the leatcage eqcation. 

Sealing Closure Conception and 3esign 

’lne ;lahe leakage and H ear  analysis presented ia tlie preceJing section 
was used as the basis for conceiving the various sealing closures to be evaluated 
during the Space Shuttle Auxiliary Propellat  Valves Program. Br review- 
ing the wear mode!, i t  is evident that matlsials featuring a low wcar coefficient 
and a low energy of adhesion, but a high IIiateric; hardness, a r e  desirable. 
Furthermore, to niinimize the effects of wear, ._  is desi*-able to minimize ariy 
sliding or  scnbbing during the mating of Lie sealici; izkrface an6 to minimize 
the impact stresses which occur during these sliding ni>li()ns. 

A s  fa r  as leakzge through a closed sealing interfac2 is concerned (rstahc 
condition), it is evident that the parameter deiining thc leakage path height is 
most important, since it occurs to a higher power in the leakage model. The 
leakage path height is directly related to the original suriace finish except that 
it ma) be modified (reduced) due to ru.rface loading; with respect to tht latter, 
the sealing closure interface inaterials of course, play an importa. 
the leakage rate is alco inversely proportional to the length of the leakage path. 

i 

1 

i 
role. Fillally, 

In summary, it was concluded that the sealing closures for this application 
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should feature very fiae surface finishes, low static interface loads, low im- 
pact loads during closure, minimum scrubbing distances during the mating of 
the sealing interface, and very hard materials either combination wi th  each 
other, or in combination w i t h  plastics. A total of ten (10) seaiing closures 
were designed and submitted to the KASA-LeRC Project hlanager for approval. 
The ten (10) sealing closures a r e  identified as Follows: 

Drawing Xulmber 

L4677 
L-:rj7e 
L4679 
L4680 
L4681 
L4 662 
L4683 
L4684 
L4685 
L4686 

Flat Polyimide Seat 
Spherical Cbpper Lip Seat, Bellows Loaded 
Flat Meal Seat, Flexure -1ligned Poppet 
Flat Teflon Seat, Bellows Loaded 
Spherical Teflon Seat, Be!lows Loaded 
Flat bietal Seat, Scllows Loaded 
Flat Teflon Coated Lip Seat 
Spherical Teflon Coated Lip Seat 
Fiat Polyimide Seat, Bel.lows Force Loaded 
Spherical Polyimide Seat, Eellcws Force Loaded 

The sealing: closures were designed so  that they a re  applicable to a wiae 
variet) of fluid shutoff devices. such as ball, butterfly, poppet, blade. gate, 
etc. TableIV is an applicabdity matrix which shows what type of fluid shutoff 
devices utilize each of the designed sealing closures. The fdlowing paragraphs 
briefly describe these sealing closures whiTh were designed; 

>'/N L4677 

I 

This sealing closure, shown in Figure 2, features a flat interface wherein 
a highly polished tungsten carbide poppet mates with a polyimide seat. The 
polyimide protrides slightly above the metal of the seat, such that the static load- 
ing is sufficient to compess  the polyimide to a pwnt where the poppet contacts 
t5e polyimide and surrounding metal simultaneously. The matal surroundi*lg the 
polyimide prevents cold flowing of the plastic and also serves as an impact 
force absorber. 

P/PI L4678 

This sealing closure, shown in Figure 3, features a spherical interface 
employing a highly polishcd tmgstcn carbide poppet and a hard, well-polished 
copper seat. The comer seat is  mwnted on a single convolution bellows to 
achieve the design sealing closure icteriace load and to provide a lmment  between 
the seat and the poppet. The sealing closure design is such that some over-travel 
of *he poppet is  allowed in order to permit absorption of the major portion of the 

24 



. TABLE IV- SEALING CLOSURE APPLICATIOS 

,4684 

X 

X 
I I x  Spherical Poppet 

I4685 

x 

X 
X 

- 

Conical Poppet 

Blade 

Gate 

Butterfly 

Ball 

I x  
X 
X 

Drawinn No. 
A686 

X 

X 

X 

X 

. , . ._ .. _, -. 
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kinetic energy inherent in the poppet assembly Closiirc movement by the bumper 
surrounding the poppet. This sealing closure is, of course, cot only applicable 
to a poppet type xralve, but also to 9 ball or butterfly type shutoff device. 

This design: shoivn in 1:isl-k i, cilnsists of 3 flat, highly wlished 
tungsten carbide poppet mating ~ i t h  a flat, high13 polished tungsten carbide seat. 
Tne scat features a narrow annulus to minimiye poppet load requirements. 
Alipmwnt of the poppet to the seat, as well as reduction Df impact forces during 
closure, is achieved by incorporation of a flesvre into the poppet assembly. 
This flexure allows the poppet assembly mass to over-travel pist the poppet 
until the bumper surrounding the poppet strikes the sen: .jutside of the sealing 
surface. 

The L.4680 design, shoim in Figure 3 ,  features a fls; sealing .zlosure 
interface which employs a highly polished tungsteo carbide poppet and a corn- 
bination teflon/polyimide seat. The teflon serve2 a s  the primary sealing 
element in the seat, with the polyimide's function reduced to that of a stop and 
thermal compensator. The seat assembly is again hellov:.; -mounted to achieve 
the correct sealing interface loads and to proyide alignment between the poppet 
ami seat. The major portion 01 the kinetic energy oi the poppet assembly during 
closure is absorbed by the bumper surrounding the poppet. 

P/N LA611 

This design, shown in Figure 6 ,  is very similar to the L4680 sealing 
closure except that a spherical interface is employed in place of the flat interface. 
The spherical interface design is, of courae, equally applicable to a ball o r  butter- 
fly fluid shutoff device as  to a poppet fluid shutoff device. 

P/N L4682 

The sealing closure shown in Figure i , features a highly 2olished flat 
tungsten carbide poppet nating with a highl!. polished flat tungsten carbide seat. 
The seat is bellows-mounted to assure achievement of the design interfwe 
load and alignment of the poppet to the seat. In addition, this design shows 
employment of two Belleville springs in parallel with the seat bellows springs 
to permit the evaluation of high sesling interface loads. Again, as in the other 
bellows-mounted seat configuratic.is, most of the kinetic energy of the closing 
assembly is absorbed by the bumper surrounding the poppet. 

t 
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P/'N L4G83 

This sealing closure, Figure 8, again features a flat interface this 
time employing a highly polished tungsten carbide poppet and a teflon coated 
metal lip seal seat. The spring rate of the metal lip seal is designed such as 
to permit over-travel of Ihe poppet during closure and the resultact absorption 
of most of the kinetic energy of the poppet assembly by the bumper surrounding 
the poppet. The metal lip seal serves primarily as a structural support of the 

film on the seai which, in turn, serves as the actxi: sealing interface. 

P/N L4684 

The L4684 design, Figure 9, is similar to the L4683 design except that 
it employs a spherical interface in place of a flat interface. This apsroach is 
suitable for a ball or butterfly-type valve as well as a poppet valve. 

P/N L4685 

This sealing ciosire, Figure 10, utilizes a flat, highly polished tungsten 
carbide poppet mating with a polyimide seat. The seat is bellows-mounted i3 

achieve the correct design sealing interface load and alignment between the poppet 
and the seat. This seat also features the Belleville springs in parallel with the 
bellows to permit the evaluation of high sealing interface loads. During closure, 
most of the impact force rcsulting from the kinetic energy of the poppet assembly 
is absorbed by the bumper surrounding the poppet. 

P/N L4686 

This sealing closure design, Figure 11, is similar to the L4685 design, 
except for the use of a spherical interface in place of the flat interface. This 
approach permits the application of this sealing closure to a butterfly or ball type 
valve in addition to its use as a poppet valve. 

Upol; completion of these designs, a stress analysis of all of the sealing 
closures W.LS completed a d  the Tesults of this analysis a re  discussed in the 
following section. 
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Sealing Closure Streus Analysis 

:I structural analysis of the sealing closures LVW based on the following 
criteria: 

1) The \ia!ie pop;xt ivss ;Ezlyzed for tkc anticip;,ted maximum 
kinetic energy developed during the q p i d  s$jc'reeni,?g tester 
closirg Z:Siioii. This is 2300 lb, in. ;sw 
or  6 . 5  slugs-inches t. 7313 K-hl) .  An applied seat load o i  1500 lbs 
(6672 N) also xas considered. The poppet rnd seat mvst Le cakble  
Qi withstanding thc impact resulting from thc abo\ e energy input 
for at least one (1) million cycles. 

- I  - 

2) The spring-supported seats were conservstively assumed to 
obtain rhe maximum pcppet *:e!xity at thp moment of impact. 
This velccity 6 - a ~  then wed io calculate the kinetic energy of 
this seat-spring system. The kinetic energy of the seat was 
used to calculate the reaction force from the seat silpporl spring. 
The seat and scipport springs must be capable of Lvithstanding 
m e  (1) million impacts 

3) The seat a u  poppet were 31s;o required tu l-~zve Llc &:!ity tu 
withstand 450 psi (310 E;/cm-? operating pressure applied for 
one ( l j  million cycies. 

4) The seats w e r e  required to be able to w i t h 5 t ~ d  xxial deflections 
of -005 to .008 iiich (.C13 to .020 cm) at thc sealing suriace for 
one (1) million cycles without failure. 

The details for the stress calculations of the seaimg ciuaures are prc-seoted 
in Appendix A. 
into some vi  the more important closure coiiipdwnts AS presented in Tablz V. 

4 summary of the stress levels and margins of safety designed 

Detail Design of Sealifig Closures 

Upon receipt of approval from the IriAS.\-LekC Project Manager fcr the 
sealing closure concepts, detail design drawings were prepared. During these 
detail design efforts, several minor modifications were incorporated into certain 
sealing closuLes for various reasons, s w h  as improved alignment, improved 
assembly controi, and ease of manufacture. The sealing coricepts affected by 
the charges will be discussed briefly. 

S&egic6! Pop,wt A I  ienment 

To improve the concentricity alignment between the sphencai popwts  and 
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seats an alignment post uas  added to the backside of the poppet a s  shown in 
Figure 12 . This post aligns the center axis of the spherical poppet with a 
locating bore in the tester poppct holder within .0005 inch (. 0013 cm). Th.? 
locating hole in the poppet hole was machined within .0@02 inch (. 0005 cln) 
concentric to a locating bori 2t the bottom of the tester which positions the seat. 
Thus, an overall c0ncentricit.y of . bdl  inch (. 00’23 cm) or better was achieved. 
This type of tolerance can bG realistically achieved by a modern precision 
machine shop within reasonable costs. 

The post shoivn was made of 300 series stainless steel and joined to the 
tungsten carbide by means of brazing and subsequently finish machined. The 
final operation on this part was the lapping of ‘he sealing surface. 

This modification applies to the poppets for sealing closures 1,4678, 
LG81,  L4684 and L4686: Figures 2, 6 ,  Y, and i i  wspe:ctivel;:. 

- r_lleville Spring Additions 

cia1 load capabilities of the seat desigrs  ie::turu.g 01113. a bellows but no 
Aelleb spring to aid the be!lows were determined to be marginal. This 
applies to sealing closures L4678, L4680 and L4681. Consequently, the areas 
immediately adjacent to the seals and bellows were modified on these sealing 
closures to include 3 Belleville spring. Figure 13 shows the typical mcd;fication 
of the L4680 seal, both before and aftzr. 

Addition to  the Be!leville springs raised the static sealing load capability 
of these sealing closures to 600 lbs (2669 N),  which permitted an experimental 
tradeoff of sealing closure loads to that level during the rapid screening tests. 

Polyicide Seal Retention 

Further review of the “rolled over metal lip” technique previously shown 
for retainmg the polyimide seal in sealing closure concepts L4685 and 1,4696 
had disclosed that this technique was not easily controllable and that it could 
have resulted in subjecting the polyimide to vastly different stress levels from 
one part to another. Consequently, this design was modified to feature a 300 
series stainless steel retaining ring held in place by a total of eight (8) screws. 
The before and after cross sections of the L4685 sealing closure concept 
shown in Figure 14. 
permitting removal and replacement of the polyimide seal in the event of damage 
or other mishaps. 

This modification has the additional advantage of readily 
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A t  a KASA-LeRC program revicw meeting held during April of 1971 ,  re- 
direction was given to discontinue the evaluation of the P/N L4678 spherical 
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copper lip sealing closiwe and to pursue instead analysis ar?d design of a gald- 
plated flat sealing closure. This effort resulted in the seal configuration shown 
in Figure 15. The se:ling closure consists cf a flat bottom poppet utilizing 
either type 440C or tungsten carbide lapped to a 1Ah dnish. The seat consists 
of a lip seal with a thickness of approxim:itely .020 inch (. 076 cm). This lip 
seal includes a -020 inch to . O Z 5  inch (. 151 N - .061 N) sealing land which has 
been dightly.crowned and which is gold-plated. 

Fa’Jrication of the Sealing Closures 

Initiai release of sealing closure details for fabrication was m d e  in 
D=cemheher of 1470. A t  that time, also critical long lead time components were 
ordered. Final detail d e s i s s  of the sealing closures included subcomponent s 
which required considerabiy longer iead times i h a ~  hid origix~dly been allowed 
for. h particular, the pacing item during the fabricatim turned out to be the 
tungsten carbide poppets. Tungsten carbide blanks for these poppets were pro- 
cured from Kennametal and were received late from the vendor on February 15, 
1971. These blanks were subsequently machined and lapped. 

During fabrication, several problems were encountered which required 

had a spring rate that had a much 
minor modifications in some of thz designs. For example, the spherical teflon 
lip seal, identified a s  L4686 (Figure 9 ) 
greater stiffness than had been planned. The other sealing closures which were 
fabricated utilized bellows and Belleville springs to achieve precise seat load 
control. The bellows for these sealing closures were delivered by Gardner 
Bellows on February 15, 1971. Inspection disclosed that the vendor had decided 
to deliver bellows with 1-1/2 convolutions rather than the one convolution in 
order to meet the spring rate and effective diameter requirements established by 
Marquardt. The bellows as originally ordered a i d  as  delivxed are  shown in 
Figure 16 and Figure 17. This change in configuration made it necessary to 
t r im the bellows lengths in order to fit them into ihe o-;crz11 length of the sealing 
closures. In addition, the close spacing of the inside half convolution to the 
bellowa end made it necessary to remove the flow contour shields on sealing 
closures L4682, L4685 and L4686 because of the resulting interference. Another 
problem with the delivered bellows was the fsct that the bellows ends lacked 
concentricity requirements. Thus, considerable rework of the sealing closures 
was incurred in order to accommodate the bellows. 

During the fabrication of the tungsten carbide seat, P/N L4682, it was de- 
termined that the tungsten carbide ring which was brazed to a 300 series support, 
had cracked during the bracing operation. Subsequent failure investigation dis - 
closed that the mati% interface of the tungsten carbide and the 300 series stainless 
was not compatible with the expansion characteristics of the two materials, as 
they occur during the bmze cycle. Consequently, the 300 series support was 
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Figure 15 - Gold Plated Lip Seat, Drawing No. L4312 



4 Y 

E 

I '  

-7 b 

t 

i 

i 
1 

46 

c 



i 

c. 

T 

I 

5 
IL 

.. 

bi : 7- 

k 

T- 

I 

‘7 
I 

,i 

47 



r 

completely redesigned to feature a shear joint between the two materials and 
also to include a single ccnvolution radial bellows. This configuration is 
shown in Figure 18. Fdhwing incorporation of these changes, and overcom- 
ing other minor problems that arose, the sealing closures were fabricated. 
Phc,ographs of some of the sealing closures a re  presented in Figures 19 
through 23. 
ing tests. 

Following fabrication, the closures were subjected to the screen- 

Rapid Screening Tester 

The purpose of this phase of the program was to subject the selected 
sealing closure cancepts to a series of rapid screening tests to evaluate their 
life-cycle capability. These tests *N re  accomplished by means of a rapid 
screening tester. For this contract, the government furnished the rapid 
screening tester P/N IT13602-1, which was previously used under NASA 
Contract NAS 3-12029. After a careful review the tester design w a s  con- 
sidered inadequate to meet the needs of this program and was substantially 
redesigned. The only still-useful component of the tester was the thermal 
conditioning jacket. The following sections describe the rapid screening tester 
design criteria and the detail design which etolved from this criteria. 

Design Criteria 

The primary function of the rapid screening tester was to develop a 
capability t' 
within a short period of time. Evaluation of the sealing closures was ac- 
complished by rapidly cycling the tester at the design load with the proper 
impact, and inlet pressure conditions over the required temperature range. 
Periodically the sealing closures were leak checked during the cycling to 
verify satisfactory leakage characteristjcr . Based on these evalcation tests, 
the best performing sealing closures were pinpointed and the most suitable 
actuators, linkages, and supporting parts for these s e a k g  closures were 
defined in order to subsequently achieve the most optimum valve design. m-e 
design of the rapid screening tester was completed, and submitted to the 
NASA -LeRC Pr oj::v<, Manager for appro-ial. Following approval, fabrication 
of the rapid screening tester was initiated. 

would allow the evaluation oi a large number of sealing closures 

The operating characteristics of the rapid screening tester were, of 
course, the same ab those defined for tilt: Space Shuttle Auxiliary Propellant 
Valves as presented in Table I. To limit the number of sealing closures to 
be evduated, it was decided to ckqose one sealing closure siee only and to 
scale up or  down from this size analytically to the specific valve size require- 
ments of the high pressure anc low presswe valves. The final choice of the 
rapid screening tester sealing r:losure s i ze  w a s  a 2 ipch (5 cm) nominal 
diameter. This choice mentiontd in section 'Sealing Closure Sizing", was 
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Figure 1.3 - Tungsten Carbide Seat (Cross Section) 
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somewhat arbitrar 
lies between the nominal high pressure valve sealing aiosure diameter of 
1 1/2 inches (3.8 cm) and the nominal low pressure sealing closure diameter 
of approximately 6 inches (15 cm). Since the high ressure valves wi l l  be 
operated at an inlet pressure of 400 psi (276 N/cm'), this condition was sub- 
stantially more severe than the low pressure operating condition of 20 psi 
(14 N/cm2) with resped to leakage characteristics, and therefore prompted 
a choice of the rapid screening tester sealing closure nominal diameter 
closer to the 1 i / 2  inch (3 .8  cm) high pressure size than the 6 inch (15 cm) 
iow pressure size. 

but was based on the fact &that a 3 inch (5 cm)  diameter 

s .  

Because of the high response characteristics of these valves, the im- 
pact loads incurring during closure a r e  quite substantial and it was essential 
that these impact loads be properly simulated. A discussion of these impact 
loads also was presented in section "Sealing Closure Sizing". It was then 
necessary to trade off the moving mass of the rapid screening tester with 
the stroke and the actuation force requirements in order to achieve the range 
of impact kinetic energies of interest. During the design, it became evident 
that the moving mass of the rapid screening tester was substantially greater 
than the moving mass of a flightweight valve. To minimize this mass, it 
was decided to incorporate a spring joint between the poppet assembly and 
the actuator yoke and cylinder, such that the mass of the yoke and actuating 
cylinder could be disregarded in the kinetic energy determination. Still, the 
moving nuss of the poppet assembly was greater than that of a flightweight 
valve and this prompted the utilization of shorter strokes than would norm- 
ally be experienced in the flightweight valve. Thus, the rapid screening 
tester did not have the capability of simulating kinetic energies during 
closure and resultant impact forces. 

Another design criteria for the rapid screening tester was  the desir- 
ability of providing repeatable closure motion while allowing some radial 
plpy as might be expected in the design of a sliding fit. As is evident from 
the discussions in sections "Analytical Leakage Model'' and "Sealing Closure 
Conception and Design", any scrubbiag motion which occurs during the 
mating of the halves of the sealing closure wil l  substantially affect the wear 
capability of the sealing closure. In effect, preliminary analysis has shorn 
that in order tu achieve one million cycles without exceeding the leakage 
requirements of 100 scc's per hour of helium at the operatiug inlet pressure, 
it  would be necessary to design into the valve extremely low scrubbing 
distances of the order of .001 inches (. 0025 cm). To permit the evaluation 
of this most critical scrubbing distance, it was necessary to provide the 
tester with a feature which allowed the variation in radial play of the moving 
poppet. 
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The final design criteria for the rapid screening tester is listed in 
Table <:I. -4s was  mentioned, upon review of the  rapid screening tester, 
P/N IT13602-1, which was furnished by the government for this program, it 
was determined that a major redesign had to be undertaken in order to make 
the performance characteristics compatibi 3 with these requirements. The 
final design configuration of the rapid screening tester is discussed in the 
next section. 

Setaiied Design 

Redesign of the government furnished rapid screening tester resulted 
in the configuration as shown in Drawing L4688 (Figure '2.1). Of the com- 
ponents shown in this drawing, only the double-wall pressure vessel remains 
unchanged. As mentioned previously, one of the prime objectives of the 
tester design was to permit rapid installation and removal of sealing closures 
so that a large number of sealing closures could be evaluated within a short 
period of time. The design shown in Figure 24 readily accomplished this 
objective. The actuaLor, yoke, position transducer, and spring coupling can 
be removed from the poppet assembly by removing a total of 12 bolts. Sub- 
sequently, the lid of the tester, which includes the poppet assembly, flexure 
guidance and sealing closure, can be separated from the double wall chamber 
by removing the 12 lid bolts. Once the lid assembly is removed, both the 
seat and poppet become readily accessible. T:vo of these Lid assemblies 
were fabricated so that one lid assembly could be built up in the clean room 
while the other lid assembly was being cycled in the rapid screening tester 
at the test ficility. 

To achieve perfect repeatable axial guidance of the poppet, two sets of 
axial guidance flexures were designed and spaced at a distance of 4 inches 
(10 cm). The Marquardt Company has had extensive experience in the de- 
sign of axial guidance flexurea and has stressed this particular 2 z x r e  so 
that a service life in excess of 10 million cycles is easily attaib 'e. The 
inner cylinder and the outer cylinders at the flexure are  comp1etE:y brazed 
assemblies so that no shift in alignment between the poy9et and the seat can 
occur. Initial precise alignment of the poppet and seat were achieved by 
finish machining of the poppet back-stop surface, such that it was pai-allel 
within 0.0001 ihchea (.00025 cm) to the back-stop surface of the seat. Con- 
centricities of the poppet to the seat were achieved in a similar manner by 
finishing the locating diameters of each of these parts within a very tight 
tolerance. Upon installation of the poppet and seat into the lid assembly, a 
final parallelism and concentricity check were made on the poppets and seat 
with an electronic indicator by scribing on surfaces provided specifically for 
this purpose. 
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TABLE VI - RAPID SCREENIBG TESTER DESIGN REQUIREMENTS 

Operating Pressure 

Operating Temperature 

Stroke Closed Load Cspability 

Closing Force Capability (dynamic) 

Opening Force Capability (dynamic) 

Stroke 

Operating Frequency 

Linear Guidance Capability 

Impact Kinetic Energy 

Nominal Sealing Closure Diameter 

20 - 400 psi 
(14 - 276 N/cm2) 

200 - 85OOR 
(111 - 472OK) 

20- - 15001bs 
(89 - 6672 N) 

10 - 200 lbs 
(44 - 850 N) 

10 - 200 lbs 
(44 - 890 N) 

0 - 1"Maximum 
(0 - 2.54 cm) 

10 cps 
(Hz 1 

0 - .010" Radial Play 
(0 - . 025  cm) 

2 2  
500 - 2500# in /sec 

(.1463 - .7313 N-M) 

2 in 
(S. 1 zm) 
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Analysis of the force requirements of Table VI disclosed that the pres- 
sure forces acting on a 2 inch (5.08 cm) diameter surface at 400 psia (275.8 

2 N/cm ) inlet pressure were much greater than the actuation force require- 
ments. Consequently, to permit better control over the valve opening and 
closing times and, more importantly, over the kinetic energies during 
closure, it was considered absolutely esential to pressure balance the poppet. 
This pressure balance feature was accomplished by making the outer dia- 
meter of the moving center shaft of the poppet assembly where it came 
through the lid equal to the poppet effective sealing diameter. Since the 
pressures outside the rapid screening tester and down3tream of the sealing 
closure were essentially equal at all times, this design approach effectively 
eliminated the pressure unbalancing forces. Any pressure unbalance which 
remained due to machining tolerances was determined precisely by matching 
the force output of the hydraulic actuator with the pressure force generated 
when the rapid screening tester was pressurized to the 400 psi (275.8 N/cm2) 
operating condition. 

The rapid screening tester is of an all stainless steel construction with 
omniseals used both as  static seals where necessary, and as the d p m i c  
seal where the poppet assembly shaft penetrates the lid. 

,j hydraulic actuator operating with pressures up to 3000 psi (2068 
N/cm ) was chosen to operate the sealing closure since the precise control 
of static as well as dynamic forces could be more easily accomplished with 
a hydraulic actuator than with a pneumatic actuator. Since the operating 
temperature of a hydraulic actuator 1s however, more limited than the 
200-850° R (1114220 K) temperature range of the rapid screening tester, 
this actuator was thermally isolated from the tester by means of a support 
structure and actuating yoke. During checkout testing cf the tester, temper - 
atures at  both the hydraulic actuator and the positioa transducer were mon-, 
itored and additional coding or heating cwld be provided to the actuator 
support structure as required. The static md d p m i c  force outp ts  of the 
hydraulic actuator were varied independently by providing check valves and 
variable area needle valves in parallel in each of the hydraulic supply lines 
to the actuator. Thus by setting the hydraulic supply pressure to a specific 
value, a specific load could be generated; and by adjusting the needle valve, 
a lower dynamic load could be produced. 

The interface between the hydraulic actuator yoke and the poppet as-  
sembly was a spring coupling which included both a coil spring and Belleville 
washer. The range limit of the coil spring was approximately 200 lb (890 N), 
that of the Belleville washer - 1500 lb (6672 N), The Belleville washer was 
to be employed only if the closing dynamic force was in excess of 200 lb 
(890 N). The spring joint served two purposes. One was that it ehninated 
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alignment problems between the actuator assembly and the poppet assembly. 
The other was that it decoupled the actuator and yoke mass from the poppet 
assembly mass when the poppet reached the closed position, thereby per- 
mitting more precise control of the closing kinetic energy and the resultant 
impact force. 

lbmperature conditioning of the rapid screening tester was accomplish- 
ed by flowing cold gaseous nitrogen or heated air  through tI 5 double-walled 
jacket. A leakage test fixture was also added to the rapid screening tester. 
The purpose of the leakage test fixture was to minimize the volume immed- 
iately downstream of the sealLg closure interface and to minimize the effects 
of thmnal  transients on that volume and thereby on the true leakage rate. 
The test fixture consisted of a teflon plug which was positioned into the seat 
orifice and spring loaded against it with a coil spring which in turn was pre- 
loaded manually and locked in place by the twist of the wrist. A 1/8 inch 
(. 3175 cm) diameter tube connected the volume upstream of the leak test 
fixture to a graduated cylinder which was used to measure the leakage rate. 
The tester also was equipped with other instrumentation such as sealkg 
closure tempzratures, jacket temperatures, actuator pressurc crop, vari- 
able reluctance position transducer readout, etc. 

The rap:d screening tester w a s  stress analyzed to assure satisfactory 
Criteria employed in this stress analysis was as follows: 

The flexures had to be capable of guiding the piston and 
poppet for one inch (2.54 cm) total travel, with the null 
point at lh inch (1.27 cm) stroke, for at least 1 million 
cycles. (In practice, the strokes will be substantially 
shorter and the flexure life much greater tban the 1 
million cycles. ) 

The tester flexures were to be designed for an axial stiffness 
of 19.8 lb/in/plate (3.54 Kg/cm) &nd a radial stiffness of 
2670 lb/in/plate (477 Kg/cm). 

The tester jacket pressure requirement was 435 psi (300 N/cm2) 
nominal and 670 psi (462 N/cm2) proof. The jacket was to 
be capable of withstanding these pressures for a least 1 
million cycles. 

The detail stress analysis of various components of the tester is 
presented in Appendix B. A brief summary of the safety mna~.gfns and 
operating stresses of various components of the rapid screening tester is 
shown in Table M. 
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Fabrication of the Rapid Screening Tester 
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F'abrication of tester details was initiated in Decembel- 1970 and com- 
pleted in February 1971 except for the final assembly of the tester. Also 
n December 1970 procurement of all purchased parts and subcontracted 
parte was initiated. Except for the cooling jacket which was available from 
NASA Contract NAS3-12029 all parts shown in Figure 24 had to be fabricated 
or procured. . ESseatially one complete tester assembly vas fabricated 
except that two of the flexure assemblies (P/N X 27662), two hydraulic 
actuators and Lwm 2 to 6 seals for each application depending upon critical- 
ity of the seals were procurred or fabricated. The two h r e  assemblies 
were required to permit build up of one assembly with a sealing closure in 
tbe clean room while the secund assembly was  being tested in the tester at 
the test site. Thus, two fixture assemblies permitted rapid and efscient 
bestiag. 

Two lydraulic cylinders were procured to gain hetter actuation and 
static sealing load control. The smaller cylinder was employed for loads 
up to 450 bs. (2002 N) and the larger could generate 1 4 s  as high as 
3000 Ibs. (13345233. "he most critkal seal from the point of view of wear 
was the 2 inch (5. ec cm) diameter sliding seal utilized in the top lid of the 
teoter where the poppet shaft comets to the actuator assembly. A com- 
m a  iy used performance factor for this type of seal is the prcrduct of 
operating pressure and average sliding velocity. This "PV" factor is over 
100,000, a value which indicates severe wear and very short life for a 
seal operating at that level continuously. Kawever, since the application 
here is intermittent rather than continuous, satisfactory performance of 
the custom seal selected was expected. Several spare seals were procured 
in the event rapid wear out was  experienced. 

Manufacture of the tester details did not involve any appreciable 
problems. Manufacturing costs experienced were somewhat higher than 
originally projected. This wes in part due to the use of Inco 718 for several 
subcomporients. This materim costs appreciably more $6.25/lb. )($13.78/kg) 
than more commcm stainless steels but offers excellent spring characteris- 
tics for such components as flexures and bumpers. Inco 718 also is not 
very widely known 9s was determined by the ''ct that the first subcontractor 
to be awarded the tw 
The second eabcor.? ar::t.v, although he had had prior experience with &em 
milling this material also had ta prepare new etching  solution^ twice boforc 
finally completing the order. Thus the fabrication of the flexures delayed 
the completion of the tester by approximately one month. Awther factor 
delay-;neS assembly of the tester was the late delivery (by as much as 6 weeks) 
of Omni seals from Aeroquip Corporation. 

- &ern milling the flexure gave up after two tries. 
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Sealing Closure Tests 

Prior to canductiog the sealing closure teats, a test plan was prepared 
and submitted to the NASA LeRC Project Manager for approval. The test site 
w a s  then built up and the rapid screening tests were conducted. 

Test Plan 

The h t  plan for the evaluation of the sealing closures in the rapid 
screening tester was completed and approved by the NASA LeRC Project 
Managem. This Test Plan is included as Appendix C of this report. This 
test plan defmed ail procedures, test s~)(~~lences, test enviranment require- 
ments, instnunentarian require-, data requirements and data handling 
promduma. The test plan also specified critical characteristics which were 
to be mordtored to aid in the determination of the exact operating e,tatus of 
the screening tester throughout the program and established a procedure for 
dispoaitioning of discrepant performame or failure of any test item. 

Initial testing as defined by the test plan consisted of a comple&e check- 
aut of the rapid screening test fixture to assure that load/stroke capabilities 
w e r e  within the requirements established during the analysis and conceptual 
design phase. These tests consisted primarily of a calibration of the force/ 
stroke characteristics and response characteristics. Proof pressure tests 
mre also to be performed to verify structural integrity and .eak tight per- 
formance of the tester. 
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Once the rapid screening teeter had been checked aut, each of the seal- 
ing closures wae installed in succession and subjected to an evaluation pro- 
gram as defined in the test plan. A summary test matrix of the sealing 
closure testing ie prewmted as Figure C-3 of Appendix C. The evaluation 
program cglsisted essentially of cycling the sealing closure at 400 psia (276 
N/cm2) inlet pressure and at hot (850%j(472°K), ambient, and cold @OO%) 
( 1 1 1 ~ ~ )  conditians to verify the ability of the sealing closure to sea1 satis- 
factorily. Other variables which were explored during the tzst program 
were static seat loading, impact loads during closure, and poppet alignmat 
All of the test data were tabulated and utilized for the uompletion of the 
program effort. 

Test Site Preparation and T 9  System Description 

Upon completian d fabrication of the rapid screening tester it wm in- 
etalled in the eouthweet corner of Building 37 at the Marquardt, Van Nuys 
Test Facility. A better understanding of the type of support systems required 
for operation of the rapid screening tester may be gained from Figure 25. 
To permit operation of the tester hydraulic actuator a 3000 psi (2068 Worn2) 
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hydraulic pump and hydraulic feed system including accumulator, pressure 
regulator, pressure transducers, throttling and check valves and servo 
valve were installed. A frequency generator and pulser driver for the 
servo valve also were provided. 

The gaseous nitrogen supply from the central supply systcm to  the 
tester was installed. This system utidzes a 2 in. (5.08 cm) diameter 2000 
psi (1379 N/cmZ) line to within a short distance of the rapid screening tester 
and is regulated down to the required 20 to 450 psi (13.8 to 310 N/cm2) run 
pressure at that locatioE. A surge tank down stream of th pressure reg- 
ulator w a s  used to minimize gas pressure variations during the high 
response actuations of the tester. This system was  sized such that the 
nominal gas flow rates required during later testing for valve pressure 
drop verifications could be readily supplied. 

The Helium supply system also was located adjacent to the tester. 
This system utilizes portable Helium K bottles and was tied into the gaseous 
nitrogen supply system to permit leak checks with helium. 

Cold conditioning of the rapid screening tester was accomplished by 
means of a GN2 and LN heat exchanger and mixing system. This system 
was available from an 0i.i er ted program and was  plumbed to the jacket of 
the rapid screening tester. Hot conditioning was  provided by an electric 
heater which heated a gaseous nitrogen supply for conditioning the tester 
jacket to the 850% (4;2OK) run temperature. A n  overall view of the sealing 
closure evaluation test set-up is shown in Figure 26. The rapid screening 
tester is located just to the right of the center of this photograph with the 
hydraulic feed system including an accumulatol .orvovalve, throttling 
valves, check valves, and differential pressur  ssducer located towards 
the upper left of the picture. In the lower left haid  corner is a cold condi- 
tioning system which employed liquid nitrogen in a heat exchanger to cool 
gaseous nitrogen to the desired conditioning temperature. In the upper right 
hand corner of the picture is an electric heater used to heat gaseous nitrogen 
for conditioning of the rapid screening tester to the maximum 39@F (199'C) 
tsmperaturc. 

. 

Figure 27 shows the rapid screening tester actuation mechanism in 
yzeater detail. Evident in this picture are  the hydraulic actuator at the top 
2nd proceeding down along the axis of the tester, the stroke adjustment nut, 
a yoke within which the LVDT position transducer is located, and the spring 
joint which isolates the miss of the yoke 8,nd the hydraulic actuator from the 
moving mass of the poppet assembly during impact of the poppet on the seat. 
Also shown in the right fore- und, ie the tester inlet filter which is removed 
with &e tester to the Clean Room for removal and installation of the new 
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Figure 27 - Rapid Screening Tester Actuation hltchanism 67 



sealing closures. Figh frquency response instrumentation was u s 4  and 
included a variable reluctance position transducer ;or the tester and a 
hydraulic differential pressure transducer for the tester actuator. These 
outputs were recorded on a dual beam oscilloscope. Sealiilg closure and 
tester jacket temperatures were monitored with thermocouples and were 
recorded on a strip chart recorder. Other instrumentation which was instal- 
led included various pressure gages which monitored such parameters a s  
tester inlet pressure, hydraulic supply pressure, helium and GN2 supply 
pressures, tester downstream pressure, tester jacket pressure and others. 
Figures 28  and 29 show some of the recording instrumentation. 

Check-out Testing 

Check-out testing of the rapid screening tester consisted essentially of 
three types of tests. These were checkout of the cold conditioning system, 
checkout of the hot conditioning system, and checkout of the tester actuation 
mechanism to verify its ability to generate poppet closing velocities of 16 
inches per second (.4064 m/s) at a cycling frequency of 10 cps (HZ) and to  
control static and dynamic sealing closure interface forces. 

During the temperature conditioning tests, it became evident that a 
substantial temperature differential (80%) (44OK) existed between the tester 
conditioning jacket and the tester flexure assembly. This substantial temp- 
erature differential resulted from a 0.1 inch (. 254 cm) air  space between 
these two tester parts except at the top mounting flange where actual metal- 
to-metal was achieved. The substantial temperahre differential coupled 
with the heat losses from the tester flexure unit and the tester actuation 
mechanism made it difficult to rapidly achieve the desired sealing closure 
temperatures. Consequently, to improve this condition, a copper liner 
consisting of two copper sheets with copper wool stuck between the two 
sheets was fabricated and inserted in the air space. This liner then pro- 
vided a direct conduction path between the thermal conditioning jacket and 
the tester flexure units and appreciably improved the heat transfer charac- 
teristics. 

Cold conditioning of the rapid screening tester to  -260°F (-162OC) was 
eventually achieved in a period of approximately 1/2 to 1 hour by simply 
introducing liquid nitrogen directly to the conditioning jacket. This approach 
eliminated the liquid nitrogen to gaseous nitrogen heat exchanger equipment. 
Adeqcluate control of the sealing closure temperature was achieved by simply 
throttling the liquid nitrogen to the tester jacket. 

Hot conditioning of the rapid screen tester to 390°F (199OC) turned into 
quite a problem since the 9 kilowatt electrical gaseous nitrogen heater did 
not provide sufficient energy output to make up for all the heat losses of the 
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heat exchanger to tester transfer lines and the tester itself at a sealing 
closure temperature of +390°F (199OC). Several modifications were made to 
the hot conditioning system and these included the addition of insulation to 
the transfer lines, the addition of an external copper coil to the tester at the 
top of the tester, the addition of a hot gas bleed line into the outlet of the 
tester a d  finally the addition of a steam heat exchanger to pre-heat the 
gaseous nitrogen to approximately 200-300'F (93-149OC) before it entered 
the electric heater. During these attempts to increase the sealing closure 
operating temperature, several electric heater malfunctions also occurred, 
which resulted in a delay of the check-out testing of approximately 3 weeks. 
The final hot temperature conditioning system permitted attainment of the 
+390°F (199OC) high temperature in approximately 1 to 2 hours, and operated 
very satisfactorily during the evaluation of the seeling closures. 

Check-out cycling tests of the rapid screening tester were performed 
by installing the P/N L4683 (Figure 8) sealing closure and by operating the 
tester at various hydraulic systempressures and throttle valve settings. 
This same valve sealing closure was also used for checkout of the leak test 
fixture. Initial cycling tests resulted in maximum achievalbe closing velo- 
ities of 8 inches (20.3 cm) per second. It was determined that the closing 
velocities were limited by the size of the hydraulic servo and consequently, 
a larger unit consisting of a servovalve and slave was installed to achieve 
the required 16 inches (40.6 cm) per second. Several thousand cycles, many 
of them at 10 cps (HZ), were accumulated during the checkout testing of the 
rapid screening tester. It was determined that the closing velocities were 
essentially independent of the stroke because the system was set up to limit 
the hydraulic flow to the actuator. Consequeutly, to minimize GN2 consump- 
tion, it was decided to operate at relatively small tester strokes and all sub- 
sequent sealing closure testing was performed with strokes of approximately 
0.020 to 0.040 inches (. 0508-. 1016 cm). 

Sealing Closure Scree- Test Results 

During the screening test program, seven different sealing closure 
designs were evaluated in the rapid screening tester. In some cases, two 
units of the same design were tested. The evaluation program consisted 
essentially of cycling the sealing closures at 400 psia (276 N/crnz) inlet 
pressure and at hot (8500F) (472'K), ambient, and cold (ZOOOR) (111OK) con- 
ditions to verify the ability of the sealing closure to seal satisfactorily. 
Leakage tests at each condition included variations in helium pressure (30, 
225, and 450 psia) (13.8, 155, 310 N/cm2) and in static sealing closure inter- 
face loads. The goal was to accumulate 100,000 cycles with each sealing 
closure without exceeding the leakage requirements of 100 scc's per haw of 
helium at 450 psia (310 N/cm2) inlet pressure. 
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Table VIII is a data summary of the pertinent results obtained with each 
closure design and the following paragraphs discuss some of the details. 

Gold Plated Lip Seat - P/N L4312-1. 

Testing of the gold plated lip seat (L4312) resulted in excellent results 
at  hot, ambient, and cold temperature up to a total of 92,000 cycles. At  that 
point, the lip.sea1 broke along a groove which was caused during initial 
machining. Further investigation of the seal disclosed that the groove 
caused a stress concentration which in combination with the rather brittle 
characteristics of the material (Pyromet X-15) at cryogenic temperature 
resulted in the failure. The seal was subsequently redesigned slightly to 
reduce stress levels and to specify a better surface finish and Inconel 625 
was substituted for the Pyromet X-15. 

Fabrication of the new gold plated Inconel 625 l ip  seal (L4312-1) was 
completed and the seat was successfully tested under hot, ambient and cold 
temperature conditians through 200,000 cycles. 

Flat TeflonSeat - P/N L4680 

This sealing closure operated satisfactorily up to SC30 cycles at which 
time the sealing closure had to be removed from the assembly to permit a 
thermocouple repair. Subsequent reinstallation of the sealing closure re- 
vealed an initial leakage of 3000 scc's per hour, however, after conditioning 
the sealing closure to 39OoF (199OC), the leakage was again zero. Sub- 
sequently, 3000 cycles were performed at hot conditions with leakage re- 
maining well within Specifications. These tests were followed by 12,000 
cycles at ambient temperature for a total accumulated number of cycles of 
19,000 with leakage measurements at sealing ciosure interface loads of 450 
lbs (310 N/cm ) and higher, well within specifications. The rapid screening 
tester was subsequently cooled to -2SOOF (-162OC) and leakage was again 
measured. Under these conditians, leakage in excess of 100 scc's per hour 
was encountered at sealing closure interface loads as  high as 1600 lbs (1103 
N/cm2). An attempt to cycle the sealing closure for an additianal 1000 
cycles did not improve this condition. Consequently, further testing of this 
sealing closure was terminated. 

2 

Examination of the sealing closure disclosed no particular discrepancies. 
Based on these and other sealing closure tests, it is believed that 'the polyimide 
bumper which was used in parallel with the teflon seal in this design, did not 
deflect sufficiently to permit good contact between the teflon and poppet at  
the low temperature condition. It was recommended that a thinner polyimide 
bumper, and therefore one that would deflect more under the same load, be 
designed, fabricated, and evaluated during future testing. However, because 
of the promising results obtained with the other materials, no further work 
was done with teflon. 
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Spherical Teflcm Seat - P/N L4681 

The spherical teflon seat is identical in construction to the flat teflon 
seat, except that the poppet to seat interface is spherical rather than flat. 
A teflon land width of 0.045 inches (. 1143cm) is employed in both designs. 
This sealing closure performed very satisfactorily at ambient, hot, and 
cold temperature, up to 37,000 cycles. At that point the test technician 
terminated the cycling tests due to the occurrence of unusual noise in the 
rapid screening tester. A leak check at that point indicated gross leakage 
and subsequent disassembly of the sealing closure disclosed that one of the 
clamps holding the spherical poppet to the poppet shaft hau come off and 
another clamp had vibrated loose during the cycling tests and that the first 
of these clamps was lodged between the seat and the poppet. Examination 
of the seat also disclosed that the tetlon was completely missing and it is 
believed that the teflon retaining clamp of the seat was inadequate, such that 
the teflon seal ring contracted during the cold test and pulled aut of the re- 
taining clamp. With the teflon missing, the spherical poppet made direct 
contact with the polyimide and was able to achieve an effective seal. How- 
ever, since it was the purpose of this sealing closure to evaluate teflon, 
rather than the polyimide, the design in its present state was considered 
inadequate, and further testing of this sealing closure was discontinued, 
sealing closure employinp only polyimide was tested very successfully and 
is discussed in later paragraphs. 

A 

Flat Tunr? sten Carbide Seat - P/N L4682 

The tungsten carbide seat leaked somewhat in aces8 of specification 
after initial installation and was, therefore, not cycled. Post test inspection 
disclosed the seat land to be out of flat by 3 light bands, apparently due to 
stresses induced by the Belleville springs which are used to set the sealing . 
closure interface force. 

This tungsten carbide seat was relapped and reustalled in the test 
set-up. Initially the seat demonstrated excessive leakage, however during 
subsequmt investigation, it was determined that the lugs Jvhich hold the 
poppet in position, cauld be tightened in such a manner as to cause distor- 
tion of the poppet face. This was corrected and subsequently the seat was 
successfully tested under hot, ambient and cold temperature conditione 
through 100,000 cycles. 

Flat Teflon Lip Seat - P/N L4683 
During the cold cycling tests with this design, the sealing closure 

leakage characteristics somewhat exceeded specification requirements 
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with the maximum leakage reaching 230 scc's per hour after approximately 
40,000 cycles. Leakage measurements at both ambient and +390°F (199OC) 
were at all times within specification requirements. Testing of this parti- 
cular sealing closure'was terminated after 62,000 cycles when leakage at 
hot conditions became excepsive. Detailed examination of the sealing closure 
disclosed that during the final machining operation, the metallic bumper 
located immediately downsiream of the teflon seal was machined down suf- 
ficiently such.that the teflon coating tnickness tapered to zero in me area of 
the seal. In this particular area, the extremely thin teflon coating had sepa- 
rated from the metal and 'be tefion was no longer effective as a bsal. The 
fact that the teflon coatir;g thickness taperld down to zero was an out-of- 
print condition, and it was for this reason that it was decided to manufacture 
another seat and to resubmit this sealing closure to further testinl,. The 
seat was recoated, however, the seat was very marginal because of repeated 
recoating in an effort LO improve the quality of theTFE coating. Testing of 
this seat resulted in fracture of the metal lip which supports the teflon during 
the initial cycling in the rapid screening tester. Fabrication of a new teflon 
lip seal was initiated immediately. 

Fabrication of the new teflon lip seal was completed and tests were 
initiated. Initial seat leakage was acceptable, however, after 1,000 cycles, 
leakage was excessive. Tsrdown inspection revealed that the teflon at  the 
outer edge of the seal had separated in several area? .'?om the base metal, 
apparently due to poor adhesion, folded inward over the sealing surface, 
causing a dwble thickness with resultant leakage. Additional effort with 
teflon coated lip seals was then discontinued. 

Flat Polyixrdde Seat - P/N L 4685 

Tests conducted with this particular seat assembly were very success- 
ful and leakage was zero at  all temperatures up to 100,000 cycles with the 
exception of one leakage reading which was made at -26OoF (-162OC: and 
after 20,000 cycles, and which ehowed a leakage at the specification limit of 
100 scc's per hour. A s  with all other sealing closures, cycling w; , xcm- 
plished at a rate ,>f 1.0 cps (HZ) and with a stroke of approximately 1 425 
inches (. 0635cm). 

Sbherical Polyimide Seat - P/N L4686 

Test data obtained with this seat assembly was highly successful. 
Except for an initial leakage reading of 5 scc's per hour, all of the leakage 
tests disclosed zero leakage. Cycling again included both ambient, hot, and 
cold testing. A total of 100,000 cy. :s were ar;cumulatud. 
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From these results, summarized in Table Vm, it is evident that four 
of the sealing closures perlormed satisfactorily, wbereas three were con- 
sidered unsatisfactory ce ue basis of the specific specimens evaluatei. 9 
is also evident from this table that a wide varieg of sealing closure materials 
were investigated. These ranged from such plastics as tefion and polyimide 
to metals and ceramics such as tungsten c 'rlcide. Since the discussion of 
P. - analytical leakage model data correlation requires a knowledge of certain 
sealing closure design parameters, Table IX is also presented. Table IX 
lists pertiaent design data for each of the seven sealix-J closures tested by 
The Marquardt Company. As evident from this table, some of the sealing 
claurer were evaluated at different impact load and static load leveb wbere- 
as others were evaluated at only one impact load a d  one static load level. 
This as- depwiec! primarily upon the specific sealing ciosure 'h as mch 
as these loeds could bF; readily varied on some of the sealing closures due 
to inheren' -1 varying prwisims but would have required design modifica- 
tion am t h ~  . . sealing closures. 

The section entitled "Analytical Leaksqe Model" of this report present- 
ed a discussion of The hrquardt Company derived analytical relatianships 
which +-upressed the helium gas leakage flow through sealing closure inter- 
faces. Ad defined, &e analytical leakage model cansisted of two relation- 
ships. One examines the leakage through a static sealing closure interface, 
and the other attempts to prslict the surface finish degradaticm oi tf. 
sealing surfaces as a result of the wear incurred during the cycling of the 
sealing closure. Attempts have been made to correlate the experimental 
data with botb parts of the analytical leakage mode! and the results of these 
correlations are described in +he following sectiom. 

ating 

Static Analytical Leakage Model Correlzum 

The section "Analytical Leakage Model" showed that volumetric leak- 
age flow rate through a poppet seat in te rhe  is equal to the sum of the 
laminar flow and the molecular flow as follows: 

QL + BM 
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h = Peak to Valley Height (In.) 

It is &dent from these aaalptizal relatianships that the factor having 
the greatest influence on the volumetric 1&-s flow rate is the effective 
leak path height, since it occurs both as a cubed and squared funcbcm in the 
analytical leakage model. An understamiiag; oi this fact resulted in the design 
of sealing closures featuring very fbx surface finishes as listed in Table '-. 
Closer examinatian -,f the ef€ective leak path height @I) shows that thL 1 - c -  or 
is equal to the sum of the peak to valley h e i q b  of each of the mating st?<-.Lg 
surfaces modified by a stress tionship. This stress modifier was de- 
rived to be the quantity 1 - 0s. Theoretical determinatiou of the hctor 
JI is most zomplex since it depends upon a number of assumptions of 
the sealing surface configuration mch as waviness and lay as well as other 
assumptions wh€ch relate whether or not individual surface peaks 2 r e  simply 
compressed without a corresponding rise in the surface valley or whether 
there is indeed a corresponding rise in the surface valleya. Using  metal-to- 
metal surtice properties characterzs . tics, the factor i s  originally pre- 
dicted tc oe 1.375. 

9 

It was the intent of the experimental program to generate data which 
would permit an updating of this factor $ as well as the determinatiac af JI 
for a variety of sealing closure materials. To permit the determination of 
the factor (I from experimentzd data, the sealing closure interface load data 
present& in Table IX was converted into seating stress values through the 
use of the curves presented in Figure 30. These stress values as well as 
the seat diameter, gas temperature, land width, viscosity, a .  actual 
measured lea'kage rate were inserted into the analytical leakage expression 
and this relatiwbip was solved for the effective leak path height H. To 
facilitate the solution of this analytical expression, a series of curves ahow- 
ing the effw*ve leak path height (H) vis. the leakage rate were prepared as 
shown in Figure 31. Figure 3: is a samjde curve applicable to the flat 
tungsten carbide seat (L4682) 2t an inlet pressure of 450 psia (310 N/cm ). 
SJ ."ar curves were prepared at inlet pressures of 225 and 20 psia (155 and 
1 - -4/crn2) for this 88 well 88 dl of ths six other sa ing  c:oewe c-s- 
tione. Figure 31 was then entered a? a specific experimentally determined 
leakage rste and the correspondhg effective leak path height H was read off. 
This effective leak path height was then used to t mine the corresponding strers modifier ( I  - 5LJ for any one particular 
sealing cloaire. Once the stress modifier u~ was obtained, the coef- 
ficient $ cauld be dfermined. 

ter Figure 32 and to deter- 
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One minor problem with the model is the fact that with finite surface 
finishes it can only match experimentally obtained "zero" leakage by letting 
the stress term go to zero, that is cs */T = I. When that occurs, the effect 
of surface finish is eliminated, which of course is contrary to reality. To 
overcome this, an arbitrary, small leakage must be assumed to  evaluate the 
H factor. In the evaluation conducted, 1 scc/hr was equated to "zero" leak- 
age, which worked out quite well as indicated by subsequent correlation 
checks. A t  these low leakage rates the model becomes quite sensitive to the 
stress function exponent; however, this does not hold true when calculations 
are made for conditims resulting in higher leakage values, where the 
c ~ $ / ~ y  term becomes significantly smaller than 1. 

The stress coefficient r(, and leakage parameter H which account for 
surface fmish and seat stress effects a re  subject to significant variations 
for materials whose stress strain characteristics a re  a distinct function of 
temperature (e.& , polyimide and teflon). A s  shown in Table X, once the 
correct material yield strengths (i. e. the yield stess of polyimide used is 
6200 psi (4275 N/cm2) at ambient and 8000 psi (5516 N/cm2) at -26OoF 
(-162OC) is utilized the coefficient dt can be determined to correlate quite 
well with the yield strength of tbe softer sealing closure material as shown 
in Figure 33. When using this experimentally determined coefficient $ 
reasonable prediction of leakage, certainly in the right order of magnitude, 
and in many cases within plus or minus 50 percent is possible. A typical 
example of the actual leakage data obtained with the tungsten carbide seat 
(P/N L4682) at a seat load of 450 pounds (2002 N) and 450 pia  (310 N/cm2) 
helium inlet pressure is shown in M u r e  34. This figure also shows the 
ambient and cold leakage predictions based on the use of the experimentally 
determined exponent = 1.55 from Figure 33. 

i 

I 
i 

i 
Because of the great variety of influences and parameters affecting the 

leakage behavior of different seats, the available test data is statistically in- 
sufficient to fully evaluate and update the static analytical leakage model. 
Within the con6nes of the Space Shuttle Auxiliary Propellant Valves Program 
which md not allow for independent variation of such sealing closure charac- 
teristics as land width, surface finish, and seat diameter, it is nevertheless 
significant that a definite correlation between the stress exponent and the 
material yield strength was determined. 

Dynamic Leakage Model 

The analytical model which also was discussed under "Analytical Leak- 
age Model", was prepared by The Marquardt Company to predict sealing 
closure cycle life consists of the determination of the surface finish degrada- 
tion due to wear. This equation has the f o r m  I 
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- 17.6 x 10 
GAB 

k~ D = yo + 
YN 11,900 

where: 
= Surface finish after N cycles, in. yN 

'yo = uriginal surface finish, in. 

= Wear coefficient k~~ 

N = Number ofcycles 
! 

S = Lateral Sliding component between poppet and seat 

01 = Poppet/seat impact iltress , psi 

PA = Material hardness (softer surface), kg/mm 

(scrubbing distance). in. 

2 

2 = Energy of adhesion, ergs/cm 
GAB 

0 The surface finish, y , in this equation is related to the ?eak to valle 
height, h, of the static analytical leakage model by the relationship y'= l i3h .  
The expression for YN was originally used by Marquardt in determinhq 
criteria for the sealing closure designs for this program. Thus, this analyti- 
cal madel made it apparent that minimum surface finish deg. rdation and, 
therefve,  high cycle life required sealing closure designs which featured 
minimum impact loads and minimum scrubbing distances. Typical sealing 
closure interface characteristics that were achieved are  listed in Table IX. 

The dynamic leakage model also shows that surface finish degradation 
is directly related to the number of cycles. Unfortunately, none of the con- 
figurations and materials tested followed the predicted gradual deterioration 
of the surface finish with cycling. On the contrary, most showed a reverse 
trend, at lease in the 0 - 60,000 cycle range, which, of course, I s  due to the 
improvem it in surface finish of the softer material with cycling as  shown by 
the surface finish mea8uremerlt.d at the start and finish of the tests ;Table 1x1. 
A typical leakage/cycle history is shown in M e r e  35. Test results indicate 
that a more precise model would nave to provide for a wea- sattern giving a 
wear-in period, followed by a st.&le -eriod, and finallv $lowed by a wear- 
out period. Controlled tests woulti be necessary with many intermediate 
surface finish measurements t:, develop the characteristics bssociated with 
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a given contiguration and mater-a1 comhination. It also is evident that in 
many cases testing should be done far beyond the 100,000 cycles covered 
during these experiments, particularly since the original design goai was a 
cycle life of one million. 

A comparison of the scrubbing distances that were predicted as being 
maximum allowables for 100,000 cycles life with the scrubbing distances 
actually experienced on three of the softer materials (gold plating, teflon 
coating, and spherical polyirnide) indicates that these materials showed 
significantly less wear than was predicted by the analytical expression. 
Thus, the wear model appeais to be definitely conservative for soft seat 
materials. The modeling of wear in typical poppet/seat sealing closures is 
a very complex one. It was not the intent of the Space Shuttle Auxiliary 
Propellant Valves Program to perform an in-depth investigation of this area, 
but rather the purpose of the preparation of a wear model was  to  point out 
those sealing closure characteristics that enhance cycle life and to thereby 
conservatively size sealing closure interfaces which can exceed the required 
cycle life. This objective was successfully accomplished since four different 
sealing closures were cycled over 100,000 times each without exceeding 
the required leakage specifications. 
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VALVE SUBCOMPONENT :ZNALYSIS A X 3  CONCEPTUAL DESIGN 

1 I 

1 

In support of this effort, use was made of Marquardt's digital and 
analog compltcr programs for the study of dynamic valve behavior. The 
valve sizing computer program is organized such that each valve design is 
divided into two elements; the shut-off device component, which is the fluid 
control element and the actuator, which provides necessary force/stroke 
inputs to the moving components of the shut-off device. The interface be- 
tween the shut-off device and the actuator can be characterized by force, 
stroke and time. Shut-off device performance is a function of the fluid 
control properties desired and actuator performance is established by avail- 
able power source criteria. A total of valve performance predictions can be 
made when the shut-off device force-stroke-time input requirements equal 
the force-stroke-time output of the actuator. Both shut-off devices and 
actuators can be characterized by the nature of h i r  motion, namely lincar 
or rotary. This characterization is illustrated in Table XI. Having thus 
reduced the valves to basic elements, the analytical procedure was employed 
to establish compatible shut -off device/actuator interfaces for the various 
combinations of the elements. 

In addition to the aalytical  complter studies, the de-igns of actuators, 
linkages and supporting parts involved in the valve design layouts .nade under 
Contract NAS 9-10886 were examined. The canceptual designs of Figures 
36, 37 and 38 are representative of the initial design layout effort. 

The double acting solenoid operated valve of Mgure 36 was initially 
sized for a flow factor (CdAt) of 0.48 in2 (2.90 cm2) and an inlet pressure of 
400 psia (276 N/cm2). This concept incorporates several unique features. 
The double acting configuration (both seat and poppet move) wherdn the sum 
of the motion of the seat and the poppet results i3 the appropriate flow area 
across the valve seat allows the rlse of flexures to provide friction free 
absolute guidance of the moving elements. The type of flexure anticipated 
has been developed and used in Wrquardt'p valvb designs but is limited in 
stroke capability. The double action effecuvely double8 the range of ap- 
flicability of flexure guides. Dividing the moving mass into two separate 
elements, magnetically linked, also proves to be advantageous considering 

89 

The purpose of this task was to perform a thorough conceptual design 
and analytical trade-off study of various types of shut-off devices, support- 
ing parts, actuators, and linkages to select the best valve concept fur  ap- 
plication as  the propellant control valves for gaseous hydrogedgaseous 
oxygen rocket engines to be used on the Space Shuttle Auxiliary Proplsion 
System. 

Conceptual Design a d  Analysis of Actuatore, Linkages and Supporting Parts 
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Figure 37 - Ball Valve, Soft Seat 
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Figure 38 - Coaxial Poppet Valve, Pressure Actuated, 
Low Pressure, Hard Seat 
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the force stroke characteristic of the solenoid. A reduction iu solenoid 
force requirement is achieved since each moving mass moves only through 
1/2 of the total stroke (1/2 the acceleration). The reduced stroke of each 
element also favors metal bellows as  the method of accomplishing dynamic 
scaling at the balance area and required seat preloads. Though the analysis 
program ultimately indicated that a solenoid actuator for this application was  
not feasible, the configuration provided a basis for developing a relationship 
to predict s!.u;+ff device moving mass a=ld documented several unique design 
concepts applicable to other configurations. 

Figure 37 defines a rotary motion shut-off (ball) and torque motor 

(77.42 cm2) and an inlet pressure of 30 psia (20.7 K/cm2). Of 
actuator configuration. Original design criteria w a s  for a flow factor (CdAt) 
of 12 in. 
interest is the cam actuation to retract the seal on opening, thereby reducing 
the required torque to effect opening and minimizing scrubbing of the seal. 
The seal is bellows mounted such that the seal is pressure energized against 
the ball, in the closed position, in addition to the preload resulting irom 
initial compression of the bellows. "Wetted" ball bearing mounting of the 
rotating element was selected and a spring loaded shaft seal was incorpor - 
ated. Performance analysis ultimately invalidated a tor iue  motor actuator 
for this particular application. The concept documents the basic design of 
a rotary motion shut-off device assumed in the analysis program and sub- 
stantiates envelcpe and weight estimates. 

The coaxial, pressure operated valve of Figure 38 offers perhaps the 
highest density packaging concept. For the design criteria of 17 in. 
(109.7 cm2) flow factor (CdAt) and 30 psia (20.7 N/cmZ) inlet pressure, the 
configuration incorporates a balanced poppet with metal bellows dynamic 
seal. The actuator section operates off line pressure and also incorporates 
a metal bellows dynimic seal. Prwsure control of the actuator i s  accom- 
plished by a 3-way solenoid operated valve. The pneumatic cylinder actuator 
is a single acting cylinder in that it i s  pressurized to effect opening, while 
closing forces a re  exerted by the inherent spring characteristic of the met:? 
bellows when the cylinder is vented. 

As the analysis program developed, more specific design layouts were 
made such as those shown by Figures 39 through 45. The line pressure 
pneumatic operated poppet valve of Figure 39 is a characteristic vented-pilot 
operated valve configuration. With the valve in the closed positicm, as shown, 
the seat is preloaded closed by the coil spring and inlet pressure acts to hold 
the poppet closed. Upon opening command (electrical signal) the solenoid 
causes the pilot valve poppet to move to a position where the bleed tube from 
the inlet manifold to the cavity within the main valve poppet is  closed and the 
main poppet cavity is vented through the pilot valve. As cavity pressure 
decays, the differential pressure a c r o a  the poppet creates opening forces 
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which cause the poppet to move trr the full open position. Upon termination 
of the command signal the pilot poppet moves to effect closing c: the vent 
passage and opens the bleed tube to permit the poppet cavity to be pressurized 
by inlet pressure, negating opening pressure forces mtil  the spring moves 
the main poppet to the closed position. This configuration requires line 
pressure to effect operation and also exhibits a fail-safe characteristic in 
that tne valve will close in ' event of electrical failure or decrease in inlet 
pressure below a predetermined minimum pressure. Sizinq of the valve was 
based upon a flaw factor ( C d ~ t !  of 0.62 in, 
of 400 psia (276 N/cm2). 

(4.0 cm2) and an inlet pressure 

Figure 40 defines a line pressure pneumatic operated poppet valve 
which embodies all. characteristics of the assumed configuration of the 
analysis program. Sized for a flow factor (C&) of 0.62 in. 
an inlet pressure (PI) of 400 psia (276 N/cmZ), valve actuation is accomplished 
by a double acting cylinder. The packaging concept is unique in that mini- 
mum height and width of the package is achieved and the seat seal is the only 
potential internal leak path with the valve in the closed positioa. Th .ee-way 
solenoid operated pilot -alves a re  used to c mtrol the pneumatic cylinder 
actuator. Wth slight mxlification, the pi .alves could be combined 'nto a 
single S w a y  valve. Val-re seat preloada d1.5 exerted by coii springs toassure 
a failjsafe design. 

(4.0 cm2) and ' 

i rotary motion shut-oif. tomuz rr,otor actuated valve configuration is 
shown in 7igure 41. Designed for a flow factor (CUAt) of 0. 94 in. 
and 60 pf (i1.4 N/cm2), the cmfiguration is tctally ccnsiztent with the 
analysis Jrogram and embodies several unique features. Spherical surfaces 
of the rotating ball a r e  minimal by virtue of the large diameter trunions. 
Minimum weight is achievea by the thin shell design and assembly is simpli- 
fied by the design approach. As shown, the bearings 7 .  2 dry ,  being isolated 
from the flow media by shaft seals, however, the design is such that leakage 
of the shaft seals is  tolerable since the total housing is a pressure vessel 
capable of being welded or bolted to contain the rr-zdia. The valve seal is 
located at the inlet bide of the rotating element, at some minor increase in 
dribble volume, but minimizing p3tential !e?k pechs when the valve is in the 
closed position, The seat is a preloaded soft. 3eal configuration employing 
metal bellows as a spring loading e l emnt  and a positive dynamic seal to 
allow the seal to "floa!" to achieve the seat seal. A s  the valve is opened, a 
cam profile on the ball trunion meckanic2lly retracts the sea; t o  mini*qize 
scrubbing and reduce torque requiremntu to effect rbpid opexng. 

(6.06 cm2) 

For a flow factor (CdAt) of I O  in.2 (64.516 cm2) and a valve inlet pres- 
w r e  of 30 psi (20.7 N/cm2), a rotary motion auxiliarj pressure pneunatic 
.r!inder actuated valve design is shown in Figure 42. Actuator sizing icr 
med UpOti the availability of a 1500 psia (1034 N/cm2) auxiliary pressurtl 

"ource. 
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The rotating element is a trunian mounted thin wall spherical element. 
Shaft seals a re  eliminated by utilizing the cylinder piston seals to contain 
line pressure. The actuator is a double acting cylinder witb actuator force 
output being convened to torque by a rack and pinion Arive. Act\;z:or pres- 
sure control is performed by three-way solemid valves. A s  in the previous 
ball-valve design, cam action retraction of the seat seal is incorporated to 
minimize seat scrubbing. Metal  bellows mounting of the seat seal is em- 
ployed to achieve pressure asergizing of the seal a d  allow? "float" to enhance 
sealing capability with minimum preload. 

An auxiliary pressure pneumatic cylinder actuator i 5 employed to oper- 
ate a li-r m a i m  sbut-off in the valve design s k w n  in Z-gure 43. The 
poppet is totally balanced in all positions with seat preload exerted by the 
coil spring, which also assures fail/safe operation. t-ctuator COnti.01, by 
the S-way solenoid valves provides rapid response opening and closing. 

The configuration of Figure 44 utilizes a torque motor actuator to 
drive a linear motion shut-off through a ball-screw !inkagz. By the unique 
employment of the ball-screw the poppet rotates 900 ( 7r/2 rad) as it id re- 
tracted. This type of motion imparts a self-cleaning capability or high dirt 
tolerance t u  the valve seat seal. The poppet is fully baiaaced to minimize 
operating force requirements. The ball screw drive mechanism provides 
greater than 90% efficiency power transmission 2s wel l  as imparting the 
unusual poppet motion. Design criteria for the configurations were deter- 
mined k- the analysis program for a flow factor (CdAt) of 0.31 in2 @. o cmi )  
and an inlet p r a s u r e  of 400 psia (276 N/cm2). 

Hydraulic cylinder actuatim of a linear motion shut-off de .ce is de- 
picted b) the d e i g n  of Figure 45. For the design criteria of a flow factor 
(C&+) of 3.3 in. 
N/cm2), metal bellows were selected for the dynamic p a i s  in the propellant 
wetted ;.r?;_cmes. Hydraulic cylimkr pressure control is performed by 3-way 
solenoid operated valves. Valve seat preload is exerted by the coil spring to 
assure fail/safe operation, a d  moving element guidance is by sliding fits 
lJcated outside the propellant cavities. Hydraulic: h i d  wetted voiumes have 
been isolated from the propellant cavities and located such that appropriate 
thermal control of the hydraulic fluid may be incorporated, 1. nquired, 
without compromising the design. 

(21.3 cn2)  and an inlet pressure (PI) of 30 psia (20.7 

A study of the components of these various vslve des- provided in- 
sight to allow meaningful valve trade ofi m d i e s  to  arrive at the best dl-sign 
for the inte-Aed application. 



Valve Concept Trade-off Studies 

f 

In December 1970, The Marquardt Company completed its efforts in 
support of KASA Contract KAS 9-10886, the plrpose of which w a s  an amlyt- 
ical trade-df etudy of various types of injector vaive concepts and their per- 
formance characteristics as applicable to gaseous oxygenigaseous hydrogen 
rocket eq@kes for  spa^ Stations in the 500 to 2500 lbs. (2224 to 11,121s) 
thnist range. That study concluded with recommendations ffir valve designs 
for the 1000 lbs. (4448 K) thrust level operating at 20 ani 400 p i a  (13.8 and 
276 N/cm2) inlet pressure. 

The same analysis techiques which w e r e  developed under that contract 
were also applied to the specific requirements of the program reported herein. 
TZe principal differences in the two requirements a r e  the engine thrust level 
(1500 bs. vs. 1000 ibs.) (6572 h' vs. 4448 K) valve response (30 ms vs 1W- 
200 ms), m i m m  operating te-rature (8500R ys. 66O0R) (4720K v s  367OK) 
and Valve life (1 million cycles vs. 100,000 cycles). The analysis employed 
were baaed un certain assumptions which permitted emphasis on comparing 
many different valves rather than optimizing a specific type of valve, without 
making the number of variables unmanagdie. These assumptions are again 
reviewed in Table W to put the results in proper perspective. 

Law Pressure Cwcepts L - -  

By applying the developed analysis techniques to the valve requiTement.8 
of this program, data for both low x e s s u r e  and high pressure applications 
were generated. Table )iIu presents the low pressure dzta that wae compted. 
In reviewing these data, it is evideut that a poppet type valve results in the 
lowes t  weight valve configuration. Actuation by a high pressure pneumatic 
or hydraulic source results in an attractive valve system. Data from Table 
XJI have been plotted in bar graph form and are presented as Figure 46 for 
the gaseous oxygen application. This figure presents a weight comparison 
ior the most promising shut-off device and actbator combination. A c k t  
v.-ith the same type of data, but for the low pressure hydrogen application is 
shown in Figure 47. Both of these figures indicate that a poppet valve featur- 
ing a high pressure hydraulic or pneumatic actuator is the most desirable 
approach for this application. 

Early during May 1971, a meeting was held with the iiXSX LeRC 
Project Manager to review the program scope in 'ight of recent systems 
cor-trac' ors conclusians that the high pressure A PS approach is favored over 
tCe low pressure APS approach. At that time, it was decided to terminate 
furthcr effnrt in support of the low pressure system and instead to pit forth 
a more concentrated effort in support of the high pressure system. Cansc- 
quently, a final valve concept for the low pressure system was not completed. 
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TABLE Xn - TRADE-OFF STUDY ASSUMPTIONS 

Item 
Flow Coefficient 
- 

Seat Nominal DIPmc,ter 

Seat Iand Width 

Wnimum Seat Preload 

Coefficient of Friction when 
Liwng Seal 

Preeeure Force8 

Acceleration Environment 

Material of Moving Mass 

Maximum Electrical Powr 
Defined at 

8 Max. Temp. and Pressure 

Linkage Efficiency 

Maximum Puli in Voltage 

Wear  Motion Device Rotary Motion Device 

.65 .90 

- 

'dAt 

b 'dn 4 

. 01 Inches (. 0254 cm) -03 Inches (. 0762 cm) 

5 1bs/circumferential 5 Ibs/circumferentiaI 
inch (8.76 N/circum. cm) inch (8.76 wcircum. cm) 

Flat on flat Spherical on spherical 

A t  constant acceler- 90" at constant acceler- 
ation ation 

0 0.1 

Maximum pressure 
unbalance equal to P 
x 346 of seal area 

Bearing and shaft seal 
drag mgUgib1: 

10 g Unaffected 

stainless steel Stainless steel 

32 VDC, 70T (21OC) 32 VDC, 70OF (21OC) 

18 VDC 18 VDC 

90% 90% 

i 05 



i 

p "I: 0" e 0" 
u 
h 
3: 

t *' x 0" cr 

9 
3 

i 



I 

.. 

r n ^ =  
0 0  n o  . .  

r - f  m o  3 
0 0  0 . .  

CD In W I n q q a  

xN u!! X* 



.F t 
- 
f 

I 

m 
i m - 

.4 
2 m 
r( 

d u" 

108 

1 

1 



, 
i 

1- 

i c -- 

I 4 



' A -  

L 

03 
CJ W 

m 

c, 
2 

. 

u 
e, a 
Q 

!$ 
110 

I 

1 



i 

I 

Pressure Concepts 

I 
I 

I 
r -- T 

r 1' 

The computer data generated for the high pressure concept is presented 
in Table XIV and appropriate weight data are  presented in bar graph form in 
Figure 48. This study again concluded that the optimum valve configuration 
is a poppet valve featuring eitner propellant pressure operation or high pres- 
sure gas or hydraulic operation at an electrical power level of 56 watts per 
valve. 

Further review of the power sources of these three types of actuators 
led to the preparation of the Table XV. This table is entitled, "Pressurant 
Supply Pressure Penalties" and shows that while all three types of energy 
sources require a vent-line o r  return line, only the propellant gas pressuriz- 
ation approach does not require a separate supply system. Both high pres- 
sure  gas or high pressure hydraulic actuation would require feed lines, 
pressure regulation, over -pressure protection, filtration, instrumentation, 
and tankage as  a n L i z u m .  In addition, the hydraiilic system would require 
a pump drive and the required energj iaurce for the pump drive. Finally, 
the operating temperature range of conventioml hydraulic systems is not 
compatible with the minimum temperature requirements of the APS valves. 
Thus, it is evident that utilization of propellant gas for actuation is far and 
away the least complicated approach with hydraulic pressure actuation being 
the most complicated approach. Since the weight penalty incurred in choos- 
ing a propellant gas actuated poppet valve over a high pressure pneumatic or 
1-ydraulic actuated poppet valve is mly 10 to 15 percent it appeared that the 
simplicity of the propellant gas actuation approach far outweighed this weight 
penalty and consequently this particular approach was selected a s  the most 
desirable approach for the high pressure system application. 

The selection of propellant gas as the actuation medium still leaves 
several chcices open. These include actuators which are  pressurized to open 
and pressurized to close, actuators which are  pressurized to open only, with 
a spring return, and actuators which are  vented to open with a spring return 
to close. Furthermore, the valve subcomponents may include partial or full 
pressure balancing. To permit the selection of an optimum approach from 
among these choices, several analog computer programs were prepared 
which fully simulate the dynamic behavior of the valve and which define 
actuator areas, bleed orifices, and spring requirements. These analog 
programs were employed in conjunction with the data obtained from the seal- 
ing closure testing to permit final selection of the optimum valve concepr. 

The basic relationships which define the movement of a pneumatic piston 
actuator are  shown in Figure 49. An analog computer flow diagram for the 
actuator in Figure 49, is shown in Figure 50. A list of various valve subcom- 
ponent performance characteririticp and some representative values is shown 
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in Table XVI. The primary variableb were the seat load, operating gas, 
mass, initial volume, pilot delay, spring pre-load, $ston area, and pilot 
orifice diameter. Well over 100 data runs of botn the apeni% motior and the 
closing motion wern performed. 

In order to select the best combinatim of companents, rating criteria 
were established for the various components. Table XWI is an example of 
the rating criteria for two types of actuators. Figures 51 and 52 show sche- 
matic drawings of a number of actuators that were studied and show their 
relative ratings. From Figure 52, it is evident that the pneumatic piston and 
solenoid received the highest rating. 

Some. af the sealing closures that were studied are presented schematic- 
ally in Figures 53 and 54. Of the sealing closures studied, the flat poppet 
received che highest yating followed by the spherical popet.  

Relative weights for ppeumatic operated poppet valves are presented in 
Figure 55 in bar graph form for convenience. These d a b  are taken frcm 
Table XIV and show that electrical power available to the pilot valves is more 
significant than the pressura source up to a power level of 56 watts. Above 
56 watts, no furhter improvexrenta in value performance characteristics are  
obtained. 

To further optimize the performance characteristics of specific valve 
concepts, the analog computer ?yograms were run on thoee valve concepts 
which appeared most promising based on the concept trade-off studies and 
which a r e  compatible with the sealing closures being evaluated. The outputa 
from c-wse analog computer programs were recorded by X-Y platter and 
Figures 56 and 57 are represatative of the type of data attained. Figure 56 
shows varims parameters of interest during the opening motion of a pneumatic- 
ally operated, double pressurized piston actuator operating a p o p p ~ ~  type seal- 
ing closure, a s  shown schematicdly in Figure 38. Figure 57 ~ h o w s  the same 
parameters during clGsing motion. 
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The initial waviness in the pilot valve position is due to limitation of 
the analog programming; however, all other trace oscillations are  real. 
The traces give an excellent picture of valve motion and the factors affecting 
valve motion ard have revealed several interesting phenomena. Among these 
is the fact that &e lightest moving mass does not necersarily result in the 
fastest response but that the valve may be "tuned" for better response by 
actually increasing the moving mass. Similarly the oscillatione occurring 
in valve velocity in Figures 56 and 57 may be damped out by proper selection 
of the paralneters shown in these figures. 
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TABLE XVI - VALVE SUBCOMWhENT PERFORX4KCE CHARACTERISTICS 
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Seat Load 

Spring Rate 

P r e s s m  

strolte 

Flexure 

BellOWS 

Gas 

Temperature 

Mase 

Initial Volume 

Pilot Delay 

pilot Time Constant 

Spring Pm-lOad 

pieton Area 

Pilot Orifice Mameter 

ope* T h e  

80 lbf (356 K) 

85 Lbf/in (Gd.  9 K/cm) 

450 lbf/h2 (310 K/cm2) 

0.92 fn (. 8128 cm) 

4 1M (I?. s S)  

f 5 lbf (22.2 h 

f 2 lbf (8 .9  hi 

O2 
520% (289'K) 

0.3 XbQn (. 1361 

0.1132 h3 (1.8550 cm3) 

5 me 

2 ma 

28 Ibf (124. t N) 

0.354 Ina (2.1339 cm 2 ) 

o.a% in f. n e w  cm) 
24- 
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SUBCOYPONENT 
9 4  4 c! ACTFRl fTlC I 

I 

3 
~ WEIGHT . . . . . . . . . . . . . . . . . . . .  2 . . . . . . . .  - 
i FORCE . . . . . . . . . . . . . . . . . . . .  4 . . . . . . . .  2 
~ STROKE..  . . . . . . . . . . . . . . . . . .  IO . . . . . . . .  10 

CONTAMINATION XNflTlVlTY . . . . . . . . .  9 . . . . . . . .  9 
RELIABILITY.. . . . . . . . . . . . . . . . .  9 . . . . . . . . .  9 
MSSURANT VENTING HAZARD . . . . . . . .  10 . . . . . . . .  10 
DEGREE OF FABRlCATtON MFFICULTY . . . . .  9 . . . . . . . .  9 
DEGREE OF INSPECTION DIFFICULTY . . . . .  8 . . . . . . . .  8 
DEGREE OF ASSUIBLY DIFFICULTY . . . . . .  9 . . . . . . . .  9 
CLEANIN5 b HANDLING REQUIREMENTS. . . . .  9 -  . . . . . . .  9 
MATERIALS COYPATIBIUTY . . . . . . . . . .  2 . . . . . . . .  2 
ABlLITY TO OPERATE e850'R . . . . . . . . .  ? . . . . . . . .  7 
ABILITY TO OPERATE e 200'R . . . . . . . . .  1 . . . . . . . .  1 

I 

I ELECTRiC ECECfRlC 
TORQUE MOTOR MOTOR 

TOTAL WiNTS . . . . . . . . . . . . . . . . .  98 . . . . . . . .  95U 
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Figure 58 - Schematic of a Pneumatically Operated Poppet Valve 
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A summary chart shoving possible pneumatic piston operated poppet 
valve concepts is presented in Figure 59. From this chart it can be con- 
cluded that the fifth concept shown which is the veat to open, spring return, 
pressure unbzlanced poppet concept, is considered the most desirable 
concppt. This concept was subsequently employed for the test fixtur- identi- 
fied as P/N X28400. The second concept of Figure 59, which is the double 
acting piston, pressure balanced poppet valve, was subsequently developed 
a s  the second test fixture and is identified as  P / N  X27449. This concept 
was of interest primarily because of its very fast response characteristics: 
however, it was recognized that the concept was inherently less reliable 
than the P/N X28400 concept. 
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VALVE PRELIMINARY DESIGNS 
A s  a result of the valve tradeoff studies discussed in  the previous 

section of this report, three pressure-actuateu poppet valve conc.?pts were 
further investigated and preliminary design layouts of these concepts were 
prepared. A l l  three of these concepts utilized upstream propellant pressure 
for actuation and the concepts have been identified by how this pressure is 
utilized during operation. Thus, we have a double pressure-actuated valve, 
a pressurizedto- open/spring-to-close valve, and a vent-to-opedspring-to- 
close valve. These valve concepts are described in the next three sections. 

0 

1 
. - L  ' t  
F 

Vent -to-Open Concept 

position and flow occurs from the left to the right. The upstream propellant 
cavity has been shaded coarsely and the downstream propellant cavity has been 
shaded finely. As shown in  this figure, the seat consists of a gold-plated lip 
seal which mates with a flat poppet. A stop in parallel with the seat permits an 
initial deflection of up to 0.006 inch (. 01524 cm) of the lip seat a s  the poppet 
makes the closure and then absorbs most of the impact energy of the closing 
poppet. 3y inclu&.?g the stop in parallel with the seat, impact forces a m  
therefore wear of tht~ sealing surface of the seat are minimized. The poppet 
is made of Inco 718 and as beer? lapped to ~ne-half AA finish. Repeated cycling 
of the valve causes the p6ppet to deform the gold plating of the seat so that it 
also approaches the one-half A A  finish. This sealing closure design was pre- 
viously successfully demonstrated during the sealing closure evaluation test 
with the Rapid Screening Tester. 

This concept is shown in Figure 60 + The valve ic shown in the clcsed 

The poppet is in the shape of a cylinder with the downstream end of the 
cylinder open to the outlet side of the valve. This same downstream end also 
constitutes the sealing surface annulus. The poppet is guided by means of a 
metallic axial guidance flexure located within the poppet cylinder which is fixed 
to the valve housing through a centrally located shaft which, in turn, is faskned 
to a spider arrangement located in  the outlet of the valve. The outer diamekr 
of the poppet cylinder is sealed to the center flange body by m e w  of 8. bellows. 
By venting the pressure t r u m d  in the volume inclosed by the poppet cylinder, 
the bellows, and the center flange, a differential pressure force acts upon the 
poppet cylinder to move it in the open direction. This differential pressure force 
is equal to the difference in areas between the effective seating diameter and the 
effective bellows diameter times the pressure differential ecross the valve. 
Venting of this cavity is accomplished by means af a three-way solenoid valve 
which is located externally to the main shutoff valve and which is supplied with 
upstream propelant pressure. To close this valva, the same cavity is simply re- 
pressurized and the pressure force thus generated in  combination with the spring 
forces of the bellows and the axial guidance flexures returned the pppe t  to 
the closed position. 
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This valve cmcept, as well as the double pressure-actuatd valve con- 
cept cilscussea iu *& kf!z::iy sectinn entitled. ''Double Pressure Actuated 
Concept, " features an LVDT transducer for the moritoring d valve position. 
The trauiducer armature is located inside the actuation volume and is attached 
to tbe moving poppet. This concept, as well as the ot%r two valve concepts, 
also fea tms  a coaxial design -- meaning inlet and outlet are in  lis2 - as 
evident from Figures SO, 61, and 62. Right angle configurations of 
essentially tbe sa- actuauon and sealing concept were also review , but since 
no particular advantage welgnt-wise or otherwise could be found, werz not 
pursued any further. The particular valve concept shown in Figure 60 was 
subsequently modified to include a polyimide seat and wae successfully cyclsd 
over one million cycles during tbe -4dvlnced Technology for Space Shuttle 
A w i l i a r y  Propellant Valves Program. 

Double Pressure :*.ctuated Concept 

As the name implies, the double pressure actuated valve concept features 
a piston actuator which is alternately pressuriked and vented on both sides to 
obtain higb plleumatic actuation forces. Tbese high pnetmatic aciution foxes, 
coupled with the pressure balanced poppet, result in an exceptionally fast respoacz 
characteristic. Pressure actuation is accomplished by means of two externally 
located three-way pilot valves which control each side of the pneumatic Liston 
actuator. 

As shown in Figure 61 , the valve is in tbe open position with flow from 
the left to the right. This valve is again shown with the gold-plated lip seal which 
was discussed 19 the precedmg section. Pressure balancing of the poppet is 
accomplished by means ab redundant sliding teflon-jacketed seals located at the 
same effective diameter as the effective seating diameter. Thus, there are never 
any pressure forces acting cn the poppet. Sealing closure interface forces are 
generated by means of a coil spring which is h a t e d  concentrically with the 
poppet and which also aids the closing notiou. The poppet is connected to the 
piston actuator through a &haft arrangement and a small shaft seal prevents tbe 
piston open pressure from leaking into the valve downstream cavity- The shaft 
seal as well as the piston actuator seals is also of the kflon-jacketed cm- 
'iguration. 

The redundant teflon-jacketed seals used for pressure balancing con- 
s'ituted a new sed dssign concept which was intended to minimize potential 
low temperature leakage problems encountered with radial tenon-jacketed sZa1s 
of this type. Tbe principle ab operation of these redundant seals was to locate 
both the stationary and the sliding interfaces of the seal on the inner diameter. 
Thus, there is a tendency of the seal to shrink dawn to cxert greater fcrces 
at the waling surfaces as tbe temperature is re&-x?d. Since the actustion 
velocity oi this particular valve was very high, all teflon-jacketed seals utilized 
bronze impregnated teflon rathcr than pure teflon. The bronze ilrpregnated 
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teflon was previously demonstrated to feature the best wear characteristics. 
Several static seals were alsc employed in this valve. AU static seals were 
of the face-seal type and utilized pure teflon jackets. 

To monitor the position of the poppet, the valve includes a LVDT trans- 
ducer. The armature of this transducer is located iil the closing actuation 
, dume of the piston actuatcr ant' is attached directly to the piston actuator. 
This particular valve design ahso included one other unique design feature. 
This w a s  a poppet self-alignment xlexure. A need to include such a flexure was 
determined during a tolerance stack-up when it became apparent that the guidance 
of the poppet cylinder had to allow for 0.006 inch (. 02032 cm) radial clearance to 
assure that the poppet would operate freely over the wide temperature range. 
This clearance also regulted in the potential misalignment between the pop& 
sealing surface and the seat of approximately 0. O W  icch (. 02932 cm). Since 
the defiection capability of the seat was only 0.006 inch (. 01524 cm), it was con- 
sidered desirable to include a flexural element into the poppet such that the 
poppet burface could self-align with the seat. This flexural element is evident 
i n  Fig C-. where it appears as a thin, diaphragm-like Secticrl of the poppet 
SUI+. 

Pressurize -to-Open Concept 

a single three-way solenoid valve located extermlly to the main valve provides 
valve upstream propellant supply pressure io one side of a pnei-matic piston 
to open the valve and vents this pressure overboard to permit spring forces to 
return the valve to the closed position. This valve is also shown ic the closed 
position and flow occurs from left to right. 

l'his pm-ticular concept is shown in Figure 6% . As the name implies, 

To Illininiize actuation force rec uirements, the poppet has been pressure 
balanced as in t ! ~  czse d the valve presented in  Figure 61. 
tUs concept the pressure balancing dynamic seal is a bellms assembly rather 
than a sliding seal. The seat &owxi is again *the gold-plated lip seal in com- 
bination with a stop. 

However, in 

Poppet/actuator piston shaft guidance is accomplished by means of 
melaliic axial guidance flexures located mar thc l& a d  right extreme e!& 
of the shaft asaembly. Sealing of the actuation cavity is performed by means 
of two dynamic sliding teflon-jacketed seals. In place of the LVDT position 
tramducer shown in the other valve concepts, t h i ~  valve cowept eiq1oys t;.vs 
mechanical micro switches, one for the open position and one for the closed 
?-.sition. Materials af conetructim intended for this concept were similar tc 
those of the other concel-s. 

in comyaring the pressurize-to-open co3cept with t,he other two valve 
concepts under consideration, it was  determined that this particular concept 

c; 
0" 



was somewhat of an in-between arrangement featuring neither the simplicity 
and high reliability of the concept shuwn in Figure 60 nor the high response 
characteristics of the concept shown in Figure 61. Since the p r w a m  scope 
included detail design, fabrication and test evaluation of two valve concepts, 
it w m  decided not to pursue this particular valve concept past the preliminary 
design stage 88 presented in Figure 62. 
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VALVE SUBCOMPONENT EVALUATION 

. 

Activities perfccmed in support of this section included the completion 
of fabrication of the P/N X27449 and X28400 Test Fixtures and the subsequcntly 
performed valve cycling program. Valve cycling was accomplished at hot, 
ambient, and cold conditions and included periodic measurements of respomes, 
leakage, and pressure drop. Upon ccmpletion of the valve cycling program, 
test fixtures 'were disassembled, closely examined and photographed to evaluate 
the effects of the t-st program on the various valve components. The test data 
was then summarized and presented to the NASA-hRC Technical Project 
Manager at a Design Review at which timz the final flightweight valve con- 
figuration was selected. 

Test Fixture Fabrication 

P / N  X274l9 - Test Fixture 

Fabrication of various elements of the P / N  X27449 Test Fixture, shown 
in Figure 63 , was primarily accomplished in the Marquardt-Van N u y s  
Model Shop, employing the development fabrication system. Inspection was  
performed and inspection records of critical characteristics were maintained 
in accordance with engineering instructions in the log book of the Te,,i; Fixture. 
In the case of critical dimensions, actual dimensions measured were recorded 
rather than simply the fact that the particular dimension w a s  within the toler- 
ances specified. Liaison engineering performed all expedi- through the 
shop as well as the necessary coordination with outeide vendors. Disposition 
of discrepant hardware w a s  the joint responsibity of the Uaison Engineer and 
the Project Engineer. 

A photograph of the completed P/N X27443 Valve is shown in Figure W 
and an exploded view showing the various valve cornpments is shown in 
Figure 65. , P u r c b e d  parts included in this assembly were the electrical 
connector, LVDT transducer, normally open and normally closed pllot valves, 
seven static teflon seals and five sliding dynamic teflon seals, the poppet re- 
turn spring, anci various nuts and bolts required to make the assembly. In 
addition, such processing as iapping, p'd-plating, and electrolyzing was 
subcontracted. Because OL tbe crit icalie nf the gold-platina; and the lapping 
of the poppet, special care was  taken by Marquardt in  m a b g  certain that the 
vendor fudy understood the function and the criticality of the particular com- 
ponent. Thts attention to detail paid of€ in the case of ths poppet, s h c e  t5is 
component functioned weii thrmg5uui *& c3eh ;rssr?l; however, con- 
siderable difficulties were incurred with the gold-plating a s  explaineti i t e r  in 
the section describing the testing of this valve assembly. 

Close-up photagraphs d some of the valve details which were subject 
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Figure 7 3  - Load Vs. Deflection - Bellows Assembly P/N X28400 Valve 

149 



t 
h 
f 

.. *o .050 .loo 150 
(0  127) (. 254) (. 38 1) 

Deflection - Inch (cm) I 

Figure 74 - Load Vs.  Deflection - Flexure Assembly P/N X28400 Valve 
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a c c e p b c e  testing, A 25 micron absolute inlet filter N a s  then installed up- 
stream of the Test Fixture and the unit was transferred to 6Sding 37 for per- 
f i \ iUnce  of the cycling tests. 

Test Plan 
Upon installation of the P / N  X27449 Test Fixture in Building 37, 

acceptance tests were conducted in  accoraance with Marquardt Test Plan 
No. 0192 which is included as  Appendix D. Acceptance tests were also con- 
ducted on the P/N X28400 Test Fixture. Following successful acceptance kstrs, 
both units were evaluated @erforubnce tested) in accordance with Marquardt 
Test Plan No. 0193 which is included as  Appendix E. 

Test System Preparation and &scription 

The purpose of the test program was to accumulate 100,000 cycles of 
operation on 9 variou~ valve subcomponents at an operating pressure of 450 
psia (310 N/cm ) and operating temperaturss of 200 O R  (lll'JS), ambient, and 
850% (472°K). Tab'. XVIII presents the Test Matrix that was planned for each of 
the two Test Fixtureo, namely the P/N X27449 Valve and the P/N X28400 Vdve.  
AS evident from this table, baseline tests consisting d open and closing responseo, 
leakage and pressure drop were performed periodically throughout the cJvcling 
program. Testing was performed in accordance with Marqwrdt Test Plan No. 
0193 entitled, 'Valve Test Fixture Tests. 11 This Test Plan is included in this 
report as  Appendix E. Also included as  Appendix E is a list d the instrumentation 
used in support of this program showing the range, man*dacturer, N-uquardt 
identificbtion number, and the latest calibration and due dates. 

Testing was also accomplished in the southwest corner of Building 37 at 
the Marquardt-Van SUYS Test Facility. This is the same location that was 
previously used to perform the sealing closure evaluation. The required 
pressurant supplies as well as hot and cold conditioning equipment were already 
available at  that site from the sealing closura evaluation tests. A schematic 
of the test fixture test setup is shown in Figure 76. The test system consisted 
essentblly of provisions for mounting the lest fixture insir'? an environmental 
box and supplying the test fixture through a 25 micron absolute rated filter with 
regulated gaseous nitrogen pressure at the re9uired 2.57 lbs (1.166 Kg) per 
second of GN2 flowrate at 450 psia (310 N/cm ) inlet pressure a d  ambient 
temperature. In addition, a eeparate regulated pressure supply system capable 
of delivering either gaseous helium or gaseous nitrogen to the pilot valves of 
the test fixture was available. Tnermal conditioning of the test fixture was 
accomplished by kleedinc; gaseow nitrogen, heated by means of an electric 
heater, into the environmental chamber, or by intxoducing a mixture of gaseous 
notrogen and liquid nitrogen iuto the environmental chamber to cool the test 
fixture. To obtain realistic 1.alve opening and valve closing responses, a 
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presized orifice simulating the overall injector orifice size was installed in 
a pre-se!ected location dowEtream of !b test fixture so as to simulate an 
injector dribble volume of 16 cubic inches (262 cm3). The system was equip- 
ped with the necessary instrumentation to measure temperature, preasiirc, 
pressure airop, and GX2 flowrate. In addition, the LVDT transducer .corp- 
orated in the test fixture was connected to an oscilloscope in parallel with 
pilot valve current and voltage traces to permit the measurement of the test 
fixture response characteristics. 

A photograph of the test fixture evaluation system as used for the 
ambient testing is shown in Figure 77 . FXgures 78 and 79 show the environ- 
mental box used during the hot and cold temperature testing as well a s  a 
closeup of the test fixture installed inside the environmental box. The test 
fixtures were operated by means of a pulser/driver at voltages frcrn 24 tc 28 
volts dc. The nominal operating frequency used during the cycling pr'qgrdm 
was 5 cps (€Iz), although operating frequencies as  high as 10 cps (Hz) were 
demonatrated on occasion. As mentioned previously, both the P/N X27449 
and X28400 Test Fixtures were evaluated in this system and the following two 
sections describe the test results obtained with these test fixtures in chron- 
ological order. 

Test icesuits 

P/h X27449 - Test Fixture 

Initial baselZne tests of the Phi X27449 Valve disclosed that -he pressure 
drop through the valve was only 7 psi (4.8 N!cm2) at the nominal GN2 f l o ~ ~ a t e  
a s  compared to the originally predicted 15 psi (10.3 N/cm2) pressure drop. 
From this data it was concluded that the valve discharge coefficimt was con- 
siderably better than had been originally assumed and that indeed a significant 
2xnccnt of pressure recovery was ohtained. The initial tests also disclosed 
that the valve did not fail safe closed when the supply pressure was reduced 
to zero. Investigation of this matter disclosed that the static friction of the 
dynamic seals in the test fixture was apprmimately 30 to 40 pounds (133 to 
178 h') whereas the force output of the coil spring wzs only 24 pounds (107 K). 
A decision has therefore been made to replace the coil spring with a stronger 
spring which will prmide approximately 48 pounds (213 N) force in the  open 
position. 

The initial le* chec!cs of the various oynamic valve seals also indicated 
2 the following leakage rat- ik see's per hour at 450 psia (310 N/cm ) helium 

pressure: 
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Main Seat 21 0 
Downstream Piston Seal 180 
Upstream Piston Seal 14 0 
Rod Seal 52 
Redundant Seals 0 

While some of these leakages were slightly in excess of the 100 scc's 
per hour allowable, they were believed to be close enough to permit initiation 
of the cycling program in order to determine whether wear-in and the type of 
leakage improvement previously observed on other sealing closures would also 
occur with these seals. 

Initial response testing of the P/K X27449 Valve demonstrated #e very 
fast response characteristics previodsly predicted with Marquardt's analog 
computer program. Figure 80 shows the oscilloscope traces obtained during 
initial baseline tests with 375 psig (258 N/cm2) 
375 p i g  (258 K/cmP) helicrn to the pilot valves. A s  evident from this oscil- 
loscope picture, the valve opening response from electrical ON to valve fully 
open is 12 to 13 milliseconds and the valve closing response from electrical 
OFF to valve fully closed is 11 milliseconds. These response characteristics 
compare very well with the amlog computer printouts shown in Figures 81 
and 82 , particularly when it is taken into ~ccount that the actuai piiui Vakc 
opening r e s p w e s  experienced are  approximately one millisecond faster than 
had been assumed for the computer program and that the actual average pilot 
vzlre closing responses experienced a re  approximately four milliseconds 
faster than had been assumed for the Wdiog computer pr0gra.m. 

in the main valve and 

In view of the slightly above specificatior; leakage data obtained ddring 
initial baseline tests, it was decided to start cycle testing at ambieat temper- 
ature. Ten thousiind ambient cycles were accumulated and the leakage data 
measured during subsequent baseline test is shown in Figure 33 . A s  evident 
from Figure 83, observed leakage rates did not change apprxiably in com- 
parison to those originally measured. The test fixture assembly was sub- 
sequently heated to +390°F (+199OC) and leakage measurements were repeated. 
Without cycling the test fixture, the maximum leakage rate ob5erved at elevated 
temperature was 40 scc's per hour. Subsequently, 1000 cycles were accumu- 
lated a t  e!evated temperature. Repetition of the leakage measurements at 
elevated temperature after a total accumulated number of cycles of 11,000 
disclosed that the rod seal and main seat leakage increased dramatically. The 
valve was then allowed to cool to ambient temperature and another leak check 
was made. Again, main seat leakage and rod seal leakage were excessive. 
It  was then decided to cycle the valve an additional 1000 cycles at amhient 
temperature to determine i f  additional cycling had an effect on the main ?sat 
and rod seal leakage rates. After 12,000 accumulated cycles, both the main 
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Figure 81  - Analog Computer Program Printout, Valve Opening Motion, 
P/E X27449 Valve, Helium Actuation 16 1 
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Figure 82 - Analog Computer Program Printout, Valve Cl )sing Motion, 
P/h X27449 Valve, Helium Actuation 
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Upstream Piston Seal 

Downstream Piston Seal: 

Figure 83 - Leakage V s .  Accumulated Cycles, P/K X21449 Valve, S/K 003 
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seat and rod seal leakage increased further. The cther valve dynamic seals 
did not change appreciably. Since the main seat and rod seals had obviously 
failed, it was decided to terminate tecting of the X27449 Valve at that point 
and to disasbemble the valve for inspection. 

Disassembly of the P/N X27449 Test Fixture disclosed the rod seal 
condition shown in Figure 84 . This photograph shows that the inner diameter 
of the rod seal has been ectruded forward along the shaft, completely out of 
the rod seal cavity. This is best seen by comparing this phctograph with 
Figure 67 . It is evident in Figure 67 that the forward w,ll of the seal cavity 
leaves considerable space between its inner diameter and the rod inner dia- 
meter. This design configuration was originally recommended by the seal 
vendor to facilitate installation of the rod seal into the groove in the original 
seal holder design which was a single piece of construction. However, since 
Marquardt had gone to a two-piece construction anyway, ‘.is excessive clear- 
ance was no 1c;nger required and the seal holder was therefore modified as  
shown in the photogrsph in Figure 85 . This modification proved to be effect- 
ive during subsequent testing in a6 much as no further seal extrusion was 
encomtered. 

Examination of the main seat disclosed that the gold plating had flaked 
off the base metal izi numerous places. A photograph of this condition through 
a 105 povrer microscope is shown in Figure 86. In this photograph, flaking of 
the left side of the rand and a folding over of the flaked gold on the main sealing 
area can be noted. A meeting was subsequently held with the gold-plating vendor 
in an effort to determine the cause of this flaking condition. The vendor was un- 
able to explain this condition except to note that perhaps initial cleaning of the 
base metal was inadequate, consequently adherence of the gold plating was in- 
sufficient. Methods to improve adherence Qf the gold plating were discussed 
with the vendor and his suggestion of initially flashing the base metal with 
copper W ~ S  accepted. The seat was subsequently stripped and replated. Prior 
to reinstallation of the replated seat into the P/N X27445 Valve, the sealing 
surface was lapped slightly. This lapping operation disclosed that the gold 
swface appeared to scratch much more easily than previous gold platings and 
also again resulted in so112 flaking action. A photograph of this gold plating 
in the lapped sealing area is shown in Figure 87. 

The valve seat was then again returned to Vendor A and Marquardt re- 
quested to see the processing records to verify that the last gold-plating indeed 
agreed with the earlier gold-plating. Although the vendor had previously as- 
sured Marquardt that he maintained a record for each plating job, he was un- 
able to produce such a record. Further discussbns with the vendor indicated 
that he nad a number of gold-plating solutions, all of which were 24 karat gold, 
in the proceosing area and that any one of the solutions could have been used 
for either of the plating jobs. Marquardt there upon decided to seek another 
gold-plating vendor. 
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To gain a bette; understaming of the various gold-platings available and 
their properties, The Marquardt Company arranged several meetings with the 
Sel-Rex Corporation. 1.i addition, Englehard Minerals and Chemical Corpora- 
tion was contacted to de: , sr ine  what gold-plating solutions they had available. 
Based on data from References 39, 40, and 4i, The Marquardt Company pre- 
pared a list of the most promising 24 karat gold-plating solutions. This list 
is presented in Table XIX . As evident irom this Table, although all of tb? 
, d d s  listed are 99.99% p r e ,  t t e  properties of the platings do vary significantly. 

As a result of discassions with gold plating Vendor A ,  Marquqrdt decided 
that it was most likely that tl;, vendor had previously used the Sel-Rex process 
identified at BTD-200. Conseq.:ently, Marquardt funded a second gold-plat- 
vendor to replaie the seat with this solution 
indoctrhated i?c hiarqusrdt's previous problems w i t h  Vendor -4. Upon 
receipt of the seat plated by Vendor B, Marquardt again lapped the sealing 
land ligh %ring this lapping operation a total of three small flaked areas 
were a@; . -,coTered. One of these areas is shown in Fipre 88 . The part 
was subsequently returned to Vendor I3 for examination and again VexAor B 
could conclude only ';tal he  part may not t w e  been adequztely cleaned prior 
to  plating. Tbe part wak therefore re-plated bj- Vzndor B and this time lap- 
pin[ r)erations at Marquard', did n@t result in any evidence of flaking. Con- 
sequently, the seat was re-installed in the P/N X27449 Test Fixture md the 
valve was returzed tc Building 37 for further cycle testing. 

The vendor was also thoroughly 

The firsi Meline tests of the P/N X27449 Valve Sear1 No. B. disclosed 
lcakage rates a s  follows: 

lUln Seat 

Downatream Piston Seal 

Redundant Seals 

Upetream Metcn S a l  

Rod Seal. 

<10 sccla per hour 

5:; sccla per hour 

270 BCC'S per hour 

320 BCC'B per hour 

1900 BCC'B per hour 

The valve was subsequently cycled at hot, cold, and ambient temperabire 
for 100,000 cycles. These cycling i-dts disclcsed excessive leakagc of all 
dynamic s d e  at cold temperature and subsequeptlv at ambie2t temperature. 
The excessive dynamic seal leakage also made it difficult to 1neas111-e maia 
sea: leakzge. 
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Leakage measurements after 100,000 cycles at ambient temperature 
resulted in the following data: 

Main Seat 

Upstream Piston Seal 

Redundant seals 
Downstream Piston Seal 

Rod Seal 

700 scc'8 per hour 

1200 scc's per hour 

4500 scc's per hour 

SO00 scc's per hour 

7000 scc's per hour 

A photograph showing the condition cf the various dynamic seals after 10 . OUO 

cycles of operation is shown in Figure 89 . This photograph should 1 c c mi- 
pared with Figure 66,  vzhich shows the same seals in the original c0l.C;' * Ji . 
-4s evident from Figure $9 ,  all of the dpdmic seals feature a worn-OLL 
condition. In particular, close examination of the rod seal shows that the 
broiize impregnated teflon is actually completely ~'orn through down to the 
Eligiioy spring. Both the piston seals and the redundant seals show consider- 
able loss of material which has been transferred over to the mating parts. 
This is particuiarly evident on the outer diameter of the poppet as shown in 
Figure 90. By examining the downstream piston s e d  in Figure 89, it may 
be also seen that the Eligiloy spring has been fairly 3 . ~ 1 1  flattened. This con- 
dition is apparently due to the tact that the bronze irnl -- -dated teflon shrinks 
conside. M y  more at cryogenic conditions than the memi and has sufficient 
force under those conditions to collapse the spring. The hlarquardt Company 
met sut-:eqrently with the seal vendor and the conclusion of this meeting was 
that the conditions the weals were being subjected to were simply too severe 
and the seals w e r e  worn mt.  Examination of the poppet,'seat sealing inter- 
face a s  shown in Figure 90 disclosed that a small amount of gold had trans- 
ferred f->m the seat to the poppet. Photographs of the mating surface of the 
poppet and the seat taken through a microscope are  shown in Figure 91 .  The 
trnasfer of this gold resulted in the degradation of the original 1-.4A finish and 
explained the 700 scc's per hour of heliml leakage at 450 psia (3la K/cm2) 
inlet pressure me&sured. It was, however, surprising to find that this surface 
fiqish degradation had taken place in light of the fact that the same type of gold 
lip seat had been previously cycled succ :ssfully in the rapid screening tester f 
for 200,000 cycles. The flatness; of the g c 3  plated l ip  was subsequently checked 
on a Bendix Proficorder. Figure 92 is a reprLuluction of the Proficorder chart 
2 hows a maximum out-of-flatnzss of 0.003" (0076 cm). This is well within 
tk. 4,flection capability cf the lip (0. OOt;")(. 0152cm). 

c 

In hn effort to deter-nine whether the gold-plated seat surface finish de- 
gradation was a result of thz change in popper material or change i,, poppet 
guidance frQm the rapid scrt  ening tester t.3 the F/K X27.149 Test Fixture or 
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was related to the gold-plating used on this seat, the seat from the P/N X27449, 
Serial No. B Test Fixture was installed in the rapid screening tester and cycled 
100,000 times with the tungsten carbide poppet previously successfully employed 
in the cycling of mother gold-plated seat. This sealing closure evaluation effort 
resulted in the attainment of excellent sealing charactcristics up to approximate- 
ly 10,000 cycles, but a subsequent leakage characteristic deterioration whish 
reached 450 scc's per hour after 30,000 cycles and ranged between 300 and 450 
scc's per thereafter until 100,000 cycles. Post test examination of the gold- 
plated lip seat'and the tungsten Zarbide poppet disclosed the same type of gold 
transfer and surface finish degradation observed upon coii;pietion of the 190,000 
cycles in the P/N X27449 Test Fixture. Consequently, it was concluded that 
this gold-plating was not the same as the gold-plating originally successfully 
demonstrated in the rapid screening tester. Unfortunately, the correct call- 
wt far the successful gdd-pititkg is not Known at this time because the gold- 
plating vendor kept insufficient records. 

A summary of the P/N X27449 Valve test data and a comparison to the 
contract requirements is presented in Table XX. 
valve test fixture was cycled 100,000 times at hot, ambient, and cold conditions. 
These tests disclosed that the dynamic bronye impregnated teflon seals a r e  not 
suitable in their present configuration for this applicp.tion. The tests also dis- 
closed that the gold-plating employed on this particular seat is  not quite adequate, 
but there are apparent!y gold platings available which perform satisfactorily 
under the particular load conditions encountered in this valve. The valve de- 
monstrated exceptionally fast response characteristics and no response de- 
gradations were noted at ambient texperature. Low pressure drop character- 
istics of 7 psi (4.8 N/cm2) at nomind flow rates were  verified during all base- 
line tests. Mer valve components, such as static seals, the LVDT transducer, 
the poppet self-alignment flexure, and the sliding fits employed in this valve 
design functioned well. 

As noted previously, the 

P/'N X28400 - Test Restllts 

Initio' baseline tests of the P/N X28400 Valve disclosed th3t the pressure 
drop thrc .- 
design p o d  of 15 psi (10.3 N/cm2). Response testing of this valvc at 375 psig 
(258 N/cm2) gaseous nitrogen, 24 volt dc, and ambient temperatiwe showed an 
opening response of 29 milliseconds and a closing response of 43 milliseconds. 
A photograph of the LVDT trace and the current trace on the oscilloscope is 
shown in Figure 93 . From this photograph, it can also be seen that the pilot 
valve opening response at this condition is 11 milliseconds and the pilot valve 
dosing response is 10 milliseconds. The opening response design goal was 
30 milliseconds at 28 volts, so that *.e actual response achieved is slightly 
better than this goal, Similarly, the design goal for the closing response was 
30 milliseconds. This goal was not achieved and the reason for this lack of 

the valve was 16 psi (11.0 N/cm2). This compares to a nominal 
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achievement was not h u m  at the time that these data were taken. However, 
upon completion of the P/N X28400 test program and disassembly of the valw 
it was discovered that an inlet filter had been installed in the supply pressure 
line to the pilot valve that featured only a 0.075 inch (. 1905 cm) orifice. The 
purpose of this inlet filter was to prevent contamination from being introduced 
into the pilot valve during the disconnecting and reconnecting of the pressure 
supply line for leak-check purposes. Analog computer simulation of the dyna- 
mics of this valva had previously predicted that a pressurizing orifice of 
0.100" (. 254 cm) was required in order to achieve the 30 millisecmus response 
time. Consequently, it is apparent that the smaller filter orifice was control- 
ling the flow to the pilot valve and resulted in the slower closing response per- 
iolxance. (It should be noted that the opening response is not zffected by this 
orifice since the pressure behind the poppet is bled overboard through the vent 
port of the pilot valve to open the main valve, and thus is not affected by an 
orifice installed in the pressure supsly port of the pilot valve. ) 

Initial leak checks of the main valve and the pilot valve disclosed leakage 
rates of 0 and 25 scc's per hour of helium at 450 psi (310 N/cm2) inlet pressure, 
respectively. These data and leakage data obtained subsequently during the 
cycling of the P/N X28400 Test Fixture a re  plotted in Figure 94 . After 
ambient leakage tests, the test fixture was heated to 390'F (199OC and the leak 
checks were repeated. At  this point pilqt valve leakage increased to 35 scc's 
per hour and main valve leakage to 85 scc's per hour. The valve was  then 
cycled at 390°F (199OC) for 1,000 cycles. Another leak check at elevated 
temperature disclosed main seat leakage of 80 scc's per hour and pilot valve 
seat leakage of 185 scc's per hour. The valve was then cooled to -260°F 
(-162OC and leak checks were repeated prior to any actuation of the valve. A t  
this point, the main valve leakage decreased to zero and the pilot valve leakage 
increased to 1,OOG scc's per hour. The valve was then c>cled cold for 9,000 
cy1:les followed by additional cold and ambient leak checks, and this was followed 
by 90,000 cycles at ambient temperature. The various leakage data measured 
are  evident from Figure 94. 

In summary, leakage testing showed a gradual degradation of the pilot 
valve leakage characteristics from an initial 25 scc's per hour to approximately 
7,000 scc's per hour after 100,000 cycles. The sealing closure interface 
featured in the pilot valve was not based an the sealing closur2 development 
accomplished during this program, but rather was  m intarfacc which was avail- 
able froi the pilot valve vendor. The emphasis on the leakage testing was, of 
course, on the main valve. f.s indicated from Figure 94,  leakage measure- 
ments on the main valve prcved to be somewhat erratic. This erratic behavior 
led to the suspicion that the Litaric seal which is in parall with the main seat 
in tbe valve might have been ltsikinc during the cyclin . rograln. Consequently, 
at the conclusion of the test progzam when the valve reatured a leakage if 

approximately 95 scc's per hour, the valve outlet adapters were removed and 
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a leak check solution was applied, first at the location of the static seal and 
then at the poppet/seat interface. There was noticeable bubbling from the 
static seal crevice, but absolutely no evidence of bubbles from the poppet/seat 
interface. Consequently, it was concluded that most of the leakage, i f  not all 
of the leakage, observed on the main valve ’.vas due to the static seal rather 
than to  the poppet/seat interface. This conclusion was further reinforced by 
the discovery of another problem during the disassembly of the P/N X28400 
Valve. 

During disassembly of this test fixture it was discovered that the lock 
nut holding the axial guidmce flexure in position had backed off approximately 
3/4’LliS of a turn.  This corresponds to an axial play of 0.020 inches (0506 cm). 
The particular lock nut may be seen in Figure 95 in the outlet of the valve at 
the center of the three-legged spider. The looseness of the lock nut allowed 
considerable radial displacement of the axial guidance flexure and the poppet/ 
bellows assembly. This radial displacement resulted in rubbing of the bellows 
against the flow shield’around the bellows and also of the area schediler a-  
gainst the valve inner body. k photograph of the damaged bellows assembly 
is shown in Figure 96 . Close examination of this photograph reveals that 
the top two convolutions have lost considerable material on their outer dia- 
meter. The particles generated during this rubbing inadvertantly resulted in 
a seat contamination tolerance test. Figure 97 is a photograph of the poly- 
imide sealing land at a magnification of 105. This photograph shows one 35 
micron particle, one 20 micron particle and numerous smaller particles 
imbedded in the polyimide. Furthermore, examination of the static teflon 
seal revealed that it,  too, had imbedded numerous metal particles which 
must have been the result of some gas flow past the static seal. It is very 
probable that gas flow past the static seal did occur during each opening 
cycle since the loose lock nut allowed the seal cavity to expand by the 0.020 
(. 0508 cm) dimension every time the valve opened. 

A final suminary of the P/N X 28400 valve test data is presented in 
Table XXI . Except for the changes in leakage rates and the damage remlting 
from the locjse lock nut, there was  no apparent degradation in valve perform- 
ance characteristics throughout the valve cycling program. It was believed 
that by providing the lock nut with a positive mechanical lock and by incorp- 
orating into the pilot valve a sealing closure which is oased on the sealing 
technology developea during this program, the P/N X28400 Valve would prove 
to be a very reliable, high performance concept. Consequently. additional 
funding was obtained to refurbish the P/N 28400 valve fixture and conduct 
extended cycle tests. 
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Extended Cycle Testing of P/N 28400 Test Fixture 

1 

During May 1972, a contract amendment was received which provided 
for refurbishment of the subject test fixture and the requirement to extend 
testing to cover 1,000,000 cycles. 

Test Fixture Refurbishme - A cross section of the P/N X28400 valve 
is shown in Figure 98. Previous test results and an examination of the 
valve revealed that one design change w a s  mandatory and two others were 
desirable before additional testing w a s  initiated. The mandatory design change 
consisted of providing a positive mechanical lock at the nut which is used to 
assemble the moving parts of the valve to prevent its loosening during cycle 
teeting. The two desirable design change3 which were incorporated included 
the addition of a high spring rate bumper in the valve body to reduce the pappet 
impact \?ads during the opening motion and the addition of a guiding sleeve to 
the area scheduler to assure engagement of the area sch duler into the bleed 
hole at  all times. The valve drawings w e r e  updated in accordance with the 
design changes. 

The P/'N X28400 valve was  modified to incorporate %ese design changes. 
In addition those valve components that were damaged during the previous 
cycle tests were repaired. These included the axial guidance flexure, bellows 
assembly, the poppet md seat, and the LVDT armature. The three-way pilot 
valves were returned to the vendor for replacement of the seats with new seats 
made from polyimide. New static seals for the various pressure joints also 
were procured. 

Following the above modifications, the valve (test fixture) was reas- 
sembled in the building 32 clean room. The u n i ~  was then leak checked and 
mated with the inlet filter assembly prior to its transfer to the building 37 
GN2 flow facility. 

Test Plan - In preparation for the extended cycling tests a test plan 
(MTP 0201) was prepared and submitted to FASA for approval. 'Tnis test plan 
was a revision of MTP 0193. These revisions primarily extended tho rewired 
cycling tests from 100,000 to a total of 1,000,000 cycles. 

Test Results - Initial acceptance tests of the P/P; X2840@ valve assembly 
in the clean room demmstrated a main seat leakage rate of 3 scc's per hour 
of helium at 150 psia (310 N/cm2) inlet pressure. This was well within the 
apecification requirements. Cycle testing was initiated with baseline tests 
performed initially and after 50,000 cycles had been accumulated. These 
baseline teats consisted of leakage, opening and closing response and pressure 
drop tests. During the cycling program, valve operation was verified every 
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10,000 cycles by ot.,ervation of the LVDT trace on the oscilloscope. After 
90,000 cycles of operation it was noted that the main valve poppet was no 
longer operating, although the three-way pilot valve continued to operate. Sub- 
sequent leak checks oisclosed that the welded bellows assembly which is used 
as a dynamic seal on the main poppet was leaking excessively. The valve was 
subsequently disassembled to determine the nature of the bellows failure. 

Examination of the failed bellows revealed that the fifth convolution from 
the stationary end of the bellows had cracked in the heat affected zone immedi- 
ately adjacent to the inside diameter weld. Subsequent review of bellows pro- 
cessing and bellows siz;hg analysis resulted in the conclusion that the bellows 
vendor had stressed this bellows for a mean operating stress of 84,500 psi 
(58,260 N/cm2) which greatly exceeded the aliowable mean operating stress 
of 43,000 psi (29,647 N/cm2) for one million cycles of o ration. While the 

allowable stress of 150,000 psi (133,420 N/cm2) for the Inco 718 material, it 
was  incorrectly stressed for fatigue life and simply failed dfkr approximately 
85,000 cycles. A review of possible alternatives to obtain one-million-cycle 
bellows life within the Part No. X28400 valve configuration determined that 
this cycle life could be attained by increasing the bellows thickness f rom 0.008 
inches (. 0203 cm) to 0.010 inches (. 0254 cm) and by reducing the valve operat- 
ing stroke by a factor of 2. 

maximum operating stress of 141,000 psi (97,215 N/cm r ) w a s  within the 

To permit a satisfactory solution to the bellows problem and to permit 
completion of the extended cycling tests, a new bellows, correctly stressed, 
was obtained and installed in the prototype valve. Cycle testing was resumed 
and all components operated satisfactorily until 180, GOO cycles were accumu- 
lated on the valve with the new bellows. At that point, the pilot valve ceased 
to operate. Upon disassembly of the pilot valve, it was evident that the valve 
w a s  stuck in the pressurizing mode. It was also obvious that the failure w a s  
the result of self-genemted contamimtion which had caused the stem to cease. 

The nonoperating pilot valve was removed and replaced by a second pilot 
valve and testing was resumed. A f t e r  an additional 220,000 cycles (total of 
400,000) the second pilot valve failed. This valve failed in the vent mode ?nd 
upon disassembly of the pilot valve, it was apparent that failure resulted from 
an undersized spacer used at the end of the stem. This spacer had shifted 
over to one side which resulted in very high localized stresses and resulting 
failure. Eoth pilot valves were then reworked, using the correct size epacer, 
cleaned and lubricated with Krytox. One of the valves was then reinstalled in 
the system and it operated satisfactorily throughout the remainder of the pro- 
gram. Leakage from the pilot valve was  higher than desired throughout the 
extended cycling tests but that did not affect the operation of the prototype 
valve being evaluated. 
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Upon installation of the reworked pilot valve, testing was  resumed. At  
about 500,000 cycles, the leakage rate of the P/K X28400 valve became exces- 
sively high. An examination of the valve revealed that the weld holding the 
stem which operates the LisXT armature hsd cracked. A close examination 
of the weld indicated that the weld w2s not concentric with the stem and that 
on the side where the crack appeared, there was very little fusion between the 
two parts. A t  that point, the part was  rewelded and testing was resumed. ho 
further difficulties were encoudered and 1,000,000 cycles were achieved. 

The leakage history of the prototype valve during the e-xtended cycle tests 
is shown in Figure 99. 
when the stem weld of the L\mT armature cracked at around 500,000 cyclts, 
the leak rate was much less than the allowable 100 scchour .  During the leak 
checks, it was noted that the temperature of the gas affected the measured 
leak rate. The leak rate measurement was basically a volume measurpment 
and if the leak check was made immediately after stopping the valve, when 
the gas was quite cold, a higher leak rate would be recorded because the gas 
warmed up and gave a higher reading. If the valve and gas were all3wed to 
reach anbient temperature before the check was made, a lower and more 
nearly correct reading would be made. After the 1,000,000 cycles had been 
achieved, the valve was allowed to warm up before the leak check w a s  made. 
This accounts for the apparent reduction in leak rate at the end of the test. 
Because of this temperature affect, the leak data shown i- Figure 99 are 
believed to  be conservative. 

A s  is evident from this figure except for the time 

Valve response data a re  presented in Figure 100. The upper curves show 
the openixg response and the lower ones tJ ? closing response. The opening 
response was slightly higher than the desired response of 30 m. s. This 
response was higher because the pilot valve flow orifice was smaller than 
specified. A slightly larger orifice would have resulted in a faster response 
of the prototype valv2. Also shown in Figure 100 is the opening response of 
the pilot valve. A s  was mentioned previously, the pilot valve required replac- 
ing and rework. The increase in opening response of the X28400 valve at 
400,000 cycles is the result of the pilot valve response. The opening travel 
time was consistently about 5 m.s. A s  is evident from Figure 100 , the 
closing response of the X28.100 valve varied considerably. The decrease 
between 300,000 and 400,000 cycles resulted from the decrease in the pilot 
valve response. The reason for the increase in both closing response and 
travel time after 500,000 cycles is not known but evidently the rewelding and 
reassembly of the valve at that point resulted in a slower valve. The closing 
response was still below the design goal of 30 m. s. and the travel time was 
well below the design goal of 15 m. s. however. 

The valve was still operating well when testing was stopped after 
1,000,000 cycles were accumulated. Photographs of some of the parts a re  
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shown in Figures 101 through 103. 
black ring just inside the screw heads) which was polyimide. The inner black 
ring is a space between the poppet stop and the seat. The polyimide was in 
very good condition after the tests. Evidence of wear on the poppet stop is 
visible in Figure 10L 

Figure 101. shows the poppet seat (the cuter 

Figure 102 shows the poppet seaiing surface. This surface was still in 
excellent condition. A fine deposit of polyimide is evidont on the mirror -like 
finish of the sealing surface but no degradation in the surface occurred. The 
flexure, located inboard from the sealing surface also was in excellent condition 
following the test. Figure 103 shows the end of the bellows containing the poppet 
sealing surface. The bellows also was in good condition. 
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VALVE DESIGY 

Selection of Flightweight Valve Design 

Upon completion of the test fixture test programs with both the P/N 
X27449 and X28400 Valves, but before the extended cycle tests with the PIN 
X28400 Valve, a data and design review was held with the NASA-hRC Project 
Manager at The Ma. 1 wtrdt Company. At that time, the data presented in the 
section entitled, "Valve Subcomponent Evaluation" and the section entitled, 
"P/N 2 8 4 0 0  Test mture, " were reviewed. The ori- purpose of tbe test 
fixture tests was to evaluate various valve subcomponents. For this reason, 
the two valves tested featured substantial differences in their components. 
Table XW is a listing of these differences. The components lieted on the left 
side of Teble XXII were included in the P/N X27449 Valve and tbecomponents 
listed on the right side of Table XW were included in the P/N X28400 Valve. 

When a final comparbon of these valve subcomponents was made, it wa5 
concluded that ctssentially all of the components featured in the P/N X28400 
Valve were prefcrred to those d the P/N X27449 Valve. Tm reasons for this 
preference are ziefly discussed 'he following paragraphs. 

While both static seala and welded seals functioned well during the test 
fixture cycling program, it is believed that static seals may be more susceptible 
to adverse effects from extensive thermal cycling, an environment that was 
beyond the scope of tb contract, and that propem changes in the teflon after 
tw years may be more sipificant than iE metalllc jointa and may adversely 
a ' 
a welded joint configuration is preferred. The sliding seals evaluated during 
this program proved to be unsatisfactory, whcreas the bellows functioned well. 
While improvemsnts to the sliding seal configurations could no doubt be made, 
there is n%assurance at this time that tike 100 scc's per hour of helium at 450 psi 
(310 N/cm ) inlet ,pressure leakage rate can ever be met reliably for one 
million cycles at the Mgh sliding velocities and mer the temperature range of 
interest for the Space Shut& Auxiliary Propellant Valves Program. Consequently, 
the bellows is preferred. Flexure poppet guidance is preferred to sliding p o m t  
guidance since it assures repeatable Snr: precise guiasnce of the poppet aesembly. 
The repeatabllity of sliding poppet gv'.dance will always be limited to the clear- 
ances between the sliding parts. Furthermore, sliding surfaces do gemrat3 con- 
tamhatian, where= this undesirable characteristic is eliminated with the iiexure 
guidance. In comparing a preoswe balanced poppet wjth 8. pressure unbalanced 
poppet design, it 13 apparent that the pressure balanQed pppet is a more com- 
plicated configuration sinc;r it &quires at least one addidoual dpamic seal. 
Thus, the pressure balancod poppet vould appear to be a less reliable COP- 

figuration. Although it is recognized that pressure balancing does result in a 
faster response coaguration, the respc 9 8  cbc te r i s t i ca  of the pressure un- 

static seal performance. Consequently, for tlw Space Shuttle application, 
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balanced poppet are satisfactory for this application and consequently, this 
latter configuration is preferred. 

Sealing Closure No. 2, the flat polyimide seat, is considered more 
desirable than the gold-plated lip seat since the polyimide appears to be in- 
herently less contamination sensitive and since Marquardt was unable to con- 
clusively demonstrate the optimum gold-plating during this program. In com- 
paring a double-action cylinder with a single-action cyiiuder and spring return, 
it is again noted tbat the double-action cylinder is more complicated and, 
therefore, less reliable than the single-action cylinder and spring return. 
This is due primarily to the requirement of at least one additional dynamic 
seal and one additional pilot valve far the double-ction cylinder. While the 
double-action cylinder does result in faster response characteristics, the 
response characteristics of the single-action cylinder and spring return are 
considered satisfactory and this configuration was, therefore, chosen for the 
Space Shuttle Auxiliary Propellant Valves application. 

Finally, location of the poppet stop dawnstream of the seat appears more 
desirable than upstream of the seat, since the impact of the poppet m the stop 
wil l  result in some contamination generation regardless of how minute this 
might be and since it is not desirable to pass this contamination througt the 
poppetheat interface. In summary, the valve subcomponents generally 
featured in the P/N X28400 Test Fixture were considered the preferred com- 
ponents and approval was received from the NASA-URC Project Manager for 
the preptration of a final fliatweight valve design layout generally conforming 
with this configuration. 

Design Layout 

A detailed valve design layout of the final flightweight valve configuration 
is shown in Figure 104. 
features an integral three-way pilot valve. Examination of Figure 104 shows 
that the effective bellows diameter is greater than tbe effective sealing dia- 
meter at the poppet/seat interface. By venting the left side of the poppet 
through the three-way pilot valve overboard, the area between the effective 
bellows diameter and the sealing diameter is acted upm by the valve inlet 
pressure to cause an opening force upon the poppet/bellows assembly. This 
force accelerates the poppet until the poppet strikes +h impact absorber. 
Once the pressure downstream of the valve builds up, an increased pressure 
force is svailable to lock the poppet in the open position. To c. M e  the valve, 
the left side of the poppet is simply repressurized with the valve inlet pressure 
by means of the three-way pilot valve and this pressure force, in combination 
with the spring forces from the axial guidance flexure and the bellows, return 
the poppet to the closed position. The poppet is  stopped in the closed position 
by means of a poppet stop to minimize the impact energy transferred to the 

This valve is of the coaxial configuration and 
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valve seat. The valve seat, in effect, is mounted on a spring support 
structure which controls the poppethat interface load in the closed position. 
Guidance of the poppethllows assembly during the opening and closing 
motione is provided by  mea^^ of an axial guidance flexure assembly which, 
in turn, is supported on a centrally located shaft rigidly attached to the outlet 
d tbe valve. A mechanical tang has been incorporated in the nut which makes 
this shat't assembly rigid to prevent the nut from loosening during valve cycling. 

The valve coarfiguration shown in Figure 104 also features an integral 
LVDT transducer to monitor valve position. Although the valve mechanism 
d #e three-way pilot valve has been incorporated integrally with the main valve, 
the solenoid actuator required to operate the pilot valve is still located ex- 
ternal to the main valve a d  can be readily removed. Ekcept for a single static 
seal employed between this solenoid actuator and the main valve body, the 
flightweight valve design is a completely welded assembly using a series of 
electson beam QEB) welding operations to provide the required strength, 
cleanliness, and welding quality needed f o r  such hardware. The principal 
material of construction is Inco 718, heat-treated and welded in the heat-treated 
conditions. This material was selected because of its de'monstrated structural 
properties in hydrogen and oxygen environments at tbe temperatures and pres- 
sures specified for  operation. Other materials used _ _  the construction of this 
valve are TJrpe 321 stainless steel for the pilot valve inlet tubing, polyimide 
for the valve seats, Type 430 stainless sbc' J r  magnetic plarta3 d the solenoid, 
303/304 stainless steel for the non-magnetic ,arrts of the solenoid, a Type 
4404 stainless steel ball for the pilot valve poppet, copper and nichrome coil 
wiring in the solenoid, Carpenter HP 49 material electrolized in the LVDT 
armature, Type 316 btainAess steel in the LVDT pressure vessel, Type 304 
stainless steel in LVD'I' cover, and copper windings in the LVDT. 

In general, the valve design is not particularly subject to critical f i t s  
and dimensions. The only critical specification relates to the sealing closure 
interface a3 defined by the surface finish, flatness and parallelism of the sealing 
surfaces. These are called out in Figure 104. The valve consists of three 
subassembly components: 

0 Centerbody assembly 
0 Poppetassembly 
0 Seat assembly - Outlet housing 

A pilot valve solenoid, a position indicating LVDT, and assorted shell elements 
complete the valve. The total valve weight is calculated to be 4.98 lbs @. 26 -Q). 
Interface definition lacking, t% layout shows sockets for the connections of supply 
and discharge tubing. A l t e r n a t e  arrangements for mounting the valve on rocket 
injector pads can be made when the engines are selected. 

The sequence af assembly and the important processes are: 

t 
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1. Centerbody Assembly (hie t Side) 

a. The LVDT armature diaphragm is pressed into its pilot diameter 
socket and EB welded. 

The pilot valve subassemXl with a straight pressure supply tube 
is then fmmed into the flexible shape shown and aligned with the 
hole in the conical-inlet shell. 

The LVDT coil assembly is installed, its electrical responses 
verified and then EB welded into three tank standoffs. 

The conical inlet shell is EB welded to the ceoterbody and then 
the pilot pressure supply tube is welded to the cone shell using 
the inert gas technique. 

The outer inlet housing is EB welded to the centerbody. 

b. 

c. 

d. 

e. 

2. Centerbody Assembly (Discharge Side) 

a. 

b. 

C. 

d. 

e. 

f. 

The poppet impact absorber is EB welded. 

The impact absorber and the centerbody stop surfaces are machined 
to provide the 0.015 inch (. 0381 cm) offset deflection dimension needed 
for energy absorption. 

The poppet assembly is installed and EB welded to the centerbody. 

The bellows shroud is installed and EB welded at its three 
strut locations. 

The seat assembly-outlet housing structure is EB welded to the outer 
diameter of the centerbody. 

The pilot valve solenoid adapter is EB welded to the centerbody 
boss projection. 

3. Poppet Assembly 

a. 

b. 

C. 

d. 

The axial guidance flexures are assembled with foil braze alloy, 
vacuum furnace brazed and heat treated after brazing. 

The axial guidance flexure cartridge inside and outside diameters 
are machined after the end diaphragm and flow guide are EB welded 
to the flexure ring extensions. 

The bellows assembly is inert gas welded to the poppet and the 
poppet adapter flange. 

A f t e r  helium leak check, the poppet diameters are machined to 
mate with the flexure assembly. 
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e. 

f. 

g- 

h. 

The poppet is lapped and polished to the required surface finish. 
Surface protection is maintahd from this operation on. 

The poppet is EB welded to the flexure assembly at the diametral 
joint remote from the ooppet sealing surface. 

Installation of the draw bolt into the flexure assembly is followed 
by EB welding the LVDT armature assembly into the poppet 

The poppet assembly is assembled under 2-0 a b o ~ .  
diaphragm. 

a. 

b. 

C. 

d. 

e. 

f. 

g* 

The outlet housing, seat adapter and spring support, and poppet 
stop are assembled and vacuum furnace brazed and heat treated. 

The brazed assembly is machined to provide true pilot diameters 
needed for final assembly. 
The polyirmde seat is installed, and lapped and polished to the 
required surface finish. Seat protection is mnintainn d. 

The outerbody shell extension is EB welded to the outlet houeing. 

The shell extension pila diameter is machined in a final turning 
operation. 

The seat assembly is matched to the centerbody assembly under 
2-c above. 

Tha draw bolt antirotation key is installed and the draw bolt torqted 
to ite reqaired preload. The key tank is inert gas welded to the 
retaining hex nut. 

Inetabtion CY€ the pilot valve solenoid completea the valve assembly. 

Refurbishment of either the poppet or seat can be accompliehed by removing 
the shell extension and remachining its fit-up diameters. The poppet and the seat 
are then exposed for further rework, refurbishing or replacement. Rebuilding 
the valve foUowF the above outlined procedure. 

Rerformance characteristics of this flightweight valve conform to the 
contract requirements as listed in Table XXI. 
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CONCLUSIONS AND RECOMMENDATIONS 

The Advanced Tezhnology for Space Shuttle Auxiliary hopellant Valves 
Rogram successfully dexonstrated a prototype vtlve test fixture for one million 
cycles of operation. Furthermore, the inherent design features of this test fix- 
ture have the capability of operating for ten years with zero maintenance as 
required by the Space Shuttle mission. In generating the valve technology to 
permit this demonstration the subject program utilized analytical models for 
the static leakage through a sealing closure interface as  w e l l  as  for the sealing 
closure interface degradation due to wear. Jhrthermore a substantial number 
of valve subcomponents showing promise for long life with zero maintenance 
capability were evaluated. In addition to the excellent leakage results obtained 
during this program, very fast respmse characteristics were also demonstrated. 
TdiG a m  or closing responses of 11 milliseconds at operating pressures of 
450 psia (310 N/cm2) for this size of valve had not been demonstrated previously. 

The program again demonstrated that a thorough initial analytical effort 
to define the valve subcomponent codigur2tions is essential to the successful 
development of high capability valves. This was particularly evident in the 
case of the critical bellows assembly utilized for the one million cycle life 
demonstration during this program. Sufficient experimental data was obtained 
during this program to substantiate the analytical model ior static leakage 
through a sealing closure. However, insufficient data was obtained to confirm 
the wear model for the sealing closure interface. Indications a re  that the wear 
model as it was defined during this program is too conservative, at least as  
far as plastic sealing closures are concerned. A significant contribution to 
valve technology could be madc by planning a program around Marquardt's 
analytical wear model to gain a better understanding of the significance of such 
parameters as scrubbing distance, impact loads, surface finishes, and material 
characteristics for very high life cycle valves. 

Althmgh sealing closure contamination sensitivity was a topic of major 
concern during this program, the program scope did not permit a significant 
experimental evaluation of this matter. Some contamination sensitivity data 
was obtaincd with the polyimide sealing closure as  a result of accidentally 
introduced contamination and this data indicated the sealing closure to be quite 
contamination resistant. Specifically, several particles in excess of 75 microns 
in size were observed imbedded in the polyimide without any noticeable rise in 
leakage rates. The program, however, in effect, djd not yield any significant 
quantitative data regarding contamination tderance of the sealing closures. It 
would be desirable to conduct a contamination tolerance program in the future 
which would permit a comparison between various sealing closure materials 
such as polyimides, plastics, metallics, ceramics, and such newer materials 
as AFE 124-D and AFE 102 to obtain quantitative contamination tolerance data 
defining both the quantity and the size of particles that can be tolerated without 
significant leakage performance degradation. 
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L The subject program concentrated on optimizing the main shutoff valve. 
The pilot valve required for operation of the shutoff valve was  procured from 
a subcontractor. The pilot valve design features included several sliding fits 
whicb resulted in the generation of large amounts of contaminant particles 
during the life cycle program. This contamination in turn resulted in leakage 
performance degradation and the jamming of one of the pilot valves. It would 
be desirable to optimize the pilot valve design and to eliminate the sliding f i t s  
in a manner similar to that employed on the main valve so that reliable per- 
formance of the pilot valve €or one million cycles can also be demonstrated. 
Along with this effort the possibility of br;ilding an integral pilot va lvehain  
valve configuration such as is shown for the flightweight valve design layout 
should be prsued. Finally, the complete flightweight valve design should be 
fabricated and test evaluated to demonstrate its performance capability and 
to substantiate the calculated weight. 
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AND 

APPENDIX B 

RAPID SCREEhqNG TESTER STRESS ANA LYSIS 

I 



S UMiVIA HY 

Appendix A - Sealing Closure Stress Analysis 

Appendix B - Tester Stress Analysis 

STRESS MEMO #326 

r 
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The 2ttsched stress analysis was made in -upport of the 5085 Valve Seal 
Program. 5.he analysis was based on the following criteria: 

1. Nominal Test Conditions: Stroke - - ,125 in. 

Accel. i2H wgt) = 5 . 2  g's 

Travel Time I 11 mrj 

K.E. at Closure .= 50W in / s w '  /I? 
2 " 

Seat Force etatic): 20 - 200# 

2. Maximum Test Conditions: Stroke .5UO in. 

Aooel. (2# wgt) = 6.5  g'a 

Travel Time = 20ms 

K. E, at Closure 
2 0 

2500# in /vcc ' /g 

Beat Force (Static- 200 - 1500# 

6 3. Life 10 cyolee per omfiguratio;. 

4. 
c 

Seat and Poppet capable of withstanding 450 psi operating pressure f"r 10 a <*de. 

5. Each Seal Lip was analyzed for B nominal deflection of ,005 in. at tho tmrjw 
-turfaoe, with over travel deneotione tc ,008 in. as applicable for tbe des.ir;:i. 

6. Proof Pressure = 1.5 Time8 Operating Pressclre 

7. Burst Preeeure = 1.98 Times Proof Presssure 

8. Temperature Range = 200% to SSOOR 



L 

c 8 
i 

IOM - A. Malek 
From: I.I)ickens 

- 2 -  

SUK!UARY OF RESULT2 

The table of mrgins is shown on Page 3. Tk? mrgine are cowidercd 
satisfactory for the purrpse of meeting the structural ?riteria. 

The 8tr;kctUml analysis of the poppet sad seat %as based ou the forces rt~-oJt - 
i q  from the a b ~ o r ~ o n  of 2500 ~bs in2/secz kinetic energy at impact, f w  106 c i  ;;j- 

The spring-supported seats were conservatively assumed to obtain t?e m a X i m t * i i l  
poppet vdocity at the moment of impact,. This velocity wad then wed to odcul 
the kinetic energy 0i the seat-epriag syatem. The Iuiietic e n e m  of the seat -A'.:. . 
then used to calmlate the reaction farce from the seat siipport springe b e &  : e .  ' ' s t -  

relationship; 

1 
2 

K.E. = - Ph where P = Impact (Rczction) Force 

6 = Deflection of Seat Spring System 
for a Unit Laad 

The Reaction Force thus calcuM4 was then wed as a static load to determke 
the etregees in the various componemts, by means of conventional structural ana'!.a;t 
methods. 

The tester jacket -8 analyzed for the critical proof preseure of 670 psi b a : . ~ ~ ! ~ r -  
of the low allowable yield stresr3 of the 304-L CRES material. Ultimate (Burst) 
stresses were not critical. 
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TABLE 1. 
M I N I M U M  - STRESS MARGINS - SEALING C L O S U H E S  

Part Name 

Poppet support 
BeUeviUe 
*dag 

Tung. Car. 
pappet 

Lip Seal 
Spherical 
u p  seal 

Flat Plat0 
L J.100 
Flat Plats 
L = .I80 

Flat Plate 
LC.66 

part Name 

Tester Flexure 

Tester Jaaket 

Teeter Jacket 

Attach wits 

Tester End Cap 

Tester Poppet 
SUPPQfi 

coil Spring 

TABLE 2 

M I N I M U M  S T R E S S  MARGINS - T E S T E R  

Condition 

y =. -500 

650 psi proof @ 

Inner Plate 

870 p i  proof 

600 psi proof 

Max. Iapact 

Solid Height 

Stress Qsi) 
wemarke of Lmde (kl 

Bending + Toreion 78 
Dn flax 106oyole8 
Bending on Inner Wall 33.5 

Bending OD Plate + Web 20 

TIiD Shear in Plate Yield 18.3 

Bending on End Cap 
Mh. tttlt 
Column Losd on Support 27.7 
tube . 

Torsion Btreee 78 

032 

- 3 -  

Margins 
of Safety 

. 00 

.07 

.75  

.30 

Large 

.08 

w;: 
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A P P E N D I X  - A 

T A B L E  OP CONTENTS 

Poppet Impact and Seat Force - #lax. Tect Condition 

Impact Forces on Flat WC &at and hpport (L4682) 

Impact Forces on Flat Poiyinride Seat Canfigur8tAon (utrn) 

BeLleviUe Spring Analysts - Max. Errsrg3r 

Tungsten Carbide Poppet 

Copper Lip - Sed (L4678) 

Flat Lip SeaA - TeiAon Tipped (IA683) 

Spherical Lip SeaA - T a m  'Npped (L4684)' 

Flat Teflon Plate Seal - L - .lo0 (L4680) 

Flat Teflon Plate Seal - L = . 180 QR680) 

Fht T d h  Plate S d  0 L = a 6 6  WeeO) 
. 

- 4  - 

Pase 
1.1 -1.3 

1.4 - 1.6 
1.7 - 1-10 
1.11- 1.u 

1.13 

1.14 - 1.17 
1. la- 1.20 

1.21-. 1.23 

1.24- 1.28 

1.28- 1.29 

l a  30- 1.93 
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Seal Ttist Rtg 

F1exu.m A ~ t l p i s  - Axfa1 . b € l e ~ t l ~ n  

F- A t m b l s  - SLde I d 8  SrJd 8tm-a 

Jacket - lnner Shell 

Jacket - Inner aud Outer &dl Ccmpttbility 

Jacket - ReiDforccment W e b  

Attach hltb ,  Flange Threads 

End Cap - Tester Adapter 

pappet Qm* Tube . 
Coil Spring - Music Wire 
Coil Spring - Stainleas \%re 

n *  ... a -- 2c. 5 

2. s - 2:d 
I * ,  3 

2, r C  - 2.!.2 

2.13 ” 2.1.4 

2.1.5 

2.16 

2.17 

2. 18 

2.19; - 2.20 

.\ 



I' 
I 

i 

-I I- 
U 
A 

! 
I 

I 



! 

z : ::.. 

c 
! 

- w  s ( f . 2  
G 3.G 

Ev\ = ,0623 w 

r- 
1 
i 

j 

i 

1 

1 .  





t 

I. 

t 

1 
d. 

t 

f, C A 0 0  

J 



I 



i 

,- 1 
r 
h 

i [ '  

I, 

5 

i 

f 

.. 
, .. * . 4 I .-. , ... 

R Y  TYC 000 I I R V .  8-70 

c 



I ' .s- 

. i .. , 

f 

1 

i 
J 

I -  



" 1 

i 1 
1 

! 

i t  
! 

I *  
I 

% '  , 

' * --( 
i 4 

i 

J 

r 

i 

I 



.+.. *& i 

I 

I 



c 

i .. I 

I 
I 

I '  

.. 
I 



-- 

i 
i 



I 

i‘ 
1 

E 



. 
- a -  - 2 

"'9 3- 

: 
t 

4 

1 
I 
I 
1 
1 
I 

I 



;, I 

> r  
--. f 
1 - -  

c / . a I - l  

_. . 
-, 



a 

a. 

l e- 

'1 

i 



q I  c i 

i 

. -  



. 
k 
L 

D R :  VP 



$ 2  1- 
I p  

- a- 

f !  

i 

ACT 

I(rJ 
u- 

c 

.. . I 



I 

, 



" y  :- 

I -  .- d??- 

I 
! 
i 

I 

i 
I 

! 
I 
I 
1 



I 

I 

-._ 

2 3 8 , O J O  

1 

i 

4' 
. f  

i 
I 1 

t 
I 

i 

1 

1 



I 

4 1; 
' I  E 



L 

I TWI MAROUARDI CO..rPANY C I R C A I I D  DV 

'L  

L 

, .- 

t 

I 
I 
I 
I 
t 
I 
1 
I 
J 
J: 
i 

I--- 

- -- .-- 



I 

\ ... **La.. 

H . 4  y 

- .-.- .--. - -  

C '  

1 



T 

1 

3 
4 
i 

4 

c 
i 

1 

c 

1 
I 

1 
i 
! 
.i 
? 

I 
1 
f 
i 
1 

1 
i 
.t 

i 
1 1 

0 '  

1 
1 
I 

t 

i 
i 
;J 

! 
I 



P R =  I/r, 
23 x 3  

-.. 
-c 

I 

.. 



I' 
z 

i 

L 
i 

2 '  

.. 

. ,  



c 

t E  

fl  

. o / t  f 

c:  . s 6 0  

E A & / *  C 
I 



-. ! - 
f ,  
- !  

c 



I 

1 
I t *  

r 

1 

C '  

1 

.. 
4 



1 
. I  



_- 5 . .  

! I 

f i !  .ob#. 

i 

-- A 
b 

.. 
... . . 

j 
1 
i 
I 

..i 
! 

.._ . 
, !  

. ._- -4 

.! 
I 

I 

. I 

, 
I 1 



L 



I -  - 2- 

c 



i 

Y TMC O## RKV. #-?O 



I 

1 
' I  

I 

7*( p : 3/64 

I 
CORY TYC 011 RBV. 8-70 

c 



, 4 2 0 3 '  

L 

1 
I 
I 
I 
1 
I 
1 
I 
I 
1 
I 
I 
I : 

i 
I 
1 
i 

1 .  
I 

r - .  



I I . *  

I 

- 4  

, .  
I 
i 

L 



I 
I 

t 

3 

I .. 



- . ,  
i 

€ 

1 . ,  



i 

r 

p 

k 

h 

I 

I 
I 



f 
i 

, 
. i  

,@io  



t 

1 
1 
1 
0 
1 
1 
I 
I 
I 
I 
i 

I 
1 
I 
I 

I 
I 
I 

* 

f 
I 



r 
1 ..-. 
C- 
I I 

[" l -  c-- 1 

:- 

!' 
r 1 I 

I 
1 

I 
i -  

I b 



t 

= 2-zL!Y rn 

L 

, 

I 

1 
a 
3 

a 

1 

I 
I 
1 
1 
I 
1 
I 
1 

1 
I 

I 

I 
I 

* I  
II 

1 c 

1 
I 

I 
I 



J 

c 



I 

1 
i 
1 
I 
I 
1 
I 

1 
_ !  

1 .  

? 

I 
1 

i 
I 

I 
I 
i 
1 

-1 
:I 



c 

v .  

i 



c' 

-. . _  

I I 

5W€LL p L 
P f  

L ( O e o 0  c 



4 .  

i 

I 
i 

i 

I 

Y ' +  wet 
e t  

C '  

9 

I 

1 



, 
1 
, t 

a 
I 

-i 

i 

4 
1 

I 

t 

. /  
t 

I 



i 

I . r  - .  

I 

I '  

I 

t- 9.37<4 . 



* 
. 
c 

.. 

I 1 



I 
; i  

! # 
? 

! 

! ' _ '  

, 

I 



G 2 =  .Z( 

/"a. is.963 

I 

i 
1 
! 

I 

i 
1 
I 
1 1 

i 
I 

I 

t 

I 

D 

1; 
I t  
1 
I '  

.I 
I 
I 



J - 
5 



f 
i 
T 

E 

i 

? 

t 



I 

! 

I 
! 
1 
I: 
r 
I 
I 
I 
I 
I 
I 
I. - m e  Ma# 

I 

-. 4 
.l . 

. I  . 



I 

'i I 

i 

k 
I 

I 

. . _  

Q 

... 



\ 

i 

t 

APPENDIX C 

SEALING CLOSURE TEST PLAN 

f 



! 
.. - . 

TEST PLAN 
hWRhMTION 

TITLE 

SEALING CLOSURE SCREENING TESTS 
I 

1.0 OBJECT AND SCOPE i 

2 .0  

M I  P 0188 
* 

CAOR 1 oc 18 

The purpose of this test plan is to define the checkout testing to be performed 

with the rapid screening tester as well as to evaluate the performance of the 

10 sealing closures in the rapid screening tester. These test efforts a r e  in 

support of the Space Shuttle Auxiliary Propellant Valves. contract with the 

NASA-Lewis Research Center, as defined in Tasks I and IIJ-A of 'hat contract. 

The overall objective of this contract is to develop va:ve technology for gaseous 

oxygen and gaseous hydrogen propellant valves for the auxiliary propulsion 

rocket engines operating at a thrust level 1500 lbs and at inlet pressures of 

20 o r  400 psia. The specific objective of this test plan is to demonstrate the 

ability of various valve sealing closures to reliably sea! for up to one million 

cycles while operating at the previously mentioned inlet pressures and over a 

temperature range of 200 to 850"R. 

Upon completion of the test program defined herein, sufficient confidence in 

several valve sealing closures will be established to commit them to the follow- 

on tradeoff study which results inthe conceptual design and analysis of the 

actuators and supporting parts required to operate these sealing closures. 

DESCRIPTION OF TEST HARDWARE 

The rapid screening tester to be employed during this test program is defined 

0: drawing No. W 8 8 .  

which is connected to a hydraulic actuator. The actuator mass and that of the 

attache3 position indicator a re  decoupled from the poppet mass during the 

closure IT. hion by means of a spring joint. The hydraulic servo system has the 

capability of individually varying valve seating laad and valve actuation force 

during the closing motion. The poppet assembly is housed in a double wall 

This tester consists of a flexure guided popoet assembly 
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The rapid screening tester w i l l  be vitilized to eyaluate a tvt2! of 10 valve 

sealing closures. These sealing closures are  defined on drawings KO. L4677 

through L4686. These sealing closures featurt 8 variety of materials including 

hard metal, soft metal, teflon, and polyimide, a s  well a s  two geometrical inter- 

faces, name!y spherical and flat. These sealing closures a r e  applicable to a 

wide variety of valves including poppets, ball, butterfly, gate, etc. 

REFERENCES 

The following documents a r e  applicable as specified in this test plan. 

3 .1 .1  Government 

Mil-P -27401 pressurizing agent, nitrogen 

3 . 1 . 2  The Marquardt Company 

hlPS 210 - Cleanliness Requirements for Reaction Control System Engines 

-1.0 GENEFUIA CONSIDERATIONS 

4.1 

The specific objectives, methods, and required data rctrieval for each test  of 

the sealing closure screening test program a r e  detailed in Section 6 of this 

test plan. In the event additional supplementary tests a r e  considered necessary, 

an  amendment specifying the test(s) to be conducted will be added. The intent 

herein is to outline the genera: test requirements and controls to be employed 

during +he test  program. 

Cleanlinecs and Handling 

0 All test fluids are to be passed through multiple filters between the storage 

tanks and test valves. 

installed upstream as close to the point of test valve hook-up as  is possible. 

Filters of at least  25p absolute rating a r e  to be 

Assemb!y of all poppet and seats into the rapid screening test fixture prior to 

testing shall be accomplished in the Building 32 Clean Room. During this assembly 

a fi l ter  of a t  least 25p absolute rating shall be installed at  the inlet to the  rapid 

screening tes ter  and this filter shall remain there during the entire test cycle 
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to prevent the introduction of contaminants into the upstream sid, 01 the sealing i 

t 

I 
! 

a: 
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closure interface. 

leakage charscteristics shall also be verified in the Clean Room prior to transfer 

of the assembly to the test site. 

Proper alignment of the poppet to the seat and satisfactory 

Instrumentation 

The accuracy of all measuring and recozding devices used during the program 

shall be verified prior to their uae. Standard instrument inspection/calibration 

periods shall not be permitted to lapse during the subject test program. Test 

equipment description shall include the following minimum information: 

0 

0 

0 

9 

0 

0 

0 

Facility 

0 

0 

0 

Descriptive Name 

Manufacturer's Name 

Manufacturer's Model Number 

Serial Number 

Range and Accuracy 

Frequency of Calibration 

Date of Last Calibration 

Final decision as to the adequacy of the test setup and conduct of the 

test, with the exception of the operation of the test facility, shall be 

at  the discretion of the cognizant development engineer. 

All liatdon concerning the test program shall be coordinated through 

the cognizant development. engineer. 

The facility plumbing, seals and test setup constituents shall be of 

materials which a re  compatib'e with the test fluids being employed. 

4. I 

4.4.1 Clas sification 

Tes t Discrepancy ?roc edure 

4.4.1.1 Procedural Devia'ion 

Procedural deviation is uefined as any chs.,ge to this test plan test procedure, 

test setup or instrumz-iitation which affects valve nperation or  data reduction. 
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4.4.1.2 

4.4.1.3 

4.4.1.4 

4.4.1.5 

44.2 

4.4.2.1 

4.4.2.2 

4.4.2.3 

Performance Deviation 

The objective of the screening test is to define sealing closure performance. 

Performance will be documented and evaluated in terms of the design requirements. 

Malfuncti* 

A malfunction is defined a s  any operation of the test facility equipment o r  human 

e r r o r  which causes a discrepancy in the testing. 

Failure 

A failure is defined as the inability of the sealing closure to provide the function 

for  which it was designed while operating within the specified environment and 

operating time and/or cycles as defined in this test  plan. 

Others 

This classification includes al l  changes or  deviations to the test plan o r  test 

procedure which are not defined in paragraphs 4.4.1.1, 4.4.1.2, 4.4.1.3 o r  

4.4.1.4. Included in this classification would be typographical and/or obvious 

e r r o r s  which occurred during the preparation of the test procedures and/or test 

plan. 

Discrepancy Evaluation 

In the event that any problem occurs during testing, the Development Engineer 

Delegate and the Test Operation Engineer shall make a preliminary investigation. 

No action shall be taken that will destroy evidence. 

Procedural deviations per paragraph 4.4.1.1 and others per paragraph 4.4.1.5 

shall be dispositioned per paragraph 4.4.3. 

Lf the problem is suspected to be malfunction per paragraph 4.4.1.3 I 

per paragraph 4.4.1.4, an investigation wi l l  be conducted by the Test committee 

to determine the classification of the problem. The Test  Committee shall be 

c o m p s e d  of the Developmant Engineer, the Test  Operations Engineer, and the 

Project En@ neer. When the classification is determined, the dispositon shall 

be made per paragraph 4.4.3. The step-by-step trouble shooting procedure 

shall be documented iii the inspection sealing closure iog bo. . dong with the 

reason for, and the results of each particular step. 

1-1 re 

I 
I 
I 
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I 
1 
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I 
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4 .4 .3 .1  

4.4.3.2 

4.4.3.3 

4 .4 .4  
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5 . 0  

5 . 1  

5 . 2  

Discrepancy Disposition - 

If the problem is defined per paragraph 4.4.1.5,  a deviation sheet, Figure 1, 

shall be completed. The deviaticn sheet shall be initiated by the Development 

Engineering Delegate and be effective immediately. Written approval shall be 

obtained during the next regularly scheduled day shift if the discrepancy occurs 

during rroffrr shift operation. 

In the event that the problem is defined as a procedural deviation or  malfunction 

as described in paragraphs 4.4.1.1 or  4.4 .1 .3 ,  a deviation sheet, Figure 1, 

shall be completed. The deviation sheet shall be originated by the Development 

Engineer and approved by the Project Engineer. 

In the event the problem is defined as a failure under the terms of 4.4.1.4,  a 

Failure/Malfunction Investigation will be conducted according to Quality 

Assurance Procedure (QAP) 12.2 except an Inspection Rejection Report (IRR) 

may not be written. The Failure/Malfunction Investigation may be completed 

during the Discrepancy Evaluation per paragraph 4.4.2.  

Deviation Sheet Distributiog 

Copies of the approved deviation sheet shall be distributed as follows: 

Development Test Log Book 

Sealing Closure Log Book 

Test Operations Engineer 

Project Engineer 

JMENTATION 

w itnesses 

The cognizant development engineer sha!l be informed p r k  to tht. &tart of all 

testa acd at any time when an unanticipated situation affecting the test betup, 

method of test item occurs. The deve'ropmmt engineer or  his designated 

representative shall be present durhg  the conduct ai tests. 

Test Data and Identification 

A history of tests compltted shah be maintained in a test log book A S  well as in 

the sealing closure log book a t  the completion of the test program with the 

r 
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particular sealing closure. The data recordcd s h l l  be marked with the 

information necessary to completely identify it. The following items are  

considered a s  minimum required test identification and wili be the respmsibility 

of the cognizant test engineer. 

0 

Sealing closure part number and serial number being tested. 

Type of test to be conducted, MTP Number, and applicable 

section identification. 

Type, range, and iatndication nlimher of each meaeuring 

instrument used during the tests. 

Identification of test operator, facility, time, date, and test 

witness . 
e 

5.3 Data Storage and Processing 

Components Engineering Group shall maintain a record of all data retrievtd 

from the tests as supplied by test operations personnel. To facilitate intended 

test data processing and analysis, data reduction will be cccomplished by the 

development engineer. 

6.0 DETAILED TEST PROCEDURES 

6. 1 Rapid Screening Tester Checkout 

Objective 6.1.1 

The objective of this tent series is to initially check out the rapid screening tester 

to verify its suitability for evaluation of the valye se-’ing closures. Checkout 

testing consists of the setting of the requirea strokes, seating force, opening 

force, and closing force in  order to achieve the required sealing closure static 

loading and impact loading. In addition, the checkout will serve to demonstrate 

the tester cycling capability and to  obtain data on the thermal conditioning per- 

formance, in particular, the time required to chill or  cool the sealing closures, 

and the temperature changes incurred during cycling duc to heat transfer into 

the operating fluld. 

G. 1.2 Teeter Installation 

- 

The part number L4688, 

aoutheast section of Building 37, as shown in Figure 2, and shall be provided 
with the following t68t fluids. 

Rapid Screening Tester, shall be installed in the 
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1. 

2. 

3. 

4. 

Hydraulic pressure, regulated 0-3000 psi. 

Filtered gaseous nitrogen, regulated 20400 psi. 

Hot air temperature regulated from 700 -1000"R for a thermal conditioning. 

Gaseous nitrogen temperature reguiatml from amki-nt to -15O'R for 

thermal conditioning. 

$ I  

6.1.3 Instrumentation 

a. 

and shall be recorded on a dual-beam OScil10SCOpe. 

The following high response (lo00 cps) instrurrenta:ion shall be provided 

Hydraulic piston pressure differential, -3000 psi to - 3000 psi. 

Poppet position, 0 to 1/2 inch. 

Tbe following steady state (1/2 cps) instrumentation shall be provided. 

Seat temperature number 1 - 200 - 85VR 
Seat temperature number 2 - 200 - 85VR 
Tester jacket temperature - 200 - 85WR 

b. 

I 

r 
! 

I 

1 -  
i:  

i- 

Tester gaseous nitrogen inlet pressure - 20 - 400 psi 

Hydraulic supply pressure, 0 - 3000 psi 

Number of actuations, 0 - 100,000 cycles 

Water displacement cylinder, ii - 20 cubic centimeters 

6.1.4 Test Sequence 

To permit the checkout testing of the rapid screening tester, one of the sealing 

closures shall be installed in the tester. Prior to assembly of the sealing closure 

into the tester, all parts upstream of the sealing closure, which will come in 

contact with the operating gaseous nitrogen, shall be cleaned per NIPS 210. 

Actual assembly of the tester and sealing closure shall occur in the clean room 

cf Building 32, to assure a contaminant free system. Subsequently, the tester 

ehall be moved to the test site in Building 37 and coiinected to various supplies 

and instrumentation as shown in Figure 2. 

The test sequence is divided into a series of ambient tests and a series of tests 

under temperature conditioning. 

a. Ambient Testing 

The purpose of this test phase is to determine the actuator forces required 

to achieve the d e s i r d  terminal velocity during closure at each of the three stroke 

1 
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conditons of intei ?st. To achieve this objective, testing will be performed 

according to the matrix shown in Table I. In addition. the sealin,: clqsure 

:cakg: Teasurement technique wil l  be evaluated by measuring !&age at 

3 static load conditions. ramely 20, 150, and 1300 lbs. 

t. Thermal Conditioning System Evaluatinn 

The purpose of tke thermal conditioning checkout testing of the rapid 

screening tester is 50 evaluate thermal response characteristics of the tester 

as wel! as any adjustments which may be required to the actuator forces in 

o.der to achieve the desired response times ;tnd closing hnetic energy lev&. I 
1. The first test in the series will  consist of thermally 

cod t ion i rg  the tester fron: smbienr to S W R  and 

.nonibring the time required to reach equilibrium 

sealing closure temperatures. Once the steady 

state sealing closure temperatures of 

achieved, this temperature shall be monitored for a 

period of 1/2 hour to determine temperature oscillations 

in the tester system. Subsequent to this period, 

the tester shall be operated at various frequencies and 

valve ~ p e ~  times for each of the 3 stroke conditions of 

interest, namely, 0.010, 0.135, and 0.5 inches. Valve 

respcnses and valve open times to be eva1l;ated shall be 

those which will  result in the desired SGC and 2500 Ib in. / 

3ec" hinetic energies, which were determined duririg the 

phase A testing. During these tests, the sealing closure 

temperatures shall be monitored to observe temperature 

dccay rates due to the cooling effect of the gaseous 

nitrogen flowing through the tester. 

k s  Seen 

2 

0 

Upon completion of the hot thermal conditioning system evaluation, the same 

procedure will be Atilized for evaluating this system at cold conditions (200"R). 
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Subsequent to the cold test series, leak checks of the sealing closure will 

be made at both the cold and hot conditions to verify the capbili ty of the 

I& mcrrsuring qiiiprnent to operate at these tctmpemtures. 

r 
i 
- 

.. 
6.1.4. Sealing Closure Screening Tests 

The purpose of the sealing closure screening tests is to subject each of the 
i _ .  

5 -  

I 
sealing closures to cycling tests at hot, ambiex2, and cold temperatures and to 

i 
make periodic leak checks to verify the sealing closure capability to seal 

effectively. In preparing the test matrix, primary attention was  paid to the two r ]  r 
! 

. _  $ 
t 

inlet pressure operating levels to make certain that the test data is directly 

applicable to the valves that will be developed during the later tasks of this 

program. Verification of the leakage matt model was considered a secondary 

objective. 

It is expected that the high pressure valve configuration (400 psi inlet pressure) i 

will employ a flexure guidance and will feature an impact load of approximately 
2 "  

500 Ib in. /set' for the non-retractable seal configurations. The retractable 

seal configurations will, of course, feature a lower impact load. Consequently, 

initial testing with all sealiq closupe will consist of operation at this particular 

pressure and impact load level. If the sealing closure passes 50,003 cycles 
- . . 
i successfully wader these operating conditions, the impact load will be increased 

to 2500 lb in. /sec and the valve will be cycled at an iniet pressure of 20 p i a  

and with a poppet which will allow radial movement up to 0.004 inches. This 

confmration is considered representative of a sliding fit type low pressure 

2 2  

* t  
i valve. In the event that the sealing closure does not pass the 50,000 cycle test 
i .  
'i 1. 
I .  I series at the 400 pia  inlet pressure, the impact load will be reduced to a level 

compatible with the retractable seal configuration and the valve will  be recycled 

lip to 5n,C)OO cycles iinder that condition. A failure of the valve tu pass leakage 

requirements will  be considered to have occurred when the leakage through the 

valve exceeds approximately 10 scc's per hour of helium at the particular 

operating pressure. 
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A total of 10 sealing closures will be evaluated. These sealing closures are 

presented in drawings L4677 through L4686 and are listed in Table II. The 

sealing closures include both flat and spherical interfaces 

I 
R 

and such material combinations as hard metal on hard metal, soft metal on 

hard metal, polyimide on hard metal, and teflon on hard metal. These sealing 

closures are applicable to a wide variety of valves as indicated in Table III. 

Initial assembly of all sealicg clcsures into the rapid screening tester will be I 
1 
I 
1 
I 
I 

accomplished in the clean room in Building 32. At that time also, alignment of 

each of the sealing closures wi l l  be verified. The movable portion of the 

rapid screening tester will then be taken from Building 32 and installed into the 

fixed portion of the rapid screening tester in Building 37. Thereafter, testing 

in accordance with Figure 3 will be performed. Data obtained during the 

testing will be recorded in Table N for later application to the valve leakage 

math model. Upon completion of the test matrix of Figure 3, the movable 

portion of the rapid screening tester will be returned to the clean room for  

disassembly, inspection, and photographic coverage of the sealing closure 

condition. 

J 
I 
1 
1 
1 
1 
I 
3 
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TEST PROGRAM DEVIATION SHEET k 
3' Sealing Closure P/N- . - S/N Date 
I 

? .  

I 

I .  
i 
1- 
f 
I 

I 
1 .  

1' 

Facility Building #37 Test No. OriginztQlr 

The following change (shall be/was) made to the A P P r n V d  

Project 

Test Plan Title Sealing Closure Screening 

Instrumentation Hardware , Facility (Mech.) 

Other (State) 

Change to: 

- 
This change affects runs -ugh 

Was: 

I' Reason: 

1 -  
Figure 1 

- 
Distribution: Development Test Log Book 

Sealing Closure Log Book 
Teat Operations Engineer 
Project Engineer 
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TABLE II 

LIST OF SEALING CLOSURES 

! 
I 

i 

DRAWING NO. 

L4677 

L4678 

L4679 

L4680 

L4681 

L4682 

T-1Y2S 

L4684 

L4665 

L4686 

Flat Polyimide Seat 

Spnerical Copper Lip Sent, Bellows Loaded 

Flst Metal Sest, Flexure Aligned Poppet 

Flat Teflon Seat, Bellows Losded 

Spherical Teflon Seat, Bellows Losded 

Flat Metrrl Seat,  Bellows Loaded 

Flat Teflon Coated Lip Sest 

Sphericrrl Teflon Coated Lip Sest 

F h t  Polyimide Seat, Bellows Force Loaded 

Spherics1 Polyimide Seat, Bellows Force Loaded 
1 
i 

: 



:?* 

I VALVE TYPE 

Flat Poppet 

Sphcrlcal Poppet 

i Conical Poppet r- 

. .-- 
---4 

I Blade 

?' .., 

L4677 L4678 L4679 L4680 

X X X 

X 

. X I  
X 

x .  

Lte \ I 
Butterfly X 

1 

I Ball I X I  

t . 
t 

X 

SEhLINC CLOSURE APPLICATION - TABL. .:I1 

MTP 0188 
Page 17 

r I -1 
DRAWING No. I c I 

! r I I 1 
7) ---. 

1 

L4681 L6682 I.4683 L468l LO685 
I -- 

X X 

* X  - !  

X I 

. 

-1 Lt686 
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1.0 OBJECTIVE 

The objective of this test plan is to specify tbe teata and procedures to be used 
in acceptance testing the PRJ X27449 cryogenic, coaxial ehutoff valve. 

2.0 TEST PROCEDURES AND CONTROIS 

a. Tbe valve shall he cleaned per YPS 210 and assembled in the clean room 
in Bldg. 32 and provided with an 18 micron absolute inlet filter at that time. This filter 
shall not be removed during acceptance testing ta Bldg. 37. Upon completion of the 
acceptance tests, tbe valve and filter shall he retumed to the clean mop. for removal 
of the filter lad final packaging for shipment to the vendcr. 

b. During acceptance tests tb valve shall not be wried unless a minimum 
of 5 psig p e w  nitrogen is present in the valve. 

c. 
the valve shall be provided with the P h ' s  T18602 and T18603 inlet aud outlet fi- 
in the cle n room. The installation drawing of the valve is P M  x28195. 

To facilitate installation of tbr! upstream filter and downstream connections, 

Inatrumentation ia required to measure the followhg parameters over the ranges 
and wtth the accuracies listed: 

B r a m e t e r  RaaRe Accuracy 

Coil Resistance (Valves) 0 - 40 ohms f 0.2 O h m 8  

coil Resietance (LVDT) 0 - 200 ohms * 1  Q 

hkt h B 8 U r e  0 - 850 peig * 5 p e i  

Valve P ~ B S U ~  rnffemnUai o - 40 psi f 0.5 psi 

Flow Rate 2.0 - 3.0 Ibe/se~ ON2 f .05 Ibs/sec 
63 375 pia,  ambient 
temperature 

Internal hakage 

Pull In Current 

Ret3p@ISt? 

50 scc per 3 minutes 

0 - 1.5 asps  

0 - 50 me 

f 1 SCC 

f .01 amps 

f 0.5 ms 
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2 : l  Instrumentation - Continued 

TEST PLAN 

Parameter !!.!%E 
Position Indication* 0 - 0.3" 

Voltage 0 - 36 volts 

Number of Actua t ions  0 - 10,000 

*utilizing gigolpl conditioning 
equipment compatible with 
KAVLICO P/N GM 5654. 

3.0 TEST PROCEDURE 

i 
3 

.4CCUraCI 

f .015" 

?. 0.2 rolts 

S I  

The acceptance test data sheet identified as Table I shall be completed during 
the acceptance test sequence. 

3.1 Coil Resistance 

Measure and record the coil resistance betseen the two %tires of each of the 
pilot valves a t  ambient temperature. 

Measure and record the coil resistances c f t h e  position transducer primary 
(Pins A to B, tkck aid white ulres);  left secondary (Pins C to E ,  bhe  and blw 
stripe wires); and rirQt secondary (Pins F to D, red stripe and red wires) at ambient 
tempertiturn. 

3.2 Proof Pressure 

Slowly prersurize tEe valve with gaseous nitrogen o r  gaseous helium to a pressure 
of I ,  000 psi for I m ;nu&. No permanent distorticm ar damage shall result. 

3.3 External bakage 

With the valve closed and the outlet port capped, slowly pressurize the main 
talve with 650 psi GN2 and the pilot valves with 650 pei heUur3. Irook for gas leakage 
with snoop at all flange join's and at the vent port to the LVDT cavity. Open the valve and 
repeat the leak check at both pilot valve join@ and mounting flanges. 

3.4 Internal J.eakaw 

Pressurize the main valve and the pilot valves with 400 psig CN2. Measure 
in te rna l  leakage through the main valve as well ac at the vent ports of both pilot valves. 
Cap the outlet of the main valve and open tk vaive. Do not supply GN2 preesure to the 
main valve until the pilot valves are energized. Again measuxt the leakage at the vent 
port of each pilot valve. 
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TEST PLAN u I r 0192 1- 
3.5 Pull la Current 

Pressurize the pllot valvee witb GN2 or helium to 650 psi. Slowly increase the 
actuation voltage and monitor the coil current at the time each valve operates. 

Preeeurize tbe main valve with 375 pig GN2 and tbe pilot valves With 375 pS& 

helium. set the oacilbscope triggering t~ p o e ~ v e ,  semitivie to approximately 20 v/cm 
and time b e  to 2 ms/cm. Monitor the LVDT output on tbe upper trace and the current 
to the pilot valvee on the lower trace. Set the plleer to 28 VDC (at the pilot valves) 
and the pulse wldthto SOms.  V e m  thatthe plumbingtothe valve is 88 in Figure 1 
and includes the simulated downstream injector volume. Open the valve and obtain 
polaroid photographs of the two traces. Identify the photo with the date of test, valve 
P/N and S/h', voltage, main valve pressure and medium, pilot wlws pressure 
medium, seasitivity and time base. Record the opening respouse from the start of thz 
current rise (current trace) tu eompletim of the valve poppet travel (LVDT trace). 

3.7 Cloeiaa Response 

A l l  settings shall be the same as in Paragraph 3.6 except that the voltage shall 
be recorded instead of the current and the oscilloscope triggering shall be set to negative. 
Veri@ thst the throttling valve in Figure 1 is adjusted so that the flow rate through the 
main valve is 2.57 lbdsec GN2. C l o e u  response is measured from the time of electricai 
dropout (voltage trace) to the completim of valve poppet trawl (LVDT trace). 

3.s Preesure Drop 

With the eetup 88 shown in Figure 1, cloee the throttling valve, preesurize the 
main valve and pilot valves with 375 wig GI42 and open the main valve. Gradually open 
the throttling valve. Record the pressure drop across the main valve at a GN2 flow rate 
of 2.57 lbshec. 

3.9 Position Indication 

Thia teat can be verified from the respoase photos. 

3.10 Failsafe Close 

With the valve open a8 in Paragraph 3.8, bleed the GN2 supply pressure to 7420 

and -per@ (from the LVDT) that the valve closes. 
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TEST PLAN c 
ACCEPTANCE TEST DATA SHEET 

VALVE P/N X27449, S/N 

EST NO. L - 
3.1 

3.2 

3.3 

3.4 

3.5 

3.6 

DESIGN GOAL ACTUAL PARAMETER TEST CONDITION 
Coil Resisfances 

P/N 13086 NC Valve 
LVDT Primary 
LV3T h€t Secondary 

P/i4 13087 NO \'-I* 

LVDT Right secondary 

A t  AmbieBt Temperature 
Across the Two W i r e s  
Across the Two Wires 
P i n s A t ~ B  
P F n s C t o E  
P i n s F t o D  

Proof Pressure 1000 PSI 1000 PSI 

External Leakage 650 PSIG SKg Zero Bubbles 

Internnl Leakage 
Main Valve 
NO Pilot Vent Port 
NC Pilot Vent Port 
NO Pilot Vent Port 
NC Pilot Vent Port 

400 B I G  GN2 
Valves &-energized 
Valves De-energized 
Valves De-energized 
Valves Energized 
Valves Energized 

1000 sccihr 
Total Maximum 
Either Position 

Pull In c u r r e n t  
NO Pilot Valve 
NC Pilot Valve 

650 PSIG, Ambient Temp. 0.6 Am, 
Per Pilot Valve 

Opening Response 375 PSIG GX2, 28 VDC, 
Ambient Temp.,  In)ector 
Vol. SimdIRtiOn, 375 
PSIG :.!e to Pilot Valves. 

16 IES 

1 3.7 Closing Response 375 PSIG GN2, 28 VDC, 
Ambient Temp., Injector 
Vol. Simulation, 375 B I G  
He to Pilot Valves, 2.57 
tbs/sec GN2 flowing. 

15 rns 

I I 

i 3. P Pressure Crop 375 B I G  GN2 inlet Pressure, 
Back Pressure Throttled to GNz 6 
Obtain Desired Flow Rate, AP = 25 PSI Max 
Ambient Terr;perature. 

2.57 IDs/sec 
I 

Position Indication 

Failsafc Close 

Verify Proper Operation 
During Response Tests. 

Minim urn 1 /2" 
Deflection €or Stroke 

3.9 

.10 Bleed Off A l l  
P w s s u r e s  to zero. 

Valve Should Close 
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VALVE TEST FIXTURE TESTS 

i I 

1.0 OBJECT A N D  SCOPE 

The purpose of this test plan is to define the testing to be performed with 

the twovalve test fixtures. These test efforts are in support d the Space 

Shuttle Auxiliary Propellant Val .es, contract with the NASA-Lewis Research 

i 

3 I- 

Center, as defined in Tasks I and III-B of that contract. The overall 

objective of this contract is to develop valve technology for gaseous oxygen 

and gaseous hydrogen propellant va\ves for the auxiliary propulsion rocket 

engines operating.at a thrust level 1500 lbs and an inlet pressure of 400 

pia. The specific objectwe of this test plan is to demonstrate the ability 

of various valve subcomponents to  reliably perform for up to one million 

cycles while operating at the previously mentioned inlet pressures and over 

a temperature range of 200 to 850%. 

Upon comp:etion of the test program defined herein, sufficient confidence in 

various valve subcomponents will be established to permit the selection of 

subcomponents for the final valve design layout. 
I '  
I 2.0 DESCRIPTION OF TEST HARDWARE 

The valve test fixtures to be evaluated during this test program are defined 

by drawing P/N's X27449 and X28400. Both of these test fixtures are basically 

coaxially, pneumatically operated poppet valves. They differ primarily in 

the type of subcomponents incorporated in each configuration and in the pneumatic 

actuation mode. The P/N X27449 valve ie pressure actuated to open and to 

close; the P/N X28400 valve employs an actuator which vents a single cavity 

to open and L hich repreesurizes this cavity to close. 



3.0 

TEST PLAN 

To facilitate testing of these test fixtures, inlet and outlet adapter fittings 

have been fabricated which a r e  identified as Phi’s TlR602 and T18603, 

respectively. In addition, the Test Department w i l l  prwide an inlet filter 

of approximately 25 microns absolute rating which will be connected directly 

to the test fixture inlet fitting during initial buildup in the Bldg. 32 Clean 

Room. Furthermore, the Test Department w i l l  arovide a section of 1-1/2 

inch tubing which mates with the outlet fitting and which h t u r e s  a line volume 

of approximately 16 cubic inches and an orifice of 0.84 inches in diameter to 

simulate oxidizer injector dribble volume and Lxidizer injector orifice character- 

istics. 

A schematic of the setup to be employed durinp; this test program is shown in 

Figure 1. A n  installation drawing of the P/N X27.149 test fixture is also 

available and is identified as Drawing X28195. 

REFERENCES 

The following documents are applicable as specified in this test plan. 

3.1.1 Government 

Mil -P-2?40 1 pressurizing agent, nitrogen. 

3.1.2 The Marpuardt Company 

MPS 210 - Cleanliness Requirements for Reaction Con+ 11 System Engines. 

4.9 GENERAL CONSIDERATIONS 

The specific objectives, methods, and required data retrieval for each test of 

the valve test fixture test program are  detailed in Section 6.0 of this test plan. 

In the event additional supplementary tests are  considered necessary, an 

amendment specifying the Lest(s) to be conducted will be added. The intent 

herein is to outline the general teat requirem ents and conti-ak b Se employed 

during the test program. 
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4. i Cleanliness and HandlinR 

0 A l l  test fluids are to be passed through multiple filters between the 

storage tanks and test valves. A filter of at least 25 I.1 absolute rating 

is to be installed upstream rn cloee to the point of test fixture hook- 

up 88 is possible. 

Assembly of all valve test fixtures prior to testing shall be accomplished in 

the Building 32 Clean Room. During this assembly, a filter of at lead 25 1c 

absolute rating shall be installed at the inlet to the test fixture and this filter 

shall remain there during the entire test cycle to prevent the introduction 

of contaminads into the upstream side of the test fixture. 

4.2 Instrumentation 

The acouracy of all meaeurlng and recording devices used during the program 

shall Se verified prior to their -8. Standard instrument inspectiodcalibration 

period13 shall not be permitted to lapse during the subject test program. Test 
equipmeat description shall include the following minimum information: 

0 Descriptive Name 
lUanufmturerls Name 
ManuE8cturer*s Model Number 

0 SerialNumber 

0 I ~ ~ ~ u I ~ A c c u ~ ~ c Y  

Frequency of Calibration . Date d Last calibration 

4.3 

0 Mnal decision 88 to the adequacy of the test eetup and conduct of the 

test, with ths exception of the operation of the test facility, shall be 

at the discretion of the oognimnt development engineer. 

A11 Uateoa concerning the test progrrim shall be coordinated through 

thk cogrileant development.engiawr. 

The facility plumbing, male and test setup constituents ehall be of 

materials which are aompntibls with the test fluide being employed. 

E -3 
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4.4 

4.4.1 

4.4.1.1 

4.4.1.2 

4.4.1.3 

4.4.1.4 

4.4.1.5 

4.4.2 

4.4.2.1 

4.4.2.2 

Test Diecrepancy Procedure 

Claesification 

Procedural Deviation 

Procedural deviation ie d&ed ae any change to this test plan, test procedure, 

teet eetup or ixmtrumentatlon which affecta valve operation or data reduction. 

Performance Deviation 
The objective of the screening test le to d e 5 e  seal- ClOSUre performance. 

Performance will be documented and evaluated in term of the deem requirements. 

- Malfunction 

A malfunction is defined 88 at:, operation of the test facility equipment or  human 

error which oatuses a discrepancy in the testing. 

FailUre 

A failure Le defined aa the inability of the sealing closure to provide the function 

for which it was deeigned while operating within the specified environment and 

operating time and/or cycles o defined ia this test plan. 

Others 

Thio classification includes all ch.ngee or  dewiatione to the test plan or test 

procedure which are not defined in  paragraph^ 4.4.1.1, 4.4.1.2, 4.4.1.3 or 

4.4.1.4. Included in thia clsaelficatlon would be typographical and/or obvious 

errore which occurrd during tbe preparation of the test procedures a d o r  test 

Plan* 
Mscreponcy Evoluotim 

In the e v a t  $bat any problem OOQWS durlag bating, the Development Engineer 

De!legat~ md the Test Operation Engineer sball make a preliminary investigation. 

No muon shall be taken that will  destroy evidence. 

medural deviations per pnragrapb 4.4.1.1 and othere per paragraph 4.4.1.5 

ehdl be diepoWioned per paragraph 4.4.3. 

- 

.4/ 
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4.4.2.3 

4.4.3 

4.4.3.1 

4.4. a. 2 

4.4.3.3 

4.4.4 

If the problem is suspectad ta be molfunatioa per paragraph 4.4.1.3 or failure 
per paragraph 4.4.1.4, an investigation will be conducted by the Test Cornmiwe 

to determine the claeeification of the problem. The Teet Committee eholl be 

aompored of the Development Engineer, the Test Operatione E w e e r ,  and the 

Project Engineer. When the claeelfiaatlon in detemiwd, the diepositoa shall 
be made per paragraph 4.4.3. The etep-by-step trouble shooting procedure 

e b U  be documeated in tb inepeation sealing closure log book do% witb the 

renoon for, and the readtu of each portiaular step. 

Discrepancy 3iepos itiot 

If the PtDblern ie defined per paragraph 4.4.1.5, a deviation sheet, Figure 2, 

sball be completed. The deviation sheet rball be initiated by the Development 

Ellglneedng Delegate and W effective immedlately. Written approval shall be 
obtained during the next regularly scheduled day shift tf the discrepancy occurs 

during "OW sbift operation. 

In the event that the problem is defined 81 a prwedural deviation or malfunction 
91 described in paragnaphe 4.4.1.1 or 4.4. i. 3, a deviation sheet, Figure 2, 

shll be aompleted. Tba dwiitlon sheet rbell be originated by the Development 

Engineer and approved by the Pmjeot Engineer. 

In the event the problem ia defined as a failure under the terms of 4.4.1.4, a 

Foilure/Malfunction Investigation will be oonduoted according to Quality 

Aeeuranoe F'rocedure (QAP) 12.2 wept an Inspection Rejection Report (IRR) 

m y  not be written. The Failure/IUUunctlon Inveetig&tion may be completed 
during the Diecrepeany Evaluation per paragraph 4.4.2. 

Deviation Sheet Dirtribution 

Copim of the approved deviation sheet e h l l  be distributed as follows: 

Dsveloment Tent Log Book 
Bealirig Closure Lag Book 

Teet 0pemti0~ Engineer 

FToject Engineer 

E-5 

II 
d 

C '  

I 



r 

I 
i 

I 

TEST PLAN I WTP 0193 

5 . 0  DOCUMENTATION 

5 . 1  W itneecler 

The cognizant developmsnt engineer shall be informed prior to the start of all 

teets and at any time when an unanticipted eitrlatlon affecting the test setup, 

method of test item occurs. The development engineer or ME declignated 

representative shall be present during the conduct of testa. 

5.2 Teat Data and IdenUfication 

A Wtory of teste completed shall be maintained in a test log book as wel l  as in 

tbe sealing clooure log book at the completion of the test program with tbe 
particular aealing closure. The data recorded shall be marked with the 

information neceeeary to completely identify it. The following items are 

considered as minimum required teat identification and will be the rCSpcin6ibllIty 

of the cognizant teat engineer. 

Test fixture part number and serial number being tested. 

Type of test to be conducted, MTP Number, and applicable 

section identificntion, 

Type, range, and identification number of each measuring 

instrument used during the teats. 

Identification of test operator, facility, time, date, and test 

witness. 

5.3 Data Storage and Processing 

Components Engineering Group shall maintain a record of all data retrieved 

from the teem a8 supplied by test operations peraonnel. To facilitate intended 

teet &'a procesaing and analysia, data reduction will  be accomplished by the 

development englneer. 
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6.0 

6.1 

DETAILED TEST PROCEDURMJ i 

Objective 

The objective of this test phase is to evaiuatc the two valve test fixtures and 

thelr subcomponents for compatibility 

Shutt.le Auxiliary Propellant Valve. 1 I . 

ment of various vllve perfornance cha1,cwristics such as prossure drop 

response, leakage, etc. whiie the valve t ea t  fixtures are being cycled 100,000 

times at ambient, k390°F, and -260'F. 

the requirements of the Space 

3 t  series cmaie 3 of the measure- 

'. ! 

6.2 Valve Test Fixture Installation 

The valve test fixtures shall be installed in the test setup shown schematically 

in Figure I and located in the southwest corner of Bldg. 37 at the TMC, Van 

Nuys Test Facility. During the test ser i ts ,  the test i tes will be located in an 

environmental chamber which will be supplied with electrically heated gaseous 

nitrogen to achieve the +390°F condition and with liquid nitrogen cooled gaseous 

nitrogen to achieve tVe -260°F condition. The main gaeeoue nitrogen supply to the 

test item must be capable of supplying 3 pounds per second of gaaeow nitrogeh 

at a nominal inlet pressine of 375 psia and at a maximum inlet pressure of 

450 psla. A separate supply system capable of furnishing either gaaeow 

nitrogen or  gaseous helium through a 1/4 inch line at pressures up to 750 p i a  

must be provided for operation of the test item pilot valves. J 

6.3 Instrumentation 

Instrumentation is required to measure the following parameters Over the 

ranges and with the accuraL ,d listed: 

Parameter Range k r u r a c e  

Coil Resistance (Valves) 0 - 40 ohm8 * 0.2 ohms 

Coil Resistance (LVDT) 0 -25oohms 5ohms 

E -7 
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- Parameter  

Inlet Pressure  

Range 

0 - 650 ~ s l ~  

Test Fixture Presswe 0 - 40 p i .  
Differential 

Accuracy 

f 5 pei 

i 0 .5  psi 

Flow Rate 2.0 - 3.0 lbs/GK2 
@ 375 psia, ambient 
temperature 

f .05  lbs/sec 

Internal Leakage 50 scc per  3 minutes f 1 SCC 

Pull In Current 

Response 

Test  Fixture S e 3  
Tempera twe 

0 - 1. b amps 

0 - 50 m s  

-320 to +450°F f 5'F 

f . O l  amps 

*o.s ms 

Envirormental Chamber -320 to +450°F f 5'F 
Wall Temperature 

Environmental Chamber 0 - 100 psig 
P r e s s u r e  

Position Indication* 

Voltage 3 - 36 volts 

No. of AChtiOnb 

0 - (3.3 I f  

0 - 100,000 
*Utilizing signal conditioni@.- equipment 
compatible wlth KAVLICO P/N CM 5854. 

6.4 Test  Sequence 

f 2 psi  

f * 015 " 

i 0.2 volts 

& l  

Each of the valve test fixtures to be c aluated shall  be thoroughly cleaned 

per  MPS 230 and subsequcntly aasern,.ed in the Clean Room in Bldg. 32. 

During this assembly an upstream f i l ter  shall be installed to aseure a 

contaminant free system when the test fixture is removed to the test area 

1- Bldg. 37. The test item shall then be installed in the test setup according 

to the schematic shown in Figure 1, 
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The test sequence con&iste ad a set d baseline tests 

periodically while the test fixture accumulates 100,uOO cycles while at + 390”F, 

ambient, and -260’F temperatures. 

hich are repeated 

a. BasehTests 

The baseline test dt&a h t  ideatffbed 88 Table 1 slmllbe completed 

duriae; the performance d tbe b u k e  teete. mse teats are SCheQled 

after initial installatim bath at ambient and at hot temperature, after 1,OOO 

cycles at hot and at cold temperature, after 10,000 oycles at cold aod at 

ambient temperature, aftar S0,OOC cycles at ambient temperature, and again 

after ~00,000 cycles at ambient temperature. Each ad the baselhe tests ie 

briefly discussed in the follclwing -. 
1. Jnt8alLmkam 

A l l  lealccheclte shallbe perfornrsdwith the mainvahre and the 

pilot valves pressurized with Helium to 400 pig. 

ht!le Closedpoeit i~ nma8ure internal leakage through tbe mafa 

valve 8s well  as at the vent pes  of bath piiot valves. To determim leakage 

through the upstream piston setal cg tbe P/N IC27449 vsk.e, remarre tbe pressurant 

eupidy to the normal$ clwed pilot valve and cap ths supply port, then measure 

leakage through tbe vent part, subsesus*, recmrwct tbe prassurant supply to 

the n d y  Cloeed Not v a h .  To m m  the red\mdaDt P S S U r e  balancfng 

sed IeaJmge ad the P/N li27449 valve, in6tall tbe P/N T12125 test 

ft&m i n b  the a d e t  of ths vahrebeing careful mttoexerta force greater thar, 

l o b .  Measureleakagethrougbthisffxftlre. Tomeasurepktonraissal 

h h g e  of the P/N X27449 paloe, energize tbe normally closed pilat mlre 
and again measure leakage thrall@ the test fixtvre. The difference ‘51 t k  b*ge 

rates observed during the two measurements coaetitutes the piston rad seal w. 
Deeoergize the N.C. pilat valve and remove tbe test fixture. 

Cap the d’ d the main valve and open the valve. A g a i n  measure 

the bakap 
pbton seal leakage d &‘ 

normally o p r  pil 

tbe vent parts of each pilct valve. To measure the downstman, 

::M: valve, remove the preeeurant ~uppb of the 

I ;ba valve supply port. Measure the leakage through tt3 

vent port d 2 * dd d V 8 .  

E-9 
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To measure belAaws leakage of the P/X X28100 hxlve, diSc0nr;eCt 

the pressurant supply to the pilot dves and cap the vake sumb port. her@-= 

the @lot valves and measure leakage tbraugb the vent port. 

2. ope ning Response 

Pressurize the main valve with 375 psig GN, and the pilot valves 
.a 

with 375 p i g  helicm. Set the oscilloscope triggering to positive. sensitiv:ty 

to approximatelv '20 v/cm and time b e  to 2 m d c m .  Monitor the LVDT 
output on t'he upper t race and the current to the pilot valves an the lower trace. 

s t  the pulser bo 28 VDC (at the pilot valves) ard the pulse width to 30 ms. 

Verify that the plumbing to the valve is as in Figure 1 and ixludes the simulated 

dcwnstream injector volume. Open the valve and obtain polomid photographs 

of the two traces. Identify the photo witb the date of test, valve P/N a d  S/N, 
voltage, main vaive pressurc sad mediuE, pilot vaives pressure and medium, 

sensitivity and time base. Record the opening respouse from the start of 

the current rise (currt .:t trace) to completion of the valve poppet travel 

(LL'DT trzcc). 

3. Closing; Response 

X U  scttings skll be the same as in P a m r a p h  2 except that the 

voltage shall be recorded instead of tho current a t d  the oscilloscope triggering 

shall be set  to negztivc. Verify tbat the throttling valve in Figure 1 is 

a?Jcc?d sr, that the pressure drop a c m s  the main valve is 25 psi. Closing 

response is measured from the time of ckcctrical dropout (voltage trace) to 

the completion of valve poppet travel (LVDT :race). 

1 
1 
I 
1 
b 

1 
I 
4 

4. Pressure Drop 

With the setup as shown in Figure 1, close the throttling valve, 

pressurize the main vslve and pilot valves with 375 psig GNZ xi open the 

main valve. Gradually open the throttling valve. Record the pressure drop 

across the main valve at a GN2 flow rate of 2.57 lbdsec.  

I 
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b. Cycling Tests 

The purpose of the cycling tests is to demonstrate the zbility of the 

various test fixture subcomponents to reliably perform 100,000 cycles of 

operation and to further project the ability of these components to reach the 

1,000,000 cycle life goal. The test program has been divided into four cycling 

periods at various temperatures as follows: f rom initial installation to 1,000 

at +390°F; from 1,000 to IO, 000 cycles at -260 F; from 10,000 cycles to 

50.000 cycles at ambient temperature; and again from 50,000 to 100,000 

cycles at ambient temperature. Baseline tests will be performed at the wginning 

and a t  the end of each of the cycliug periods as discussed in the preceding 

section. 

0 

Duringtbe inmnlbulldupd the valve subcomponents intothe valve 

test fixture, phatographb coverage as well 88 dimensional inspection of all valve 

subcomponents will be obtained. "hem same data w i l l  again be obtained at the 

conclusion of the cycling program and a compsrison of the original data with 

the final data w i l l  be made to determine wlmt, if apy, where, and/or degradation 

has occurred to the valve subcornponente. 
Actual cycUng w i l l  be performed at a frequsncy d 10 cpe and wi th  cm 

electrical pulse width of 30 ms. Gaseous nitrogen at 450 psia w i l l  be supplied to 

the mafa Y d W .  

C. Contaminatim SenslfiVmf Ted 

G To determine the sensitivity d the polsimide seal in the P/N X28400 

valve to contamination, remove the valve to the clean room in BuLlding 32. Dis- 

assemble the dowmtmam body from the valve. Place two nickel particles each 

of 30 and 60 micron size on the center of the eeallng land 90" apart. Reassemble 

fhe valve making certain that the particles do cot fall off the sealing land. Pressurize 

the valve with 4 0 0 p i  Helium and without actuatlng it and leak check the main seat. 

Cycb the valve three times and again leak check. ursab&mbii valve an2 hsjxcct 
locations where the particles were placed. 

Hepeat the above procedure except place two .001" thick stainless steel 

wires across the sealing land lEOO apart instead d the nickel particles. 
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TEST PLAN 
1 I 

C '  

TEST PROGMM DEVIATION SHEET 

8 

I; 
I 
t 

Thie change affecta rulle throueb 
W-: 

TMC A l a J - 1  

Figure 2 
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PARAMETER/ 1 MANUFACTURE/ IDEPIIT- MT 
COlrL?ONEN T 1 NUMBER - MODEL I 

Coil Wheats tone Bridge Rubicon 110 
Resistance 0-10,000,000 ohms 1052 80-253 
Test Fixture 8-1/2" Dia. 360 

360 Test Fixture 
A p  Press. 0 - 5 O p s i  

Heise 

Barton 

Inlet Press .  0 - 750 psig 25-500 

30-416 

Pi lot Valve A s hcroft 360 
Press. 0 - 800 psi 46-225 
Venturi R -1 /2" Dia. 360 Heise Press.  0 - 40G psi 25-352 

~- 
C A L I B : E i  
DATE, 

11 -30-71 6-5-72 

7-29-71 3-13-72 

7-29-71 1-28-72 
_- 

8-27-71 4-7-72 

8-25-71 j 4-6-72 

4 

I 
8 L .  

0 
I 
1 
I 
1 
1 
1 
0 I 

I 
1 
1 
1 
I 

Pull in 
Current 

Response 

Power 

Test Fixture 
Supply 

Sest Tcnp.  

E-14 

BUI'LDING 37 

5-3-71 12-23-71 Ampeies  D. C.  
0 - 1.5 93 1 

Oscilloscope 

o - IO amps 

Strip Recorder 

We s ton 

Te kt ron ix 
502A 

10-13-71 10-11-72 Harrison Labs 50-258 0 - 4 0 ~ 0 l t s  

Bristol 8-3-71 1-26-72 720 
14-127 -35C"F +600°F 

J 

,I 
Body Temp. 
Box Temp. 
Box Input Temp. 

Tern p . 
Response Oscilloscope 

Scaler Timer  

Venturi GN2 ,. 

Photos Camera 

Actuations 0-99,999 

Vo Ita ge Oscillator 

Voltage 

Pulser 

Thermocouple 

Dec ibles 
1 MW 

Ref Jct 

I 1  I 

,? * t  . I  

150 
30-10.1 

8-9-71 2-23-72 Te ktronix 

A nadex 
CF  604R 

5-2-71 1-26- 72 

Hewlett Packard G l O  

Hewlett Packard 

2-22-71 2-21-72 
200 CD 10-169 

530 8-2-71 1-26-72 
400 EAC 65 -253 

9-15-71 3-20-72 
TMC 685 

Mode1 14 00-127 

1- 26-72 73 0 Pace 8-3-71 
00- 153 



(Continued) 

FACILITY CERTIFICATION CONTROL INSTRUMEXTATION EQUIPMENT LIST 
BUILDING 37 

PARAMETER/ 
COMPONENT 

, Strain Gage 
P w r .  Supply 

Stop Watch 

Heater 
Control 
Cal. Rvd 
Control 
GN2 Flow 
Rate 
Internal 
L e a k a s  
Internal 
Leakage 
Heater  
Press. 
GNz Main 
h n e  Press. 

I 

TYPE/RANGE 1 MAN;;;;~RE/ 

I 

Mod. PSG-3 Kintel 

0-30 Sec. Dial 
0-15 Min. Dial 
Pyrovane M i n n e a p l i s  
0-1000 "F Honeywell 
Pyrovane M i m e  a polis 
0-1000°F Honeywell 

0 - a v  PSG-3 

Mine rva 

Venturi 
.655 Dia TMC 

I Burette 
0-10 ML I CorningGlass  Graduate 
0-2oo MT. 

A cragage 
0-100 psi  

9-2000 psig U.S. Gage 

IllENT' 

NUMBER DATE 1 DATE 
M T  CALIF. 

60 - 127 , 1 650 1 1-11-71 1 1-31-72 

1 9-23-71 1 51;:; I 200 
00-485 

200 
00-480 

9-23-71 5 00-655 

I I I 
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