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SUMMARY

Arn advanced development program was conducted in support of the Air Force
Ballistic Missile Program to analyze, design, fabricate, and test a light-
weight feed system for application in an advonced postboost propulsion
system. The objective of this program was to demonstrate, through component
and system-level testing, an advanced liquid-bipropellant feed system that
was significantly lighter weight than those developed during the earlier feed
system technology programs, while maintaining the emphasis placed on high
reliability and low life cycle cost. The demonstration tests included

propellant expulsion performance and structural dynamic response.

The flightweight and prototype (test) lesigns of the propellant storape asscm-
blies (PSAs) and pressurization subsystem (PS) are presented with their oper-
ating characteristics. The feed system was sized to deliver 1400 pounds of
NZO& and MMH at equal volumetric flowrates. Each PSA is comprised of a
composite-wrapped aluminum tank, a reversing aluminum diaphragm for positive
expulsion, pressurant inlet and propellant outlet isolation valves, a fill
and drain valve, a vacuum scrvice valve, and a vacuum gage Lube leak detector,
The tank ls oblate with a contour that deviates slightly from an ellipse to
achieve stresses compatible with the nonisotrupic characteristics of the
composite wrap. The contour also enhances uniform reversal of the diaphragm
and provides an increasing margin of diaphragm stability during the expulsion
cycle, compared to a constant-radius contour. The diaphragm has step-thick-
ne. 5 changes to preclude local folds from propagating along the diaphragm

surface to the major axis and to minimize center-of~gravity excursions.

Diaphragm design requirements were defined, manufacturing processes were
developed, and repraiable expulsion performance was verified experimentally
in a flanged, plastic workhorse tank., Eight diaphragms were expelled at low
pressure (25 psig) with ambient tcemperature gas, including two that were pre-
ceeded by acceleration to 15 g's while in a pressurized, partially reversed
condition. There were no tight folds or cracks resulting from normal dia-

phragm operating conditions. The expulsion efficiency for four tests with
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tte selected design configuration was 98.1 to 98.2 percent at a diaphragm AP
o{ 25 psi with the tank both horizontal and vertical. Up to 9C percent
expelled, the AP was less than &4 psi. The maximum CG displacement from

the polar (expulsion) axis was 1.0 inches for both tests with the polar

axis vertical and 1.9 inches for both tests with the axis horizontal.

Three diaphragms were expelled and one was exposed to structural dynamic
testing in a flanged, metal workhorse tank. The expulsion efficiency attained
with the plastic tank was verified at design pressure (300 psia) with warm

(up to 1192 F) gas pressurant. Both tests were 99.3 percent at a AP of 50 to
54 psi. The effectiveness of the mechanical design of the pressurant inlet
section of the tank in thermally isolating the tank shell was demonstrated

during pulsed and continuous expulsion duty cycles.

Unpressurized ground random vibration, and pressurized flight shock and ran-
dom vibration tests were conducted with the fourth diaphragm in che metal
workhorse tank. The diaphragm survived the first two environments, but three
fatigue cracks developed during pressurized flight random vibration. Two
axes were tested simultaneous with the tank mounted at 45 dcgrees relative to
the shaker motion. Although diaphragm fatigue life is a problem, its magni-
tude is unknowm for four reasons. First, the vibration environments were
derived from MX requirements, but they were applied as inputs (at the fixture)
rather than responses (on the tank), which increased the test levels. Since
the diaphragm in the flightweight tank was not tested, the comparative influ-
ence of the workhorse tank on the diaphragm is not known. Shaker limitations
prevented full level shock tests. Finally, the unintentional presence of a
noncondensible gas on the liquid side of the diaphragm may have contributed

to the failure.

The fundamental response characteristics of the diaphragm were determined
using strain gages. Peak strains rolled-off significantly at frequencies
above 225 Hz. Maximum diaphragm strain gage measurements during ground ran-
dom vibration (22 p - in/in peak) were considered too low to cause any damage,

even for 10 hours duration. Higher peak strains (up to 380 p - in/in) were
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recorded during the shock test, but a maximum of four cycles was observed,
which also should not cause =ignif icant damage. Full shock levels were not
achieved above 110 Hz, however, and contributions to fatigue damage due to
shock are therefore possible. Peak strains were 650 u - in/in during pres-
surized flight random, which, when coupled with concentration factors asso-
clated with folds, is sufficieut to predict failure. Metallurgical evalua-
tions confirmed the crack initiation and propagation was due to fatigue, and
failed to provide any evidence of abnermal material properties that would
have an apprciable effect on fatigue life. Since potential diaphragm fatigue-
life problems related to vibration of 1100-0 aluminum had been identified
during the metal workhorse tank vibration test and other AFRPL feed system
technology contracts, it was decided to resolve the problem by changing the
scope of one of the other contracts, and additional diaphragm structural

dynamlc tests were deleted from this contract.

A composite-wrapped flightweight propellant tank was fabricated and tested.
Fabrication processes were developed for Kevlar/epoxy wrapping of an aluminum
liner assembly in a heated enclosure. Experiments were conducted that demon-
strated that laser holography is an extremely useful technique for locating
unbonded regions as small as 0.25 inches between the tank liner and composite
wrap:l Fabrication and testing of this tank confirmed the weight savings

(27 to 35 percent) achievable with a wrapped tank and a 98 percent expulsion
efficiency. The inert weight of 59 pounds could be reduced even further by
redesigning the "universal" mounting ring, which weighed 12 pounds, to meet

specif ¢ application requirements.

Externa! leakage with an internal pressure of 315 psig was less than 10-8 SO
helium. A pulsed-flow expulsion test was conducted at design pressure with
warm gas pressurant (up to 1042 F). This test demonstrated the structural
integrity of the tank, expulsion performance and the adequacy of the design

in minimizing the heat transferred to the tank shell. The maximum composite
outer surface temperature was 202 F, which had no apparent degrading effect.

The final pressurant gas bulk temperature was 150 F for a 61 F initial




teperature. The propellant (water) temperature increased 14 F, with half of

this value occurring during the last 8 seconds of the 665-second duty cycle.

The structural dynamic response characteristics of the tank she!l were deter-
mined during unpressurized ground random vibration (1 g rms, 5 to 500 Hz),
unpressurized and pressurized random vibration (13 g rms, 10 to 2000 Hz) and
pressurized shock tests. There were no significant tank resonances below

80 Hz, The maximum transfer function gains during ground random were 3 to 5.5
at frequencies between 400 and 500 Hz on the mounting ring, normalto the polar
axis, and 3 to 6 at frequencies between 100 and 500 Hz on the aluminum polar
bossvs, both normal to and along the polar axis. The maximum gain measurcd
on the composite was 2 at 400 Hz. During flight random, the maximum gains
were 5 to 10 at frequencies between 400 and 1500 Hz on the mounting flange,
normal to the polar axis, and on the pressurant polar boss, along the polar
axis. Gains between 10 and 26 at frequencies between 400 and 1000 Hz were
measured on the composite. There was no significant difference in response
due to pressurizing the tank to 75 psig. No structural damage was found as

a result of the vibration and shock tests.

A liner-to-liner EB weld crack occurred as the burst pressure was attained
during a hydrostatic pressure test after the expulsion and vibration/shock
tests. There was no evidence of any other damage. The crack was the result
of a tensile overload caused by crevice-type corrosion extending half way
through the weld. A continuous line of porusity extending past the crack
accentuated the corrosion. The corrosion was due to residrsal water from the

expulsion test conducted five mouths earlier.

The PS consists of a composite-wrapped aluminum pressurant tank, Tridyne
pressurant fluid (gaseous mixtdre of helium, oxygen, and hydrogen), a fill
and drain valve, a prussurc switch leak detector, a pressurant isolation
valve, an electronically controlled pressure regulator, a reljef valve, and
a catalytic reactor. Propellant pressure is sensed by a oressure transducer
and the error signal 1is conditioned electronically using proportional and

lead-lag compensation. The elactronics assembly output current drives a
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torquemotor in the regulator assembly. The torquemotor positions the pilot

valve which in turn controls the pressure acting on the diaphragm to position

the regulator's main valve. Thus, the pressure and flow to the reactor are
N modulated to compensate for duty cycle variations in system pressure drops.

The PS weighs 41 pounds.

A catalytic reactor and two clectronically controlled regulators were fabri-

cated and tested, first as components to optimize performance, and then as

part of the pressurization subsystem used with the flanged metal workhorse j
and welded flightweight tanks. When tested with the workhorse tank, the

temperature rise of the Tridyne from the inlet to the outlet of the reactor
was 99 percent of theoretical, during the major portion of the continuous-

expulsion duty cycle. The temperature rise during a pulsed duty cycle with

the workhorse tank was 91 to 95 percent of theoretical. During a different

puised cycle with the flightweight tank, the reactor's performance was 75

to 90 percent. Steady state conditions were never reached with the pulsed

o cycles. Inefficiencies were due to incomplete reaction and heat loss. The
y . response of the 1.2-inch diamcter, 2.0-inch long catalyst bed was very fast.
_' During Inltial tank pressurizations, rcactor oullet gas temperatures of 1050

to 1223 F were achieved {n 4 seconds. Vibration and shock tests did not

3 -~ cause any breakuge of the catalyst.

i The final pressurant gas bulk temperature in the workhorse propellant tank
sj was 185 to 201 F at the end of the continuous expulsion duty cycle. The

in‘tial temperature was 69 F. The final bulk temperature during the pulsed
{ cycle was 90 F, with an initial temperature of 59 F. At the completion of
a different pulsed expulsion of the flightwaight tank, the bulk temperature
was 150 F, with an initial temperature of 61 F.

The electronically controlled regulator was very accurate during both compo-
nent and subsystem tests. These tests were conducted after vibration and
shock tests. Initial pressurization of the workhorse propellant tank

(to 300 psia) resulted in a 2.1 psi overshoot, but it dissipated in 0.1

s..onds. Peak-to-peak oscillations of 1.0 psi were observed for a short
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time during the initial portion of the hold period, prior to initiz:ilion of
propellant expulsion. During pulsed expulsion of the flightweight tank, the
propellant pressure was maintained within 20.4 psi except during the last

high-flow pulsc. During this pulse, the ¢rror was tl.4 psi.
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INTRODUCTION

At advianest development program was condoactod in osnpport of the Al Foree
allistlc Misslle program.  Reeent exploratory development proprams, whilch
were initiated to minimize risk during weapon system development of an
advanced post-boost propulsion system (PBPS), emphasized low life-cycle cust
and high reliability. However, changing requirements demanded greater
emphasis be placed on the reduction of inert weight. The propellant feed
system is a major contributor to PBPS weight and has the most potential for

reduction. The feed system i1s also the most critical in terms of 15-year

operational life.

The objective of this technology program was to demonstrate an advanced,
liquid-bipropeliant feed system incorporating design features that: (1)
significantly reduced advanced post-boost propulsion feed system weight, (2)
maintained or improved upon the high reliability demonstrated by the Minute-
man 111 Propulsion System Rocket Engine (PSRE), (3) provided for deployment
in a mobile environment without maintenance and with minimal condition moni-
toring, (4) was compatibie with the launch dynamic and nuclear environments,
and (5) provided a low life-cycle cost. The baseline system, shown schemat-
ically in Fig. 1, employes a positive-expulsion tankage configuration with
wiarm-gas pressurization. The propellant storage assemblics (PSA's) iunclude
Itphtweight, fllament-wrapped propellant tanks with aluminum diaphragms to
contain and expel the dinitrogen tetroxide (Nzoh) and monomethylhydrazine
(NlHBCHB’ MMH) propellants; propellant and pressurant isolation valves;
vacuum service valves; fill and drain valves; and vacuum gage tube leak
detectors. The warm-gas pressurization subsystem consists of Tridyne pres-
surant (mixture of gaseous uxygen, hydrogen, and helium), a filament-wrapped
pressurant tank, a fill and drain valve, an isolation valve, a pressure
switeh leak detector, an clectronleally contrulled pressure regnlator with
integral relief valve, and a catalytic reactor. This system resulted in a
27 to 357 weight reduction relative to those developed on the AFRPL low-cost

fecd system programs with a lower production cost due to design simplicity.
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Figure 1. Propellant Feed System Schematic
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The program plan to accomriish the stated objective was divided into three

phases. Design and analyscs were accomplished in Phase I to generate de-
tajled designs and operating characteristics of the flightwelght teced system
and prolotype test hardware. Parametric design layouts and component welight,
cnveloupe, and cost data were also completed. Hardware was fabricated and
tested at the component and subsystem levels during the Phase Il cffort.

The program was cancelled at the completion of Phase 11. Phase T11 would
have included the fabrication and testing of two complete feed systems and
the fabrication, acceptance testing, and delivery of two flightweight PSA's

to AFRPL for long-term storability and operation demonstrations.
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ENGINEERING ANALYS. 5 AND DLSIGN

Detalled engineering analyscs and design were performed on the originally
proposed feed system to further defin: the operating parameters and design
chiracteristies.  The purpuse was to cnithle sclection of the optimum welght
design, subject to the technical requirements and program goals. The feed ,
system was separated into two major subsystems, the two propellant storage
assemblies and the pressurization subsystem. In addition to the flight-
weight PSA, analyses and detalled designs were conducted for the prototype
plastic and aluminum workhorse tanks. Both flightweight and prototype
pressurization subsystem analyses and designs were also conducted. Func-
tional compatibility of the subsystems during steady-state and transient
operating modes was analyzed and a typical stage installation design was

prepared.

FLIGHTWEIGHT PROPELLANT STGRAGE ASSEMBLY

The two propellant storage assemblies provide for storage and delivery of

:_ N204 and MMH propellants to the engines, The identical tanks are sized to
5 t
] deliver a total of 1400 pounds of propellants to the engines. :
f Fach tank consists of a composite-wrapped aluminum liner with an aluminum
diaphragm for positive expulsion. In addition, each PSA includes pressurant
E v iniet and propellant outlet isolation valves, a fill and drain valve, a
3 vacuum service valve, a leak detector, and a mounting ring.
A
This acction includes descriptions of the flightweight PSA envelope, compe-
2 nent designs, static stress analyses, diaphragm reversal, operating tempur-
3
; atures, structural dynamic response, and fabrication sequence. Table )
] summarizcs PSA design characteristics.
q
;.'
2
1
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TABLL 1. PSA DESIGN CHARACTERISTICS

. Capacities, Ft>
Propellant 10.57
Liner 'nner Wall 10.6€

Pressures, psi

Delivered Propellant 300.0
Maximum Pressurant (at ep 99%) 324.2
Design xp 350.0
Proof 385.0
Burst 5

Dimensions (pressurized), inches

Length 4o.1
Width 40.1
Heiyht 31.2

Efficiencies, ¢

Volumetric 99.2
Expulsion (at AP = 25 psi) 98.1

Tank Sizing

In sizing the propellant tanks to deliver 1400 pounds of propellants to the

englnes, several factors were considered, including line volume, storage

Ly el

1

E temperature, expulsion efficiency, and propellant vapor ullage volume.
Equation 1 shows the relationship between these parameters.

Volume = 5
Tl
€, - (l—nExp) (pTZ)
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where

wL = Weight In lines at minimum operating temperature
wD = Weight delivered to engines

;= Density at maximum storage temperature

KU = Ullage factor

nExp = Expulsion efficiency

OTZ = Density at minimum operating temperature

The weights of the oxidizer and fuel in the lines between the tank outlet
valves and the engine inlet valves are 4.6 and 2.6 pounds, respectively,

The delivered propellant weights are 866.3 pounds of N and 533.7 pounds

(]
of MMH. The oxidizer densities are 92.46 and 86.03 lbffi3 and fuel densi-
ties are 55.53 and 52.93 lb/ft3 at 40 and 120 F, respectively. The ullage
ractor is 1.01, i.e., the propellant vapor volume is 17 of the tanked liquid
volume at 120 F. An expulsion efficiency of 0.97 was selected for sizing,
although 0.981 was achieved with a diaphragm pressure differential of

25 psi.

The resultant fluid volumes contained within the diaphragm and propellant
outlet liner are 10.57 ft3 (18,267 1n.3) par tank. The tank liner internal
volume, which also Includes the diaphragm, pressurant ullage, and inlet and

outlet plates, [s 10.66 fl3 (18,413 1n.3) in the unpressurized condition,

Internal dimenslons of the virgin tank llner arc 36.21 by 36.21 by 25.62
inches in the unpressurized condition, resulting in a diameter ratio of
1.41., The larger diameter corresponds to the outlet half and therefore
neglects the offset in the inlet half where the diaphragm is attached. The
smaller diameter results from extrapolating the contours at the poles to
the centerlines of the nressurant inlet and propellant outlet ports. When
pressurized to 350 psia, the major axis grows to 36.24 inches and the minor
axis to 26.16 inches. The envelope dimensions of the virgin PSA; including
valves and the mounting ring, are 40.02 by 40.02 by 30.66 inches unpressur-

ized. The PSA major and minor axes also grow by 0.03 and 0.54 inch, respec-

tively, when pressurized.
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Tank Design Description

The PSA design is presented in Fig. 2 and details of the girth joint are
shown in Fig. 3. The tank liner assembly 1s comprised of pressurant inlet
and propellant outlet half liners, joined by a girth weld at the equator
(Fig. 3). Both the inlet and outlet half liners are constructed of 5086-0
aluminum for propellant compatibility and ductile weld properties. The
thickness of the liners is nominally 0.32 inch, but it thickens locally at
the equator to provide sufficient material for the girth joint and mount
ring attachment (Fig. 3), and at the polar openings for welding to their
respective polar bosses (Fig. 2). The polar boss material is 5086-H34 to

provide the bending strength at the 6.0-inch-diameter helical wrap opening.

The outlet half liner has 36 cqually spaced meridional ribs on the laside
surface to ensure flow passages from the girth to the outlet plate at the
end of the expulsion cycle, when the diaphragm is against the cutlet half
liner. The ribs are formed by chem-milling the area between them, starting
0.25 inches from the equator. The ribs are 0.03 inches high and 0.18 inches
wide.

The diaphragm is made of 1100-0 aluminum to provide sufficient ductility
during the reversal mode. It is welded to the outlet half liner as shown

in Fig. 3. This weld is iundependently adequate to transmit all forces during

internal pressure sizing of the dilaphragm against the inlet half liner prior
to propellant loading and during reversal of the diaphragm to expel propel-
lants. At the equator the diaphragm skirt is sandwiched between the liners

for additional structural suppor:.

The diaphragm is contained within and contacts the inside surface of the
inlet liner. 1In the area of the inlet polar boss, the diaphragm is flat and
contacts the pressurant diffuser frontplate, the {inlet support plate, and the
inlet liner ring as shown in Fig. 2. The diaphragm has a stepped wall thick-
ness ranging from 0.026 inch at the pole to 0,044 inch near the equator to ;
provide additional stability during the reversal mode. The thickness at the 3
equator weld joint 1s 0.061 inch.
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The inlet diffuser plate assembly, consisting of a welded frontplate and

backplate (Fig. 2), provides a plenum that receives the pressurant gas and

ditfuses it hefore ft impacts the diaphragm. It {s made from 3041 stainless
- steel to withstand the warm pressurant gas (1025 to 1051 F). The diffuser

backplate is welded to the lower steel section of the bimetallic 5086 aluminum/

304L steel tube as shown in Fig. 2., The upper aluminum section of the Lube

is welded to the inlet polar boss. The bimetallic tube thus permits join-

ing of the steel and aluminum components. The pressurant inlet valve has

a1 304L stainless~steel outlet tube that fits within and is welded to the

steel section of the bi-metal tube. Contact be. <en these tubes is minimal

to provide thermal insulation between the warm pressurant gas and the aluminum

polar boss. This design will minimize the tank liner and composite overwrap

temperatures.

Both the inlet support plate and inlet liner ring are made from 5086-0 alumi-

q ..,
NHT . Thi

fner ring is welded to the iniet half liner and mechanically lholds

the support piate In place.

The inlet polar boss, which is welded to the tank liner, also serves as the

mounting structure for the leak detector and vacuum service valve as shown

in Fig. 4. The 304L stainless-steel leak detector is welded to one end of a R
bi-metal tube, while the other end is welded to the polar boss. The 5086

aluminum vacuum service valve is threaded and mounted in a 5086 adapter plate

that is welded to the polar boss. A 5086 valve cap is welded to the adapter |

plate.

The polar boss in the propellant outlet half liner is welded to the liner at
two locations and is used for mounting the propellant outlet valve and the
propellant £i1l and drain valve as shown in Fig. 2 and 5. The propellant
outlet valve has a 5086 aluminum inlet tube that is welded to the polar boss

in two places. The 5086 fill and drain valve body and its cylindrical cap 1

also are welded to the polar boss. End plates are then welded to the valve

body and outer cap.

F# The outlet polar boss also supports a collector plate (Fig. 2) that provides .

a pattern of holes and channels to ensure propellant outlet flow passages.

28 |
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This plate prevents the diaphragm from covering the outlet port. The
collector plate, made from 5086 aluminum, is welded to the polar boss at

its outer diameter.

Both inlet and outlet polar bosses have threaded holes to attach the removable
handling fixtures shown in Fig., 6. The fixtures are designed to (it aver

the valves and leak detector to permit appropriate attachment for filament
winding and subsequent pressure testing through the vacuum service valve

and the propellant fill and drain valve.

Prior to filament winding, the liner assembly surface 13 prepared for bouding
the composlite overwrap to the liner. The Kevlar 49 {iber, wet with epoxy
resin, Is helically wound around the liner assembly to form the composite
structure. The thickness of the composite wrap varies from 0.032 inch at

the equator to 0.411 inch near the polar boss opening. An elastomeric girth

band is placed around the wrapped tank assembly for fitup between the girth
mount band and the tank as shown in Fig. 3. This band also is used to help

isolate the tank from forces transmitted by the tank support links.

The 2219-162  aluminum girth mount ring assembly is a box-scction design
to provide the required stiffness under externally applied static and dynamic
loads. It is assembled around the elastomer band and held in position by a

circular-wound composite wrap. The wide part of the assembly, which is in

contact with the tank, consists of a one-piece, full-circumference ring

g. that s stit and l'ltted with a mechanically attached coupling to permit

proper adjustment to the tank. Four spacer bars are weided inside the ring

at _he PSA mounting points for support. The larger diameter C-section is

b Sk Clee

welded to complete the assembly. The l2-decree angle of the outside liner

surfaces at the equator provides a structural resistance to side slippage

e

of the ring under mount load components parallel to the polar axis. The
box section stiffness prevents excessive deflections of the mount ring in

the twist and inward radial directions, relative to the tank axis, which

il Sl

would cause buckling of the thin-wall tank structure.

_,,w T
.
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Attach locations of the tank supporting links are shown in the view of the
tunk presented in Fig. 7 and 8. Links 1 and 2 take the stage radial and
axial loads, respectively, on each side of the tank. Links 3 and 4 at

the aft end and the pin at the forward end take the transverse lateral
loads. Links 3 and 4 also act as stahilizers to prevent tank rotation {
under radial loads about the stage lateral axis at the link 1 joint. The
pin at tne forward end has slots to permit sliding and precludes redun-
dancy with links 3 and 4.

Static Stress Analysis

Static stress analyses were conducted to optimize the tank contour and

determine stress levels and deflections associated with the load-beariny

parts. The primary areas of concern were the girth joint, the polar

bosses, and the composite. 1In addition, inward buckling under vacuum

propellant-loaded conditions was analyzed.

§, Tank Centour. Initially, the propellant tank design was an oblate spheroid, !
E f.e., an eiIiptical contour-of-revolution about the minor axis, with pro- 1
5 — pellant expulsion in the direction of the minor axis. An internal surface !
1 diameter ratio (a/b) of approximately 1.4 vas selected to fit the required ;
; envelope; 1t also represents a good compromise between minimum weight and %
: a uniformly reversing diaphragm. A spherical tank would result in the {
: minimum weight for a given contained volume, but the constant radius of 2
§_ curvature contour dees net enhance uniform reversal of the diaphragm.

Initial buckling of a spherical diaphragm is equally likely at any surface

—

- iocation of a constant-thickness section. An elliptical shape, however,

rR———

results in an Increase in the pressure differential required for the

undesirable buckling mode to occur as you move away from th: minor axis.

This is caused by the decreasing radius of curvature and provides an
o increasing margin of stability as the diaphragm reverses. Because of the

large radius of curvature at the minor axis, the initial reversing
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(buckling) starts there and then progresses outward in concentric circles
via the rolling mode to areas of decreasing radius of curvature. The
- rolling mode occurs because a smaller pressure differential is required

comparcd %o buckling.

The composite-wrap design analysis by Defense Products Division of
Brunswick Corp. resulted in a change of the contour fro.. an oblatec
spheroid (elliptical cross-section). The nev shape is still oblate and
in fact is nearly elliptical. Compared to the original ellipse, the new
contour has smaller major and minor diameters and bulges outward midway

between the two, as shown in Fig. 9. This contour is hased on an analysis

that rclates the meridional and tangential (hcop) curvatures and the
local filament wind angle so that the resultant stress 1s directed parallel
to the fiber. As a result of this '"balanced loading," there 18 no

tendency for the fiber to slip when the tank 18 pressurized.

The membrane load relationship for a shell is expressed by |

Nt rt 4
L., 2L 2 :
- 2= (2) !
m m
where
Nt = Tangential running load
Nm = Meridional running load
r, = Tangential curvature
r, = HYeridional curvature
s 36

A Y At N 03

h) Y
B iR o A 2




IS

NEW CONTOUR

ELLIPTICAL CONTOUR
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This leads to the following contour equation:

Ne

R" R= {1+ (R") 2] [— ~ 2] (3)

Np

where

Radial distance from polar axis

=
"

First derivative of R with respect to 7

b=}
i

Second derivative of R with respect to 7

"

Axial coordinate

&2
]

The contour coordinates o. the inside surface of the liner are presented in
Table 2, which also detines the colinear radii of curvature Rl and Rz.
Radius R, 1is the curva‘*ure of the contour at a point in the meridional

1
planc. Radius R, ir the length of the line perpendicular to the contour

2
from the contour to the intersection of the polar axls. These two radli
were used to establish the buckling and rolling of the diaphragm during

expulsion.

Liner and Polar Boss Stresses. Based on Rocketdyne's stage weight

optimization analyses in support to the MX Stage IV proposal, a delivered
propellant pressure of 300 psia was selected. This results in a maximum
tank pressure at the end of the expulsion cycle of 324 psia. An inten-
tionally high tank design pressure of 350 psia was selected, however,
because the relief valve is set at this value. The proof and burst
pressure safety factors (1.1 and 1.25, respectively) were applied to

350 psia to vield values of 385 and 437.5 psia. Referenced to 324 psia,

the safety factors are 1.19 and 1.35, respectively.
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TABLE 2.

TANK LINER CONTOUR

[—;omposlte Liner R R,,
Coordinates, Inches | Thickness, | Thickness, | ®y» 2 g,
Point R Z | lnch inch Inches | inches | degrees
I 18.104 0.000 0.0320 _j
2 17.563 3.500 0.0334 0.032 ‘
3 17.398 L.156 0.0337 0.032 9.235] 18.162 16.234 ,
4 17.182 4,808 0.0342 0.032 9.392{ 18.39] 20.519
5 16.919 5.44] 0.0347 0.032 9.539( 18.654 24,632 I
6 16.611 6.054 0.0354 0.032 9.716( 18.984 28.792 i
7 16.261 6.643 0.0362 0.032 9.926| 19.374 32.807
& 15.872 7.205 0.0371 0.032 10.171 19.927 | 36.726
9 15.446 7.739 0.0382 0.032 10.454 20.346
10 14,986 8.243 $.0395 0.032 10.776 | 20.936
1 14, 49¢ B.716 0.0409 0.032 111431 21.602
12 13.979 9.157 0.0425 0.032 11.558 22.350
13 13.438 9.566 0.0443 0.032 12.028 | 23.138
14 12.876 9.943 0.0464 12.558 | 24,123
15 12.297 10.287 0.0488 13.156| 25.164
16 11.703 10.600 0.0515 0.036 13.834 26.323
17 11.097 10.882 0.0546 14,602 27.609
18 10.483 171.134 0.0582 15.478 29.035
19 9.863 11.357 0.0623 0.04) 16.480 | 30.614
20 9.240 11.554 0.0672 17.636 | 32.355
21 8.617 11.725 0.0730 18.983 34.265
22 7.997 11.872 0.0800 0.046 20.573 | 36.340
I 23 7.500 11.957 0.0833
24 6.700 12.072 0.0990
25 6.400 12.110 0.1100
26 6.000 12.150 0.1300
27 4,800 12,150 0.1690
L L L]
POLAR AXIS
R Z
39
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The structural areas of the tamnk liner and diaphragm assembly felt to be
the most critical are the girth weld and the polar bosses. Figure 10
illustrates the girth weld areas while Table 3 gives the type of stresses,
the operating conditions, the induced sfresses, the allowable strengths,
and the resulting safety factors. It can be seen that ample margin exists
for all critical areas. The proof "slzing" condition occurs during proof
test of the wrapped tank in which the liner yields to match the expansion

of the overwrap.

Analysis of diaphragm Section D and the liner/diaphragm weld (E) was
conservative in that friction between the liners and diaphragm was ignored.

Also, a weld efficiency of 80% was assumed.

The load directions associated with each mounting link were shown in

Fig. 7 and 8. The maximum magnitudes of the loads as presented in

Table 4 are 15 g's axial and 4.4 g's radial and lateral.

o

-

|~a—— DIAPHRAGM

Figure 10. Critical Structural Areas
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TABLE 4. MAXIMUM STRUCTURAL LOADS

- Acceleration, g's | pressure, Diaphragm ’
Axial Lateral psla Reversal, % Load Condition
2.0 b4 0 0 Ground Handlling
-15.10) t1.6 350 12 Stage 1V Separatlon .
- 1.0 +0.26 350 50 Expulsior ’
- 1.5 .39 350 90 Expulsion i

When the girth mount is analyzed as a free ring, i.e., without being sup-
ported by the tank wall pressurized to 350 psia, the maximum twist
deflection is 1.7 degrees, well within the yield point of the material.

When considering the support provided by the tank, the deflections reduce
substantially (almost an order of magnitude), so that the girth ring !
mounting concept should prove to be a reliable method with high

structural margins.

Composite Helical Wrap Stresses. For balanced loading, neglecting any

structural contributions of the resin matrix

2
_i = tan Q

=z

where
Nt = Tangential running load
Nm = Meridional running load
0 = Local wind angle

1 . 42
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This angle is defined by the foliowing equation

TR S .
& @ sin (r 7 (5)

where I is the distance of the ~entec of the winding band to the polar
axis at 1ts clogest approach aand r, is the lecal value of this distance.
As indicated by Eq. 5, the wrap angle increases along the contour from

the equator (approximatcly 11 degrees) to the polar axis (30 degrees).

The louad-sharing contribution of the aluminum liner also was neglected.
At the design operating pressure, the liner is plastic and carrles only
about 10% of the load, It therefore serves primar{ly as a permeation

barrier and wrap support.

In comparing the ellipse with the new balanced load contour, the envelopes
are not significantly different. However, the tangential and meridional
curvatures, and therefore the tangential and meridional running loads, are
significantly different. The running loads were calculated frem the

following equations

N,= o (2= ) (6)

where

p = Pressure

r, = Tangential curvature

r., = Meridional curvature

m

and are presented in Fig. 11.
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Figure 11, Composite Running Loads
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The stresses were found by dividing the running loads by the local

composite thickness, which varies according to

RRef, 9% %gef

R’ (cos o ) (8)

. Ref(

where

R = Radial distance from polar axis

Subscript "Ref" = Reference value

The calculated thicknesses were presented in Table 2. The resulting
stress curves (Fig. 12) show how the balanced-load contour takes best
advautage of the fiber characteristics. At the larger radii, the wind
angle is relatively small so that the meridional stress is high and the
hoop stress is low. As the radius decreases, the wind angle increases
and the fiber carries lower meridional loads and higher hoop loads. 1In
contrast, the hoop stresses for an ellipse peak at an intermediate radius
where the fiber is still at a relatively low wind angle. This overstressing
causes excessive deflections and shear stresses in the non-isotropic
composite material and results in a low burst pressure (approximately

100 psia). This problem would not occur with an all-metal elliptical

contour, however, because of its isotropic material properties.

Brunswick test data show single-filament Kevlar fiber stresses to be
approximately 500 ksi. This value is discounted to 320 ksi as a con-
servative allowable design fiber stress when helical winding several
filaments per band. This accounts for differing filament tensions which
affect their local load-sharing characteristics and filament damage
(nicks and scratchs) during handing and application. Because of the

relatively low tank pressure, only two layers of filaments with the
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mlulwn recommended wrap density (fllaments per Incl) 1o requlred,

fven

with this minimum wrap, the tank pressure required for the actual stress
to reach the allowable stress ls 600 psia. Since the deslgn burst
pressure is 437.5 psia (233 ksi stress), additional design margi: is
provided. Since very little directly applicable test data are available
relating to environmental effects (aging and temperature), this margin
has been allocated to meet any degradation from these scurces. Whether

it is adequate is not known, but some information is available with

respect to thermal effects.

The maximum time that the composite temperature is above 200 F is
approximately 6 minutes and occurs during Mission Duty Cvcle (MDC) 1:.

The worst-case maximum local temperature is 285 F during MDC I.

Previous testing of single filaments maintained at this temperature (285 F)
for 30 minutes in an oxidizing air environment showed a degradation of
approximately 72 ksi, compared to the 87-ksi available margln. The data
are not directly applicable, however, because single filaments were used.
It should be noted that because of the balanced-load helical wind design,
there should not be any movement of the filaments if the epoxy resin

softens due to heating during the expulsion cycle.

Tank Deflections. Deflec{ions of the wrapped tank under internal pressure
were evaluated and the results are presented in Table 5 for the geometry
presented previously in Table 2, Deflections of the liner internal

surface at three points are tabulated for proof and design pressures. At
any polnt, deflned by the coordinates R and Z, there {8 an ontward AR and
AZ.. Under proof pressure testing there is some ylelding of the aluminum
liner while the overwrap deflects, as evidenced by comparing the deflections
at proof and post-proof pressures. The AR deflection at the girth was
designed to have a negligible value to minimize the stress on the

diaphragm weld. The large AR at the pole during proof testing requires
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TABLLE 5. TANK DEFLECTIONS

Virgin Proof Post-Proof Operating

(0 psiq) (385 psig) (0 psiq) (350 psiq)

Location k| 12 MR | a2 R | az sR | Az

A (Equator) 16.104 | 0.00C | 0.016] 0.000 | 0.005| 0.000 | 0.015| 0.000

B 13.979| 9.157 | 0.009! 0.087 | 0.015]0.017 | 0.006 | 0.078

C (Near Polar | 6.700| 12.072 | 0.024}| 0.291 | 0.010]0.013 | 0.022 | 0.268
Axis)

balancing the pressure across the diaphragm to prevent its movement.
The post-proof deflections indicate the amount of diaphragm sizing to
the liner that is required prior to loading propellants. These values
are minimal and will not appreciably cold work the annealed aluminum
diaphragm. At the 350-psi> design conditions, all deflections are
elastic. The deflection at each pole is 0.268 Inch at 350 psig.

The loads created at the poles by the pressurant and propellant tubing as the
tank deflects due to pressurization is dependent on the tubing design, i.e.,
bends and attachment to the stage structure. Since these aspects of the
tubing design were not considered, the polar boss was designed for a moment
of 160 in.-1b, which is the value required to yield a 0.5-inch-diameter,

0.028-inch-wall, 300-series stainless-steel tube.

Tank Buckling. An important design consideration was the inward buckling of
the composite-wrapped tank wall under vacuum loaded propellant storage con-
ditions. The lightweight, thin-wall structure has a large curvature and is
susceptible to this failure mode. The critical buckling pressure is a func-
tion of modulus of elast.city (E), wall thickness (t), Poisson's ratio (v),

and normal radius (R).

2
0.5 ‘R (9)

P = K 2E t)

301 - v)]




The coefficient K accounts for variations from the theoretical relationship
based on test data. A value of 0.301 was taken from the Von Karman and Tsicn
results shown in Fig. 13. Column A of Table 6 shows the buckling pressure

for theoretical spheres of radius Ry at the contour points shown in Fig. 14.
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Figure 13, Buckling Coefficient
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Figure 14, Buckling Pressure Illustration
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These are conservative values since the stiffening effect of the smaller R,
is not considered. The results indicate that buckling can occur between
noint 5 and the polar boss, i.e., less than atmospheric pressure is required.
Column B assumes that stiffening rings of composite material, vhich are
bonded to the wrapped tank, would force the buckling mode from Ry to Ry.

The results indicate ample pressure margin even at location 7 (36.19 psi).
Cotumn C shows how the tank liner thickness could >e varied to maintain a
buckling pressure of 18.75 psi without stiffeners. This results in a weipht
fncrease of about 1.0 pound. The tank liners were therefore modified to the

thickness contour shown in column C with a minimum of 0.032 inch.

Based on the factors considered, tl s analysis is belfeved to be conserva-
tive; however, it should be noted that the values shown assume a perfect bond
between the liners and composite overwrap. This bond is very important to
resisting buckling, e.g., without any bond, Fhe buckling pressures at the
most critical locations (near the poles) would be 0% of the values listed.
For a verv large, 5-inch-diameter unbonded area near the pole, the buckling
pressures were estimated to be 607 of the stated values (Table 6). The
critical pressure increases as the size of unbonded area decreases. Only a
5% reduction in buckling pressures was calculated for a l-inch-diameter
unbonded area, which is considered to be larger than will occur during fabri-
cation. The effects of environmental factors, especially aging and thermal
cycling, are not known, however. Although the fabrication process might
result in no unbonded areas or only very small ones, environmental factors

could detericrate the bond.

Diaphragm Reversal Analysis

The des.red reversing mode of the diaphragm is to "dish buckle" at the pole,
followed by axisymmetric rolling away from the liner wall in increasingly
larger diameters until 'snap-through" occurs at the equator. The diaphragm

curvature and stepped wall thickness both ensure this mode of reversal.




TABLE 6. BUCKLING PRESSURES

E,J - 0=

i st

|
E . A B C i
51 Ry Mode R| Mode Ry Mode i
*‘ Location R 2 R2 PcR Ry Pcr t PcR i
3 1 17.182 4,808 | 18.391 23.2 9.39. | 88.95 | 0.026 { 18.7%

16.261 6.643 | 19.374 | 21.6 9.926 | 82.20 | 0.027
14.986 B.243 | 20.936 | 19.6 | 10.776 | 73.95 | 0.029
13.438 9.566 | 23.188 | 17.4 | 12.028 | 64.66 | 0.032
11.703 | 10.600 | 26.323 | 15.1 13.834 | 54.66 | 0.036
9.863 | 11.357 | 30.614 | 13.0 | 16.480 | 44.85 ! 0.041

7.997 | 11.872 { 36.340 | 11.6 | 20.573 | 36.19 | 0.046 | 18.75
i

I | |

Dimension in inches; pressures in psia

23]

~NC W W

Initial buckling occurs at 1.2 psi, followed by the rolling mode at approxi- i
mately 2 to 3 psi until 90% of the propellant is expelled. From this point,
the diaphragm pressurc differential (AP) increac-s steadily to 25 psi at an

expulsion efficiency of 98.1%.

The polar region is flat to a half angle of 26 degrees and has a thickness of
0.026 inch. The wall thickness is then stepped to 0.034 inch between 35 and
50 degrees, to 09.039 inch between 50 snd 70 degrees, and to 0.044 inch belween
7. degrees and the radius at the equator. The radius is 0.061 inch thick.
The results of the analyses indicate that the AP to roll is less than that
required for buckling at any location after the thinnest sectior buckles.

Also, the AP required to buckle increases along the contour from the pole to

the equator, This helps resist the propagation of random buckles that might

cause critical folds and tearing of the diaphragm.
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Figure 15 relates the reversal prsitions of the diaphragm, i.e., height (2)
and angular location (6), ard the diaphragm's vercent volume reversal. It

should be noted that the percent volume reversal ie not the same as percent
propellant expelled because of the propellant vapor ullage, which is depen-

dent on temperature.

The equation used to calculate the pressure required to buckle the diaphragm
is the same as that utilized in analyzing tank buckling (Eq. Y). The larger
of the two colinear radii of curvature (R , the length of the line perpen-
dicular to the contour from the cuntour to the intersection of the polar
axis) was used to yield a low, conservative value to compare to the desir-

able rolling-mode pressure.

Rolling Mode Analysis. The predicted pressures for rolling were based on

Ref. 1. Figure 16 illustrates a cylinder rolling outside-in. The force
required to roll is a result of the enargy to bend the cylinder and that

required to increase the cylinder's diameter.

Ao
F z[c D (10)
where
A = uDt
”y = yield stress

#

curvature parameter

The terms (1/c) and (2ct/D) represent the bending and hoop stresses, respec-

tively. Because one term is inversely proportional and one is directly

Ref. 1. Guist, LeRoy K., and Donald P. Marble: Prediction of the Inversion
Load of a Circular Tube, NASA TN D-3622, September 1966.
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FORCE (F)
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Figure 16.

Cylinder Rolling Outside-In




proportional to ¢, the term in brackets in Eq. (10) has a minimum value with
respect to c¢. llypothesizing the rolling process will occur at this minimum

value requires that
¢ 7 = (D/Zt)0-5 (n

A cube root was substituted for the square root in the relationship expressed
in Eq. (11) to match the Ref. 1 data reproduced in Fig. 17. The ratio of
diaphragm thickness to diameter is less than approximately 0.003 along the
curved portion of the diaphragm, which is at the lower range of the t/D
values in Fig. 17. Also, the contoured diaphragm geometry is not the same as
bending a tube outside-in except at the equator. At other locations, the
bend angle is less than 180 degrees. Because of this, the term (2ct/D)

was modified by making it a sinusoidal function of half the bend angle

(8/2). These two modifications imply that

D 1/3
w =[5 sin @7 | ()

and
Ao
: Fu.-d [1 + 2 ct sin (6/. 2_)_] (13)
2 2 D
3 . 2c
2 substituting )
4 - F = ?112-- (14)

into Eq. (13) where

3 P = pressure

results in

P w o, [(u sin (8/2) )1/3 + 2( t sin (0 2))2/3] (15)
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To verify Eq. 15, Rocketdyne's 1R&D half-scale plastic tank diaphragm was
analyzed and compared to the test data. The stress-strain diagram for the
diaphragm material (1100-0) is presented in Fig. 18 and indicates that cold
worklng occurs at relatively low values of stress, such as during the rolling
mode. ‘Theretore, a conservative yleld stress of 12,000 ps| was assumed.

Figure 19 indicates a close comparison between Eq. 15 and the test data.

Predicted Diaphragm Reversal Mode. The reversal mode of : “aphragm with

nominal thicknesses is presented in Fig. 20 as a functior - = ercent reversal.
Tnitially, the thin (0.026 inch) flat portion near the polar axis buckles at
a differential pressure of 1.2 psi. The buckling AP increases from 1.2 to
2.0 psi along the curved surface between the flat section and the first step

increase. Because the rolling mode AP is approximately 2.0 psi at the step,

a transition to the rolling mode occurs. Because of the step thickness change,

the rolling mode becomes the preferred mode in the 0.034-inch-thick section,
f.e., the AP for rolling 1s less than that required for buckling. On the
thick side of this first step, 3.4 pul s required for hockling and the
value locreases as you move toward the next step because of the decreasing
local radius of curvature. The AP to sustain rolling decreases from 2.7

psi, however, because of the increasing diameter of the diaphragm.

At the start of the 0.039-inch-thick section, 8.4 psi is required for buck-

ling, but only 2.7 psi for rolling. It can be seen that the margin between

buckling and rolling continues to increase with percent reversal because of

the diaphragm's thickness, diameter, and local radius of curvature.
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At the start of the thickest section (0.044 inch), the buckling AP is 18.4
pst, compared to 2.7 for rolling. At the end of the expulsion cycle, the
At deviates from the rolling mode as the diaphragm 1s presscd against the J

tank liner to expel the remaining propellant. Table 7 summarizes the
predicted AP's.

Predicted Worst-Case Reversal Mode. The worst-case reversal mode, {.e., the

smatlest margin between buckling ard rolling, also was considered. For this

analysis, a buckling coefficient of 0.14 was used (Fi,. 13, Astronautics

Structures Manual, lower bound of data for the values of A between approxi-

mately 50 and 100). Also, the thinnest diaphragm permitted by manufacturing

tolerances was used. The resulting reversal mode is presented in Fig. 21. Of

mw T A TR T T

greatest significance is the analytical prediction of buckling in the nominal
0.034-inch-thick section. It should be noted, however, that reversal of this
section is complete at 6.0 percent (by volume) ani for low storage tempera-
' tures will only be collapsing the propellant vapor volume. A comparison of i
e ! AP's for this case was Included {n Table 7. ;
i }
4 !
1 TABLE 7. COMPARISON OF DIAPHRAGM ROLLING AND BUCKLING AP's {
— |
; Nominal Thicknesses | Minimum Thicknesses {
(i | AP Buckle AP Buckle 1
3 Nominal Spherical Spherical ‘
E Thickness, AP Roll, K=0.3Ct, AP Roll, | K=0.14, |
: inch Location psi osi psi psi l
E.
L C.026 Flat Section -- 1.2 S0 0.5
F | 0.026 Curved Section at 2.0 2.0 1.9 0.9
| Step
A 0.034 At 0.026 Step 2.7 3.4 2. 1.4
l{ 0.039 At 0.034 Step 2.7 8.4 2.5 3.5
] 0.0h4 At 0.039 Step 2.7 18.h 1 25 7.8
£
;
-
o
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The effect of the local radius of curvature and thickness, including
toleratces, on buckling AP for the curved and conical sections is presented
in Fig. 22. These data correspond to a worst-case buckling coefficient

of 0.14,

Each PSA has four valves. Two are mounted in the propellant outlet boss and
used for fi1l1ling and draining the propellant, and isolating the propellant
during storage. The other two are mounted in the pressurant inlet boss and
are used to evacuate the volume between the diaphragm and pressurant inlet

half liner, and isolatz the PSA from the pressurization subsystem.

Propellant Fill and Drain. The tank will be filled through the valve shown

in Fig. 23. It i3 a Pyronetics model 1811 valve, with modifications to the
body for welding into the propellant outlet polar boss. It has a metal-to-
metal seal that 1s closed mechanically by rotating the retainer nut to pull
the center poppet against the outer body seat. The seat has a minimum

i00 cycle 1ife. Separate fittings are provided for the N204 and MMH. The
proof pressure {8 600 psia and the burst pressure is 800 psia. Two caps are

welded over this valve for dual-weld containment.

Vacuum Service. The vacuum service valve is used to evacuate the cavity

between the diaphragm and pressurant inlet half liner before the tank is
filled with propellant. The vacuum helps maintain contact between the dia-
phragm and liner, provides a means of detecting a leak, and permits vacuum

fi1ling of the tank by equalizing the pressure across the diaphragm.

Figure 24 shows a fully developed Pyronetics model 1146-1 valve with the
same type of mechanically actuated metal-to-metal seat as the f111 and drain
valve. The seat has a minimum 100 cycle life. The proof and burst pres-
sures are 6000 and 8000 psig, respectively. The valve is screwed into the

pressurant inlet boss and a cap 1s welded over it.
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Figure 23. Fill and Drain Valve
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Figure 24. Vacuum Service Valve
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: Propellant Outlet. A pyrotechnically actuated valve is used for propellant

3 isolation., The fully developed Pyronetics model 1498 valve with modified
intet and outlet ports was selected for this application. This valve is

— shown in Fig. 25 after actuation. The cap on the inlet nipple is sheared
off by a ring slide that encircles the cap. The slide is diiven by a piston
and a pcotrusion on the slide locks in a plug, which prevents the slide from
rebounding after actuation. The piston and housing are tapered to provide a -
metal-to-metal tocking seal. The trigger mechanism consists of a squib

activated by a 28-volt signal.

Pressurant Inlet. A f4lly developed Pyronetics model 1470 valve with modified

i Tt M el s il

inlet anc outlet ports was selected to isolate the PSA from the pressurization

subsystem. This valve prevents loss of the vacuum between the diaphragm and i

tank liner. Like the propellant isolation valve, it is pyrotechnically

actunted. Figure 26 shows a sectioned drawing beforc actuatlon. i

]
{ The end caps on both the inlet and outlet nipples are sheared by the single-
u

}j piece piston, which has an oversized hole to permit flow after actuation.

Both piston and housing are tapered to provide a metal-to-metal locking seal.
1
E Leak Detector

The dual-wall containment provided by the diaphragm and pressure inlet half
| liner offers the potential for detecting leakage in either of these parts by
monitoring the pressure in the cavity between them. This volume is evacuated
so the propellant can be vacuum loaded without collapsing the diaphragm. Tt

remain at vacuum until the tank is pressurized to Initiate the expulsion

Gocaid b aalle 4 dioni kg

vyele.

R

A consideration in the selection of a pressure measurement device was the

ability to aprly proof pressure to the instrument, after installation, with-

out impairing its subsequent performance in measuring vacuum-level pressures.

Devices that could not withstand proof pressure were disregarded because they i
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would have to be installed after proofing with a subsequent low-pressure leak
test. Also, to avoid any design and development problems associated with
incorporating a mechanical stop behind the diaphragm on a pressure switch, a
simple off-the-shelf vacuum gauge was selected for leak detection. This
approach also provides an alternative for comparative evaluation with the

pressure switch utilized in one of AFRPL's other feed system programs.

The selected instrument is a Teledyne Hastings-Raydist model VT-4 vacuum
gauge with a model DV-34 gage tube. It has a usable range of 0.002 to

0.39 psia and a best sensitivity range of ).004 to 0.10 psia. The accuracy
is 2% of the full-scale angular meter deflection, which has a logarithmic

scale, The maximum pressure and temperature are 600 paig and 575 F.

Operation is based on a noble metal thermopile circuit. The hot junctions
are heated directly by an alternating current while the cold junctions are
kept at ambient temperature by the mounting studs. Thus, a d-c voltage is
generated between the hot and cold junctions. An increase in pressure
increases the thermal conductivity of the gas and tends to decrease the
temperature of the hot junctions and the output of the thermopile. A third
unheated rouple is connected in opposition to the heated couples and responds
to sudden ambient temperature changes, providing compensation for transient

temperature effects.

The maximum gage tube thermopile temperature is approximatcly 480 I fn a
high vacuum and 1ts d-c voltage output is 10 mv., The power requircment ol
the tube is 0.01 watt (0.029 amp, 0.32 volts ac). The instrument has a
continuous-use life of 3 years and therefore intermittent operation is

recommended. The response time is less than 0.2 second.

The vacuum gage selected requires 115-volt a-c power; however, 230-volt a-c
and battery-operated units are availabie. A recorder and alarm also are
available. The gage tube requires a Bendix connector type PC-06W-8-4S and
adapter cable type OM-1-MSF.

69 \

e noay e TUTa e L L

ad e e




rei- 2.7 P i e SRR

Figure 27 presents the dimensions of the vacuum gage tube, which is purchased
of f- the-shelf. The external case of the valve is made from 304L stainless
steel and therefore requires a bi-metal aluminum/stainless-steel transition

tube for welding to the 5086-0 polar boss on the tank.

Leakage Integrity

The leak-tree Inteprity of the PSA Is maintained by using properly selected
materials and joining processes in combination with partial duval-wall propel-
lant containment to minimize the opportunity for leakage. The diaphragm and
propellant outlet half of the liner provide the primary containment of the
propellant. The minimum nriginal material thickness is 0.025 inch. The
1100-0 aluminum diaphragm and 5086-0 aluminum liner are joined at the cquator
with an EB weld as shown in Table 8 (number 10). Dual-weld containment is
provided by joining the pressurant inlet half of the liner (5086-0 aluminum)
to the propellant outlet half at the cquator with another EB weld (number 22).

Applicable “ection techniques are also presented in Table 8.

Only visual, penetrant, and low-pressure leak testing are available for
inspecting the diaphragm/lincer weld. Meaningful ultrasonic inspection is
unlikely and X-ray would not be directly useful. The step adjacent to the
weld will be used as a dimensional aid to visual/manual tracking of the weld
and for verification afterward. Restraining tooling will be used and rela-
tively slow speeds are planned. With match-machined parts, pre-weld (and
perhaps post-weld) samples, and in-process inspection checkoff and monitoring

of critical parameters, full joint fusion can be obtained.

Similar comments also are applicable to the liner-to-liner weld, except that
X-ray will be used with the film on the opposite side of the tank. However,
this will not reliably detect mistracking or lack of fusion. A scribe line
will be placed parallel to the joint as a tracking aid. Verificatiom of

tracking and penetration by grinding to joint depth may be used as a supple-

mentary method on this jolnt.
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Dual-weld containment at the propellant outlet valve/polar boss (both
| 5086 aluminum) is provided bty two ER welds (numbers 5 and 6). The fill and
4 drain valve (5086 aluminum) is joined to the outlet boss with an EB weld

(number ). As a backup, a 5080 aluminum cap is TIG welded around the valve

to the boss (number 2). To make this weld prior to wrapping the tank and to

T
R

provide dual-weld containment against leakage through the valve, the conrd

plates are TTC welded over the valve and cap (rumbers 3 and 4). The third
set of redundant welds at tiie outlet are at the joint betwecen the polar boss

and liner. An EB weld (number 8) {s used for structural integrity and a

b bl Il

TIG weld (number 9) for sealing.
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Becanse the propellant is contained by the diaphragm, only single welds were
required at the pressurant inlet joints. The end of the 304L siainless steel
pressurant isolaticn valve outlet nipple is EB welded (number 16) to the

304L section of the bi-metal coupling. The other end of the coupling

. (5086 aluminum) is EB welded (number 17) to the inlet jolar boss (5086 alumi-

num). The third weld required is the EB weld (number 20) to join the inlet

liner and polar boss. Two additional welds are required for the leak indica-

tor. The 5086 aluminum instrumentation boss is joined to the polar boss using

I3

a TIG weld (number 12) and the 304L section of the bi-metal coupling is TIG
welded (number 11) to the 304L stainless-steel indicator. Two more welds are
required for the vacuum service valve. The 5086 aluminum adapter plate is

EB welded (number 14) to the polar boss, and the 5086 aluminum valve cap is
joined to the adapter with a TIG weld (number 15).

- e T o ——
S T Cilrg et "

Six more welds are required for assembly of the pressurant inlet and propel-

Ao

lant outlet plates, and the mounting ring. These welds, not related to lcak-

it

age integrity, are discussed in the Fabrication section.

E' Thermal Analysis

;7 The primary thermal considerations in the design of the propellant tank were

: to minimize the diaphragm, liner, and composite overwrap temperatures, and




to maximize the final pressurant gas temperature. Minimizing material
temperatures was desirable to utilize a lightweight, low-cost aluminum dia-
phragm and liner, and to keep from approaching the composite cure temperature.
Maximizing the final pressurant tempera:ure results in reduced pressurization
component weights. Fortunately, these two requirements are compatible in

that both can be achieved by minimizing the heat transfer rate between the

gas and tank. )

Pressurant Inlet Dif fuser. The reacted Tridyne enters the tank at steady- i

state temperatures between 1025 and 1051 F, depending on storage conditions.

After passing through the stainless-steel inlet tube, the gas is distributed

by a stainless-steel shower-head-type diffuser plate. A worst-case analysis

was conducted to show the adequacy of the diffuser plate. Laminar stagnation
heat transfer was assumed for a single large stream impinging on the dia-

phragm without propellant behind it. A gas temperature of 1025 F was uti-

lized with a 0.026-inch-thick diaphragm initially at 70 F. It took 6.4 sec-
onds for the diaphragm to reach 300 F. In addition to slowing down the
impingement velocity, the diffuser plate will spread the flow over a large

diaphragm surface area. Further, initial diaphragm reversal will occur
almost instantaneously to ensure contact with the propellant since less than
- 2 psl| is required. This will permit the diaphragm to be cooled with propel-

lant. Consequently, no local diaphragm heating problems arc anticipated.

TIRE

Conduction of heat from the steel inlet tube and diffuser plate to the
aluminum polar boss assembly is controlled by minimizing the area of contact.

Of greatest importance is contact with the inlet tube because it has the

s

highest gas velocity. An additional heat transfer advantage inherent in the

T,

"
—

tank design concept is that reversal of the diaphragm is in line with the

- ( inlet port, which avoids flow of warm gas along the tank wall.

|
7" Propellant Tank Model. The transient thermal analysis of the PSA was accom- {

d plished with a specialized model used in conjunction with Rocketdyne's Dif- i

ferential Equation Analyzer Program (DEAP), which provides a basic tool for

ﬂ‘ . U — e g g — e s A AR I T
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the solution of second-order partial differential equations. The general

hyperbolic differential equation can be rcpresentad as

- v-(kvw+G-v¢+s¢+q=x.ﬁg.+o.~—}‘{ (16)
at
where the significance of each term is presented in Table 9. Normallvy,
several of the coefficients in Eq. 16 will be zero, resulting in the special-
ization of the equation to a parabolic equation () = 0) or an elliptic equa-
tion (A = 0 and pc = B The usefulness of this equation for solution of
physical problems can be seen in Table 9, which lists the analogous param-

eters for mechanical, therwal, mass diffusion, acoustic, magnetic, and elec-

trical physical systems.

This program is a descendent of the Lockheed Thermil Analyzer Program (TAP).

23
s 4 M
Cm—ay

The computer program loglc of TAP was revi:ed and the program capabilities

T— M i
Y4 J
-

enlarged at Rocketdyne to produce DFAP, whi. h has rctained the capabillty to

solv. any existing TAP problem with only minor changes to the data deck.

i - s

’ The DEAP computer program solves problems related to the behavior of a con-
S tinuous physical system through the ana:logy of a lumped parareter (or nodal)

rcpresentation that is solved by difference methods. The difference solution

b 8 i

method used is a three-time-level method. Thie method i{s a modification of
F the DuFort Frankel Method, which is stable for any computational time incre-
J ment and is well suited for nonlinear problems, i.e., where the coefficients

a of Eq. 16 are functions of the dependent variable.

éi The physical s:;tem can be represented by a lumped network with up to

5 | 999 nodes and 2999 connectors; and the problem may include conduction, con-
vection, radiation, phase changes, heat sources, and heat sinks. Functional
variations of all the parameters with respect to time, temperature, cr any

. other specified combination of variables also are available for problems

! involving variable material properties, ablation, variable coolant flow,

etc.
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The PSA nodal model utilized with DEAP sim “ated the complete tank and
diaphragm geometry, but symmetry about tl polar axfs war assumed.  The moded
also included a representation of the feed line from .he catalytic reactor

to the tank inlet boss. The liquid propellant in the tank was simulated with
a slopgle node whese Lime-dependent capacitance (4.e., mass) was delermined

by ini{tilal conditions and the expulsion duty cycle.

The warm-gas pressurant was simulated by a seri2s of flow nodes with a
specified temperature at the catalytic reactor outlet. The temperature

loss of the pressurant as it flowed through the line was calculated using
suitable convective filr coeffic.onts. The feed line was assumed to be
ingulated so that only during the initial flow transient was there significant

temperature loss in the line.

The pressurant pas flowrate required to maintaln a constant deltlvered pro-

pellant pressure was calculated by the program from the following ~elationship

we Ly (17)

where

P = Pressurant pressure
= (Gas constant

= Pressurant inlet temperature

Vo= Expulsion flowrate
Q = Heat loss from pressurant
Cp = Specific heat of pressurant

The first term represents the gas flow required to maintain the pressure
profile, a function of diaphragm AP, as the pressurized volume increases
due to the expulsion of propellants. The second term represents the gas

flow needed to offset the heat loss. The volumetric expulsion rate is
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PR T NPAPUUNT PR OO,




input to the program in the form of a table. Both pressurant gas temperature

and cooldown rate are calculated and vary with time.

Heat loss from the pressurant gas to the tank and propellant was the primery

calculation since this factor affects the hardware temperatures and the total
pressurant required. The biggest uncerteinty in determining the heat loss was .
calculating the heat transfer film coefficient. Problems were associated with

pas mlxing and not kunowirp the velocity of the gas along the diaphragm and

Liner suvfaces.  Thls was further complicated by the variations In vehlele

PSPRPETET:S

acceleration imposed by the engines. Because of these uncertainties, both

forced and natural convective film coefficients were considered.

To minimize the forced convection film coefficient, gas injection velocity was
minimized by use of a diffuser plate. Utilizing this velocity in conjunction

with the tenk gecmetry and assuming laminar pipe flow relationships resulted
6

in 2 convective film coefficient of 6.7 x 10 Btu/in.z—sec-F for the highest
pressurant flow and 0.33 x 10"6 Btu/in.? sec~F for the lowest flow. Forced
convection was assumed to be the governirg process and was used to calculate
pressurant requirements. Natural convection ccefficients were higher, however,

— and therefore were used to d:termine the worst-case hardware temperatures to be

presented.

The alternate approach utilized the natural convection data of Ref. 3 to estimate
film coefficients within the tank. The use o. the natural convection data is
complicated by the fact that during the actual mission the gravitational fources
vary from siightly more than 1 g during axial engine operation down tu about
0.003 g based on an integrated average of the ACS engines. Utilizing this

range of g values, the Rayleigh number vsries from approximately 4.3 x 109 to

1.2 x 10 . The resultant film coefficients for maximum and minimum prissurant

flows are 15 x 10_6 anl 2.2 x 10"6 Btu/in.z—sec—F, respectively.

Ref, 3. M-eans, J.D., and R.D. Ulrich: "Transient Coiwvection Heat Transfer C %
During and After GCas Injection into Containers,' ASME Journa' of '
Heat Transfer, May 1975.
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Convective film coefficients were multiplied by the exposed surface areas of
the tank liner and diaphragm nodes to obtain the corresponding values of
admittance and the resultant heat losses, based on the temperature differences
between the ullage gas node and corresponding material nodes. The number of
nodes exposed to the warm gas increased with time as the diaphragm rolled away
from the liner. This cffect was accomplished by the use of an input tahle in
which the exposed surface area was a function of the percent dlaphragm rever-

sab. Full surface cxposure was assumed at 507 expuislon.

The 1iquid propellant film coefficient was obtained from the natural convee-
tion relationship in Ref 4 . The resulting value of 1.6 x 10-4 Btu/in?-sec-F,
which is an order of magnitude larger than the ullage gas values, ensures

that the diaphragm temperature 1s controlled primarily by the propellant

temperature.

Heat Transfer Predictions. The results for MDC T at a storage temperature of

100 F are presented in Fig. 28. The initial pressurization was performed in
the first 10 seconds and was foilowed by a 128-second coast. At the end of
the 122.5-sccond expulsion, the gas bulk temperature was 358 F. Because of

this high value, there Is usable Tridyne In the pressurint storage tank which

_ is sized for MDC il. The warmest liner/composite temperaturce was 285 F, which
3 occurs In the thin section approximately midway between the pole and equator.
] The aluminum inlet boss temperature shown 1s near the inlet valve, and the

Ev diaphragm temperature is the maximum value. The long coast after completion
,‘ of the expulsion is academic to show the soakout transient. Figure 29 shows
;‘ the temperature profiles at the end of the long expulsion for a portion of the

tank liner/composite.

Figures 30 and 31 show similar data for MDC II. Becau:e of the long, pulsed 1
propellant demand, the tank temperature profile 1s more uniform and results i
in a lower maximum liner/cumpnsite temperature (253 F). The gas temperature

at the end of the cycle is 290 F.

I
S; Ref. 4 . McAdams, W.H.: Heat Transmission, Third Editlion, McGraw-Hill,
i New York, 1954.
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Structural Dynamic Analysis

Structural dynamic analyses of the composite-wrapped propellant tanks were i
— conducted using the finite-element techniques available within the STARDYNE i
Analysis System formulated by Mechanics Research Inc. This system is com- d
priscd of a compatible sct of digital computer routines that encompass the ;
total range of static and dynamic response analyses. Capabilities include ’ {
static, thermat, and intertial loading; cigenvector or mode shape cextractions
ultlizing cither Inverse lteration, LANZ0S, or Houscholder Q-R algorithms; and

sinusoidal, random, acoustic, shock, and transient responses.

A comparison of response stresses in the mount structures of the fuel, oxi- ]
dizer, and pressurant tanks was made to support Rocketdyne's MX proposal j
effort using a Stage IV system model. The vibration criteria applicable to

the stage structure were similar in shape but had higher levels than the

intcrstage structurce requirements for this contract. The results of system
response analyses, summarized in Fig. 32, indicated the oxidizer tank supports
had the highest response stresses of the components included in the propel-
lant feed system. The oxidizer tank, being the heavier of the two propellant

tanks in the loaded condition, was therefore selected as the critical compo-

— nent for detailed dynamic response analysis.

Propellant Tank Liner, Wrap and Mount Ring. A worst-case analysis of the propel-

TR

lant tank structural shell was accomplished by comhining the flight and ground
random vibrations into an envelope of the maximum specifications from 1 to

2000 Hz. This spectrum and the separation shock were applied to the complete 3
tank model shown in Fig. 33 through the mount attach points. Based on earlier

analyscs, the critical condition of 12% diaphragm reversal, which is the

approximate condition during separation shock, was included in the model,

assuming full fluid compliance.

The first 88 natural frequencies with "participation factors" greater than 0.1

in any one axis direction (26 to 1125 Hz) were included in the analysis. A

typical normalized displacement is illustrated in Fig. 34 for the second =
mode (51 Hz).
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Figure 33. Propellant Tank Structural Model
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Figure 34. Second-Mode Normalized Displacements
for Propellant Tank

The combined structural dynamic and stat{c pressure stressces versus radius

are shown in Fig. 35 to have a substantial margin of safety when compared to
the allowable Kevlar/epoxy composite stresses. The girth ring also is shown
to have substantial margin for both shock and peak random response stresses in
Table 10. The deflections shown are for the slotted point of attachment.
The~e results are conservative not only because the rwultiple vibration
requirements were enveloped, but shock-mounted support links were later incor-
porated to accommodate the diaphragm. In conclusion, there are no anticipated
structural dynamic problems with the propellant tank structural shell or the
girth ring mounting structure.

Propellant Tank Diaphragm. A separate model of the aluminum diaphragm, par-

tial structural shell, girth ring and tank mount links was created to assess

the response of the diaphragm at both the 12 and 37.5% reversal conditions.

Figure 36 is a graphic display of the 12% reversal model.
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Figure 35. Dynamic Response of Propellant Tank Shell
TABLE 10. DYNAMIC RESPONSE OF GIRTH RING
Shock Response Random Response
Maximum Maximum | Margin Maximum Maximum Margin
Allowable |Deflection, | Stress, of Deflection, | 30 Stress, of
Stress inch psi Safety inch psi Safety
65,000 0.253 17,200 2.8 0.390 51,200 0.3
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Figure 36. Diaphragm Structural Model
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The effective fluid used in the analysis was calculated by constructing the

simple fluid madel of Fig. 37 and calculating the gencralized weight term
(59 pounds) for the first fluid mode (1190 Hz). This weight was then distrib-
uted over the surface of the diaphragm model and 67 mode shapes, such as the

une shown in Fig. 38, were extracted from 53 to 4889 iz,

Responses of the 127 reversed diaphragm to both peak vibration . id separation
shack Indicated signiticant yielding of the diaphragm. A design change was

then initiated, which led to shock-mounted support links. The diaphragm was
re-analyzed and shown to exhibit no significant yielding. The range of the first
67 mod~ frequencies was 39 to 4763 Hz. The shock mounting was accomplished by
isolating the tank structure from the stage structure with a shearing type

elastomer material integral with the support links.

Similarly, the response analysis of the 37.5% reversed diaphragm to Stage IV
random vibration showed the diaphragm to possess a finite fatigue life without
the shock mounting and an infinite 1ife with the mount. A summary of the

maximum diaphragm stresses appears in Table 11.

TABLE 11. MAXTMUM DIAPHRAGM STRESSES

124 Reversed Allowable Hard-Mounted Shock-Mounted
e . —
3 ¢ Vibration 15,000 psi 22,900 psi 15,500 psi

Separation Shock [ 15,000 psi 17,660 psi 9,930 psi

37.5% Reversed

RMS Vibration 4,000 psi 5,125 psi 290 psi
Fabrication

The PSA components, materials, and process specifications are
shown in Table 12. The PSA assembly sequence 18 presented schematically in

Fig. 39, and the welds were presented in Table 8. The welds required for dual

92
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TABLE 12.

PSA MATERIALS

Part

Material

Specification

Girth Mount Coupling

Girth Mount Spacer

Girth Mount Ring

Fill and Drain Valve End
Fill and Drain Valve Cap End
Fell and Deain Valve Cap
Fill sed iain Valve
Cylindiical Wiap

Leak Detector

Leak Detectc:r Bi-Metal
Coupling

Vacuum Service Valve Cap
Vacuum Service Valve
Vacuum Service Valve Adapter
Girth Ring Elastomer
Givth Mount Ring Band
Pressurant Inlet Valve
Propellant Qutlet Valve
Helical Wrap

Inlet Bi-Metal Coupling
lnlet Polar Boss

Inlet Liner Ring

Inlet Support Plate
Inlet Diffuser Backplate

Inlet Diffuser Frontplate

Outlet Collector Plate
Outlet Polar Boss
Diaphraqm

Inlet Liner

Outlet Liner

6061-T6 Aluminum
2219-762 Aluminum
2219-762 Aluminum
5086-0 Aluminum
5086-0 Aluminum
5086-0 Aluminum
5086 Aluminum
KEVLAR L49/Epoxy
3nLL CRES
6061/304L

5086-0 Aluminum
5086 Aluminum
5086-H34 Aluminum
Elastomer
2219-T62 Aluminum
3ob4L CRES

5086 Aluminum
KEVLAR L49/Epoxy

© 6061/304L

5086-H34 Aluminun
5086-0 Aluminum
5086-0 Atuminum
304L CRES

304L CRES

5086-0 Aluminum
5086-H3I4 Aluwinum
1100-0 Aluminum
5086-0 Aluminum
5086-0 Aluminum

STO 170 LBOOLB-T62
STO 170 LBOOLB-T62
QQ-A-250/7-0
QQ-A-250/7-0
QQ-A-250/7-0

QQ-A-250/7-0

QQ-A-250/7-H34

STO 170 LBOOLB-T62

QQ-A-250/7-H34
QQ-A-250/7-0
QQ-A-250/7-0

QQ-S-766 CL30LL COND A
QQ-S-766 CL30LL COND A
QQ-A-250/7-0
QQ-A-250/7-H34
QQ-A-250/1-0
QQ-250/7-0
QQ-A-250/7-0
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containment of the propellant were included in the Leakage Integrity section.
8ix additional welds are required for joining the pressurant inlet plates,
the propellant outlet plate, and the girth ring. Figure 39 is divided into
the pressurant inlet, propellant outlet, and PSA assemblies as indicated,

starting at the bottom of the chart.

The assembly scquence for the proupellant outlet polar boss assembly is ini-
tiated by welding the outlet valve and fill and drain valve to the polar boss.
The outlet valve requires two welds. The 5086 aluminum outlet plate is then
welded to the 5086 aluminum polar boss to complete the boss assembly. The
boss assembly is subsequently welded to the outlet liner at two locations and

is followed by joining the diaphragm and outlet liner with girth welds.

The aasvembly sequence tar the presgsurant Inlet polar hoss ansembly Is Tabtia
ted by welding the lecak detector to {ts bi-metal coupllng and welding the
coupling Lo the polar boss. The vacuum service valve adapter is also welded

to the polar boss and the valve i1s threaded into the adapter.

Next the pressurant inlet valve is welded to its bi-metal coupling and
inserted in the polar boss opening. The coupling is then welded to the polar

boss. This is followed by welding of the 304L stainless-steel pressurant

inlet backplate to the 304L section of the coupling and to the 304L frontplate.

The inlet support plate is fitted between the backplate, the polar boss, and
the 5086-0 aluminum contour transition ring after the latter is welded to the
pressurant inlet halfl liner. Welding of the polar boss to the [iner com-

pletes the inlet [Hner assembly.

The inlet and outlet liner assemblies are then joined by welding at the equa-
tor. At this point the metal tank is mounted in handling yokes and shipped.
After surface preparation, the Kevlar filaments are helically wound while

wet with epoxy resin. The elastomer band is placed over the equator

and the girth ring is positioned over the elastomer and the coupling fastened.
The composite is then circular wrapped over the girth ring and the tank is put
through the cure cycle. After appropriate tests are conducted, the tank is
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vacuum filled with propellants and the caps are welded over the fill and

drain and vacuum service valves.

—- PLASTIC WORKHORSE PROPELLANT STORAGE ASSEMBLY

The plastic workhcrse tank is used for initial dlaphragm testing. 1t is
designed for low-pressure water expulsion tests to view the reversal modc and
evaluate alternate diaphragm designs to establish the optimum configuration

for the flightweight tank.

Figure 40 shows the assembly. Warm plexiglass G half shells are drawn to
contour to mate with 6061 T651 aluminum contour rings at their inner surfaces
and aluminum flange rings at their outer surfaces, and then polished to opti-
cal quality. Aluminum inlet and outlet plugs are bonded to the shells at
their poles.

The rflange rings are designed to minimize their rotation under the internal
pressure of 50 psig and ensure O-ring sealing under the large bending moment
resulting from the large flange width., The large width is used to minimize

the stress ir, the nonductile plexiglass and preclude high stress concentra-

~ tions. Butyl O-ring seals are located at the inner and outer surfaces of the

contour rings.

The 321 CRES' pressurant inlet post has a shoulder and is threaded for mechani-

cal attachment to the inlet plug with a washer and nut. It is also threaded

fo. attachment to the 606l T651 aluminum diffuser plate. This plate diffuses
the pressurant before it impinges on the diaphragm and is welded to a 6061
T651 aluminum transition ring that duplicates the flightweight tank contour.

The inlet plug also has a small threaded port to provide for monitoring the

pressurant.

The propellant outlet post fitting is the same as the inlet post and permits
threaded attachment of the 6061 T651 aluminum collector plate, The plate

geometry is the same as the flightweight configuration. The small port in the
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outlet plug provides for monitoring the outlet pressure. Pressurant inlet
and propellant outlet fittings are made from AN815-16J fittings and are welded

to their respective vosts.

The diaphragms are made of 1100-0 aluminum and duplicate the flightweight

configuration except for the flange area, which in this case is designed for

bolted attachment. The diaphragms are easily replaceable by simple disassembly

of the tank shell halves.

METAL WORKHORSE PROPELLANT STORAGE ASSEMBLY

The metal workhorse tank has a "heavy'" aluminum shell instead of a thin liner
overwrapped with composite. It will be fabricated to provide a reusable tank
for evaluating tank performance under life cycle environmental conditions
including pressure, temperature, and structural dynamics. Figure bllshows the
tank assembly, which is girth-flanged for bolting and disassembly as required
for test evaluations. The optimized 1100-0 aluminum diaphragm configuration
determined from the plastic tank tests will be used with this tank.

The assembly is comprised of two aluminum half-shells with welded flanges

and polar bosses made from 2219 T62 aluminum. The pressurant diffuser assem-
bly is welded to the 304L CRES inlet fitting, which is bolted to the inlet
boss. The welded 304L CRES outlet collector assembly is welded to the 304L
CRES outlet fitting, which is welded to the outlet boss. PBoth polar bosses
contain 321 CRES fittings to monitor inlet and outlet pressures.

Tank cshells are draw formed from plate stock in the annealed condition and
trimmed. They are then heat treated and EB welded. EB welding, as opposed
to fusion welding, only partly reduces the material strength at the joint so
that allowable ultimate and yield strength levels of 42 ksi and 28 ksi,
respectively, are achieved. This permits tank wall reduction to about

0.450 inch at the poles and 0.250 inch at the girth.
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FLIGHTWEIGHT PRESSURIZATION SUBSYSTEM

The flightweight pressurization subsystem, which is used to pressurize the
two PSA's, consists of Tridyne pressurant fluid (a gaseous mixture of helium,
oxygen, and hydrogen), a composite-wrapped storage tank, a fill and drain
valve, a pressure switch leak detector, a pyrotechnically actuated isolation
valve, an electronically controlled pressure regulator, a catalytic reactor,
and associated flow lines. A schematic of these components was shown in

Fig. 1 and a top-level assembly drawing i1s presented in Fig. 42. Each of
these components are described in this section of the report. Pressuriza-

tion subsystem design cha: 'cteristics are summarized in Table 13.

TABLE 13. PRESSURIZATION SUBSYSTEM DESIGN CHARACTERISTICS

Envelope, inches

Pressurization 5ubsystem Length 26.5
Pressurization Subsystem Width 18.9
Pressurization Subsystem Height 18.7
Pressurization Tank Oiameter

(at 4000 psia) 18.7
Catalyst Bed Length 2.05
Catalyst Bed Diameter 1.25

Pressurant Tank (at 4000 psia) 2910.0
Catalyst Bed 2.49
Pressurant Composition, ¥ Molar Mass
Helium 91.10 77.3
Oxygen 2.97 20.1
4vdrogen 5.93 2.5
Pressures, psia Minimum Maximum
Pressurant Storage 3629 4370
Tank Blowdown 4oo 554
Regulator Outlet 34 359
Pressurant in PSA 306 324

Temperatures, F

Reactor Outlet 1035 1061
PSA Inlet 1025 1051
Pressurant in PSA, End of MDC | L4s
Pressurant in PSA, End of MDC 11 350
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Tridyne Pressurant i

The weight of Tridyne pressurant required is dependent on several factors

et Yl i

including the catalytic reaction temperature rise, the storage pressure, thc

final blowdown pressure, the pressurized volume, and the final gas tempera-

ture in the PSA (which is a function of the mission duty cycle (MDC)M

Reaction Temperature And Composition. The coldest temperature at the inlct

T

to the catalytic reactor is -181 F, which corresponds to expansion from

3777 patia at 40 F to 359 psia with a polytropic exponent of 1.33. The pres
surant gas temperature at the inlet to the PSA's was assumed to be 1025 F
for 40 F storage conditions. With a 10-degree drop in the lines, the reac-
tor outlet temperature was established at 1035 F. The required reaction
temperature rise is therefore 1216 F. Assuming a reaction efficlency of
0.995, the complete reaction temperature rise is 1222 F and the correspond-
ing Tridyne molar composition is 0.911 He/0.0297 02/0.0593 Hj. The respec- 3
tive mass composition is 0.7733/0.201/0.0254. A stoichiometric 02!H2 mixture

is utilized.

~— Subsystem Pressures, A storage pressure of 3777 psia at 40 F corresponds to
4000 psta at 70 F and 4222 psia at 100 F. The nominal 4000 psia was selected as

a reasonable compromise between weight, volume, and accepted design practices.

"y

The weight savings in going from 4000 to 5000 psia is very small. The hig-

K e e

P W,

geat advantage at the higher pressure is reduced volume; however, envelopc

constraints were not imposed on the pressurization subsystem. The pressure 1

"y

-
.

selection is therefore more properly dependent on the stage configuration. 4

The 359 psia at the reactor inlet occurs at the end of the expulsion cycle

for an assumed 997 expulsion efficiency. The feed system pressure schedule

= e
Y e
i

E: is presented in Table 14, All of the pressures are in psia.
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TABLE 14. FEED SYSTEM PRESSURE SCHEDULE WITH N, O, PSA

ad : 24
Expulsion Efficiency, % 90 97 98 99

Delivered Propellant 300.0 | 300.0 | 300.0 | 300.0
Propellant in PSA 303.1 303.1 303.1 303.1
Pressurant in PSA 306.1 | 314.0 | 318.1 | 3241
Pressurant at PSA Inlet 306.7 | 314.7 | 318.7 | 324.7
Pressurant at Reactor Outlet 307.2 315.2 319.2 325.2
Pressurant at Regulator Outlet 340.8 | 348.8 | 352.8 | 358.8

Pressurized Volume. Each propellant tank has an uipressurized propellant

capacity of 10,57 ftj. In addition to displacing 97% of twice this volume,
the pressurant must account for PSA growth, the initial volume between the
diaphragm and the pressurant inlet half of the PSA, and the volumes within

the other pressurization subsystem components. The total volume downgtream

of the isolation valve 1is 20.76 fta.

Design Margin. The nominal expulsion efficiency has been conservatively

established as 97%; however, it is anticipated that 98 or 997% can be
achieved. The diaphragm AP is the limiting parameter, and since 1its grad-
ient is very steep, a certain amount of uncertainty exists in predicting
expulsion efficiency. As a result, design margins were provided. The pre
dicted pressurant pressure in the PSA at 97% is 314 psia, but 324 psia
(predicted at 99%) was used in pressurant requirement calculations. The

PSA was designed at 350 psia. In addition, the regulator requires a minimum
inlet pressure of approximately 375 psia, but the final pressurant tank pres-

sure was set at 400 psia to provide additional margin.

Thermal Analysis. The DEAP nodal heat transfer model of the PSA {(described
in Flightweight PSA section) was used to determine the pressurant flowrates
and the final bulk temperature within the PSA for the single-burn MDC I and
the pulsed MDC II. The maximum pressurant requirement conrresponds to the

coldest storage temperature (40 F), which results in a PSA inlet temperature

|
:
E
i
3

o

PRI e




R 5 0GR A il e

of 1025 F. The relatively long MDC II permits the most heat transfer from

the gas to the tank and propellant, and results in the lowest final bulk

gas temperature. Unlike the PSA thermal analyses, nominat rather than

maximum predicted film coefficients were used.

Figure 43 shows the transient temperatures for a 10-sccund inltjial pres-
surfzatfon and a typical 1z8-second coast, followed by MDC II. During
pressurization, the pressurant temperature peaked at approximately 505 F.
During coast, this temperature dropped to approximately 355 F in spite of
the flow required to maintain the pressure as heat was transferred from the
gas during periods of zero expulsion. During pulsing, the gas temperature
peaked at approximately 455 F and then gradually decreased as the diaphragm
reversed to expose additional heat transfer surface area. The final gas
temperature, used in pressurant requirement calculations, was 350 F and re-
flects the increased flowrate demand due to the increasing diaphragm pres-

sure drop.

MDC 1 also was simulated and the results are presented in Fig. 44 . During
the early portion of tie 122,5-second-duration expulsion, the gas tempera-

ture peaked at nzarly 520 F (at a misaion time of approximately 170 seconds),

and clearly demonstrates the effect of the increase in exposed surface area. ?
The buik gas temperature at the end of expulsion i1s approximately 445 F.
Because the pressurization subsystem is sized for MDC II, a coast period was
added to determine how long the PSA's could be pressurized as heat was re-
moved fron the gas. The results indicate that a small amount of attitude
control engine burn capability could be accommodated, if required for a
particular mission, for up to approximately 300 seconds after termination

of the main burn.

Pregsurant Kequirements. When all of these factors are taken into account,

the pressurant requirement is 5.12 pounds. At 4000 psia and 70 F, the

corresponding volume is 1.68 ft3 (2910 in.3). Pressurization subsystem
pressuren and temperatures at the start and end of MDC II are summarized in

Tabl= 15 as a function of storage temperature.
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Pressurant Storage Tank

~ The pressurant tank has a contained volume of 2910 in.3 at 4000 psia and
70 F. A spherical shape was selected for weight and volume effectiveness.
. This 18 also a common shape for filament winding. The design proof and

burut pressures are 6000 and 8000 psig, respectively.

The tank, which was designed by the Defense Products Division of Brunswick

Corp., is shown in Fig. 45. Pressurant is contained in an all-welded 5086-0

aluminum shell assembly that is fabricated from' two half shells with thick-
nesscs of 0.050 inch that are welded at the girth. Thicker-wall bosses are
welded into the polar openings of the half shells. One of these bosses has
a threaded port to permit Tridyne flow. A plug assembly is inserted into

this port and welded. This assembly consists of an aluminum plug and a co-
extruded aluminum/300 series stainless-steel transition tube. The aluminum
end of the 0.083-inch-thick wall, 5/8-inch-diameter tube is welded to the

plug and the steel end to a four-way 300 series stainless-steel tee.

After the aluminum shell assembly has been fabricated, it is filament wound
e with du Pont Kevlar 49/epoxy resin for structural strength, then coated with
polyurethane, which provides a moisture barrier. The composite is approxi-
mately 0.44 inch thick, yielding a tank 0.D. of 18.68 inches at 4000 psia
and 70 F. The change in volume with pressure is approximately 13 1n.3 per
1000 psi.

The pressurant tank is retained in an elastomeric-lined cradle and mounting
plate, which are fastened together with tee bolts (Fig. 42 ). The elastomer
allows for expansion and contraction of the tank caused by changes in pres-
surant pressure resulting from environmental conditions and blowdown during

operation.
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Valves

The pressurization subsystem includes a fill and drain valve and an isola-

tion valve.

Fill and Drain. The fill and drain valve is a fully developed Pyronctlcs

model number 1176-1, which is the same as the PSA vacuum service valve

(Fig. 24 ) except that it is made from 303 stainless steel. The proof pres-
sure 18 7500 psi and the burst pressure is 12,500 psi. The valve is welded
to a 5/8-inch-diameter, 0.083-inch-thick wall, 300 series stainless-steel
tube that extends from the four-way tee at the pressurant tank outlet to pro-

vide easy access. A cap is welded over the inlet port for redundant sealing.

Isolation. The isolation valv~ (Fig.46 ) is a fully developed Pyronetics
model number 1470, modified for 5/8-inch-diameter tube stubs instead of 1/2-
inch-diameter threaded fittings. This is the same model valve used as the
PSA pressurant inlet valve (Fig. "7 ). One tube end is welded to the four-way
tee at the pressurant tank outlet and the other end is welded to a 5/8-inch-

diameter, 0.083%-inch-thick wall, 300 series stalnless-stee! lube that attaches

to the regulator inlet.

Leak Detector

A pressure switch is utilized to detect any decay in pressure of pressurant
fluid during storage. The switch 1s located between the pres’ .ant tank and
the isolaticn valve and would therefore detect fluid leakage from the tank

or through the isolation valve or fill and drain valve. The switch would be
set to indicate the occurrence of a leak at approximately 3539 #90 psia. The

upper value of the tolerance (3629 psia) corresponds to the storage pressure

at the minimum temperature (20 F).

The selected pressure switch is a Gulton model number 2109-0901, modified for
a higher setting. This instrument was developed for and is operational on

the Minuteman III PSRE at a pressure setting of 2960 psia. The pressure
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Figure 46. Pressurant Isolation Valve 3

switch design utilizes a helical Bourdon tube as the sensing element. As

s i oo o e L L ERRY L8
~

pressure is applied, the sensing element roiates (unwinds) about the center-

5.

line, causing the wiper arm to slide cver segments of a precious metal

switching element, Coutact with each segment provides a switching function

T I TP PR

relative to the applied input and the desired switching point. Sufficient

é‘ tube travel (approximately 3/8 inch) 1s generated so that the switch setting

and accuracy can be maintained without amplifying mechanisms,
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Figure 47 shows the switch,which has an external case of 304L stainleoss

steel and is welded to the four-way tee at the pressurant tank outlet.

Electronically Controlled Regulator

The pressure of the MMH delivered to the e¢ngines is regulated with an elec-
trically controlled, continucusly modulating regulator designed by the Air
and Fuel Division of Parker-Hannifin Corp. The pressure control components
include a regulator assembly with an integrally packaged filter, flow

limiter, and relief valve in the pressurant line and a controller assembly

with an electronics package and pressure transducer located at the MMH PSA

outlet.

To compensate for variations in reactor, lire, and propellant tank pressure
drops dur’ng the expulsion cycle (especially the diaphragm), remote sensing
with a pressure transducer is utilized. The transducer senses the delivered
MMH pressure;the electronics compare this pressure to the reference set-
ting, condition the error signal, and supply a controlling current to the
regulator assembly. The small pressure tolerance (1%2) is maintained dur-
ing transients with proportional and integral compensation of the error
signal by the electronics package. The electronics also contain controller
gain scheduling to achieve dynamic stability as the regulator inlet Tridyne
pressure decays from 4000 to 400 psia and the downstream pressurized volume
simultaneously increases from approximately 1 to 20 ft3. An additional
feature of the electronics 1is the ability to provide a smooth ramped initial

pressurization by controlling the reference pressure signal.

Current supplied by the electronics package to the regulator asscmbly
powers a torquemotor used to position a small pilot valve that regulates
the dome pressure. The dome pressure acts on a diaphragm to position the

main valve and regulate the Tridyne pressure supplied to the two PSA's.

The pressure of the hzoa delivered to the engines is controlled indirectly.

Both PSA's have a common pressurant supply and, as a result, variations in
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the Nzob and MMH pressures will depend on differences in their respective
component pressure losses. Variations in the propellant pressures will pri-

marily result from differences in diaphragm thicknesses and the resulting

]
7/
A
PO e DT

effects on diaphragm pressure drops.

The regulator body has a stainless-steel lower body, including the inlet and
outlet ports, and an A356-T61 cast aluminum cover. An all-bolted assembly
is utilized with O-ring seals. The relief valve has an A356-T61 cast alum-

inum cover. This valve is bolted to the regulator main valve outlet port.

Top-level assembly drawings are shown in Fig, 48 and 49.

.

Sl

Controller assembly components shown in Fig. 50 are contained in an alum-
inum housing. Recommendations for modifications to the design to improve
nuclear survivability are contained in the Flightweight Feed System section

of this report.

Inlet Filter. The inlet filter is a cylindrical type, flowing from the
outside to the inside. It is5 fabricated from 304L stainless-steel, double-

’ dutch-twill wire mesh, supported on the inside by a perforated tube to pre-
— vent collapsing. It has a 25-micron absolute rating. Its installation is

shown in Fig.5l. ‘}

low Limiter. A flow limiter is located immediately downstream of the
filter and limits the maximum flow, 1if the regulator fails open, to a lower il

value than the main valve would permit. This allows a relief valve of

smaller size to be used. The main valve flow area must be oversized to
minimize pressure errors during rapid transients, but the flow limiter will

not inhibit this function of the main valve because it has a slower response.

Figure 52 shows the flow limiter, which consists of a spring and a single
moving part containing fixed flow-measuring orifices. The sliding poppet

is spring loaded open so that the pressure drop created by the design flow

through the fixed crifices does not create a sufficient force to cause any
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ITEM

QTY  NOMENCLATURE MATERIAL NO.

1 SPRING J02CRES 61

1 TUBE J04L CRES 50

1 FILTER J04L CRES L

8 WASHER CRES % 43
12 SCREW CRES %-20X % 47

1 GUIDE 304 CRES 4

4 INSERT, LOCKING CRES 440 45

4 SCREW, FLAT HEAD CRES 440 X 3/8 “

1 COVER 8081-T AL ALLOY 43
12 RIVET ALALY 42

1 PLATE, DIAPHRAGM 6081-T8 AL ALLOY a

1 SUPPORT, DIAPHRAGM 6081-T6 AL ALLOY 40

1 PACKING VITON k]

1 TUSE 304L CRES »

1 PACKING VITON 37

1 PIN, MAIN 440C CRES 38

1 SPRING 302 CRES 36

1 POPPET, MAIN 440C CRES 34

1 SEAT, MAIN 174 PH CRES 33

1 SEAT, FLOW LIMITER 174 PH CRES 32

1 SPRING 17-7 PH CRES 31

1 PACKING VITON 30

1 POPPET, FLOW LIMITER 174 PH CRES 2

1 COVER, FLOW LIMITER 304 CRES 3

Figure 51. Sectioned Flightweight Regulator Assembly--Side View
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Figure 52. Flow Limiter Schematic

movement. Therefore, the throttling valve remains full open and does nct

o di

restrict the flow during normal regulator operation. At excessive flowrates,

the pressure drop increases and forces the poppet to slide, rausing the

ik

throttle valve to close and limit the flow. This flow-limiting concept was
used in Parker's Apollo Lunar Module (LM) descent engine pressurization sub-

system regulator,

It would also be possible to locate the flow limiter at the regulator out-

let. This would allow the flow to be limited to a lower level and result

i i

in a smaller relief valve; however, the entire regulator, including dome and
outlet, then would have to withstand 4000 psia (at 70 F) if the main valve
failed open. 3

The tlow limiter design was stown previously in Fig. 51. The poppet
and seat are fabricated from 17-4 PH stainless steel. The poppet slides

on a center prin guide,

Torquemctor, The torquemotor, which is powered by the output of the elec-
tronics package, operates the pilot valve by positioning the valve push rod.

Figure 53 shows the Parker design, which is in current production and used

eiiaiatal

on the F-16 and L-1011 aircraft and the Walleye missile. Mass balancing to ]

R TR,

meet opcrational shock and vibration requirements is the only modification
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ary PART NO. NOMENCLATURE MATERIAL ::oe M
4 WABHER CRES NO. 10 n
4 SCREW CRES 1032 X 1/2 2
1 PLUG 304L CRES 2
1 PACKING VITON o
1 RETAINER 302CRES 2
1 GUIDE, PIN 303 CRES 2
1 SALL TUNGSTEN CARBIDE { 1 MM} n
1 SEAT NYLON 20
1 PACKING VITON 19

1 ROD 302 CRES 18
1 GUIDE, ROD 304L CRES 17
1 ANVIL 304L CRES 16
1 SPRING 302 CRES 1%

PACKING VITON 14
1 PIN 302 CRES 13
1 M810825-4031 SNAP RING CRES 12
1 SPRING 302 CRES i
1 TORQUEMOTOR ASSEMBLY 4780 STEEL ALNICO V MAGNET 10

MAGNET WIRE, AL ALLOY POT COMP

1 PACKING VITON ]
1 CONNECTOR CRES, GLASS INSERT s
1 ANB14.2) PLUG CRES ?
1 PACKING VITON [

(] SCREW CRES 440 X 3/8 s
s WASHER CRES NO. 4 4
1 DIAPHRAGM FAIRPRENE-VITON/DACRON 3
1 COVER A356-T81 AL ALLOY CAST 2
1 800Y CRES 1

Figure 53. Sectioned Flightweight Regulator Assembly--End View
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required. The armature and C-cores are fabricated from annealed 4750 steel,
and the permanent magnets are Alnico V. The coils are each wound with 800
turns of 36 HML wire to a resistance of 80 olms on anodized aluminum bob- .
bins, The current required as a function of regulator inlet pressure for

maximum und zero propellant flowrates 1s presented in Fig.54.
200 :
MAX PROPELLANT '

EXPULSION RATE

CURRENT, MA
3

i
5 ‘
0 1000 2000 3000 4000 5000
INLET PRESSURE, PSIA
Figure 54 Torquemotor Current 1

Pilot Valve. The pilot valve is normally closed and requires a displacement
of the push pin by the torquemotor to lift the spring-loaded ball off the

seat. High-pressure pressurant gas then flows from the inlet of the main

valve, through the pilot valve, to the regulator dome as shown in Fig. 55 .
The dome volume was minimized to achieve the equivalent of a high dynamic
spring rate. A small fixed orifice provides for a constant bleed flow from
the dome to the main valve outlet, which is at a lower pressure. During
lockup, the pilot valve closes and the dome reference pressure drops to the

regulator outlet pressure.

Figure 53 shows the pilct valve design, which is unchanged from that util-
ized In Parker's Viking helium regulator. The seating surface is a thin

nylon film hot formed on 304L stainless steel. A l-mm tungsten carbide ball

is used for the poppet. Leakage on the Viking regulator was less than 10-5
SCCS helium. The ball is held in place with a pin fabricated from 302

stainless steel. Tle spring preload on the pin is adjusted with stainless-

steel shimg. The pin assembly used to 1lift the ball off the seat is

122
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fabricated from 302 stainless steel and slides in a 304L stainless-steel

guide. All other parts except the seals and thin backup rings are fabri-

cated from stainless steel.

« Main Valve. The main valve is normally closed and requires a displacement
of the diaphragm and push pin to lift the spring-loaded poppet off the seat.
Pressurant then flows through the main valve to the PSA's as shown in

Fig. 55. Because the main valve is normally closed there is no slam-start %

requirement imposed on the design.

The diaphragm, shown in Fig. 51, is made from du Pont Fairprene and is
clamped between the stainless-steel main body and the A356-T61 aluminum ;

cover, which are serrated. The diaphragm cover plates are fabricated from i

6061-T6 aluminum. The lower plate pushes against a 302 stainless-steel
spring to contact the 440C stainless-steel push pin with flow deflector,
which fits in the 440C steel poppet that is preloaded with a 302 steel
The seat is fabricated from 17-4 PH stainless steel; both it and

i ey

spring.
the poppct are flat-lapped. This design is a duplication of Parker's LM

) helium regulator.

Relief Valve. Figure 56 shows the relief valve, a poppet-type valve, actu-
ated by a spring-loaded diaphragm. When the regulator outlet pressure,

acting on the diaphragm, overcomes the preloaded force of the coil spring,

bt e i o S LS
= U— -

the diaphragm lifts the poppet off the seat and vents the pressurant flow.

When the valve is closed, the poppet is mechanically separated from the dia-
Instead, it is held in position by the fluid pressure force

s

T

phragm support.
and a small spring. The main spring and diaphragm rest on their own posi-

EJ . tive stop. This approach ensures ample poppet seating forces for low leak-
E» age, but limits the seating force to a value that will preclude damage.

r{ . The relief valve design, shown in Fig. 57 , duplicates Parker's Space Shuttle i
p.! RCS/OMS helium relief valve. The diaphragm is multi-ply Teflon that has been

proven to withstand high pressure differentials while maintaining the

123
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TORQUE- MOTOR

PILOT VALVE
—.,\

DIAPHRAGM
FIXED ORIFICE

——— _") PROPELLANT
____ TANKS

INLET =» ;;o\ 5 ’@/ T MAINVALVE

Figure 55. Pressure Regulator Schematic

DIAPHRAGM

4= INLET

POPPET SPRING —

SEAT

OUTLETS

Figure 56 . Relief Valve Schematic
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ary NOMENCLATURE MATRAIAL ",n"
1 GUIDR, POPPET 174 PH CRES ~
[ POMET 174 P CARS ”
' NUT, COVER FWM-TEALALY »
[ GUIDE, DIAMRAGH 174 M CARS n
AR | 2] 207 ChIS %
1 WASHER, TAS LOCK 3ot CARe n
1 NUT, 5P inDLE WICRES ”
[ CANPENEN, BFAING RTY M1y "
1 HOURING S081-T8 At ALLOY ”
1 GCARW, AD ST 02 Cres L J
| PIN, ADJUSTING LOCK K Cnrs "
1 MLUG, LOCK Wi [ Y
' BEAT, PRIV, UM TR ALY 4830 AL SRONZE -
[ SRAT, BPARKS, LOYVER €CB1-TREY AL ALY -
1 SPAING, PREBNVAE AELEASE 177 PH ONES [ ]
1 WASHER, THAUST 302 CRES [}
' NUT 304L CRSS 02
' PISTON 2024-T38 AL ALY (1]
' DIAPHAAGM FEPSQOA. PILM TEFLON ARVALON| 80
27001, TEI WOVEN TEFLOX

' BUPPORT, DIAFHRAGNK 174 PH CAZS [
1 SPRING, POPPET 17.7 B CRES .
' RETAINER, BEAT 202 CRES ”
1 SSAT FEP 100 TEFLON "
[ 80DY, SEAT 306 ChES ]
[ WADHER 308 CARS "
1 GAKEY TFE TEFLON (Y]
[ BODY, ASLIEF VALVE ASBDT®1 AL ALLOY CAST [ *]

Figure 57. Sectioned Relief Valve
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required flexibility. The diaphragm support, poppet, and poppet guide are
fabricated from 17-4 PH stainless steel. The FEP 100 Teflon seat is held

- mechanfcally with a 302 stainless-steel retainer, -

Pressure Transducer. A Kulite miniature solid-state pressure transducer,
model HKMS-28-375-250A, is used to sense the delivered MMH pressure. The 1
transducer utilizes a 17-4 PH stainless-steel diaphragm and an integrated I

sensing unit consisting of a silicon wafer on which a four-element Whest-

stone bridge has been diffusion bonded for good stability during long-term 4
storage. Miniaturization yields a marked increase in the natural frequency :
of the transducer, making it better suited for a shock and vibration environ- 3
ments.  The transducer is construcred using electron beam welding and has 1

heen used In at least five aerospace applications including Viking. The

transducer ias integrally packaged with the electronics package as shown in
Fig. 58 .

The expected accuracy of the transducer is summarized in Table 16. The
maximum predicted rms etror is *1.9 psi and would occur at 40 and 100 F.
Transducers normally have both zero shift and scale errors. In the subject

~ application, however, only the accurate measurement of small pressures )

it S

changes from the 3(60-psia vcetting is of interest. Therefore, the trans-
ducer bridge Is balanced Ior zero output at the desired setting and

3
scale eriors have rno effect on the transducer's accuracy. For the same

reason, variarions in the supply voltage dc not cause errors.

PO SR

Effects due to vibration are negligible. The maximum 15-g axial accelera- i

tion causes an error of less than 0.02 psi. Vibration causes a high-

TG T8 s o PR e

2 e -

frequency variation in the output, but this averages out to zero because the

circuits are linear. For 8.8 g rms vibration, the amplitude would be equiv-

: alent to less than 0.01 psi.

3

;i As shown in Table 16, the error is dominated by the effect caused by the
;% temperature range. This is to be expected with the selected transducer *
!

!
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TABLE 16. PRESSURE TRANSDUCER ACCURACY

Kulite

Characteristic Speciflcation Error, psl
Supply Voltage Sensitivity Cancelled Out 0
Nonlinearity Does Not Apply 0
Repeatibillty 0.25% FS £0.375
Therma! Error: Zero 1% FS/100 F +1.80
Thermal Error: Scale Does Not Apply 0
Resolution Infinite 0
Acceleration Sensitivity €.0003% FS/g Negliglble
Control Circuit Drift $0.1% $+0.30
Overail Accuracy (rms) t1.9

because it uses a plezoresistive strain gage (also referrcd to as semicon-
ductor strain gage). It is also harder to temperature-compensate than a

metal-foil strain gage. A metal-foll type, however, has a smaller output
voltage and tends to yield a large drift in the operational amplifier that
converts the error signal to the control signal. If problems are encoun-
tered in meeting the tclerance on delivered propellant pressure over the

40 to 100 F temperature range, the error tradeoff between the two types of

strain gages will be investigated.

Electronics. When 24- to 30-volt dc electrical power is supplied to the
electronics, all of the circuitry becomes energized from the output of the
15-volt dc voltage regulator. The reference voltage generator produces a
linear ramp corresponding to a 0- to 300-psia command over a 1l0-second
period. The command then saturates at 300 psia. As a result, the pres-
surant isolation and PSA pressurant inlet valves must be opened when the
circuitry is energized or before. Otherwise, an increasingly larger error

would exist when the valves are opened.
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An orror signal is generated by coemparing the reference and pressure trans-
ducer signals as shown in Fie. 59. The crror signal is amplified and then
transmitted to the proportio..cl and lead-lag compensation networks. The lead -
lag compensation network consists of an amplifier with the maximum required
gain and a variable attenuator to vary the gain as a function of the torque-

motor current. The gain schedule is shown in Fig. 60.

The attemnitor is controlled by the pulse-width-modulated output of o sum-
ming amplifier that compares the torquemotor signal to a reference triangu-
lar wave generator. The nominal pulse rate is several thousand per second.
With a torquemotor current of less than 80 ma, the summing amplifier output
{s maximum, i.e., there is no attenuat ion because the triangular pulses are
unmodified. Above B0 ma, the sides of the triangular pulscs arc clipped,
resulting in a constant low voltage between pulses. The time duration of
the low voltage increases linearly up to a torquemotor current of 180 ma,

which causes the effective output of the summing amplifier to be attenuated.

Operation of the proportional compensation maximum gain amplifier and varl-
able attenuator are similar to the Integral compensation network, although
the gains are different. The signals from the two compensation networks

are summed and input to a power amplifier, which drives the torquemotor.

All of the electronic components will be mounted on a single printed circuit
board and enclosed in a metallic container as shown in Fig. 58 . Parker's
analysis and design efforts were conducted without nuclear survivability
design criceria. Instead, their designs were reviewed by Physlcs Inter-
national (a ROCKOR Subsidiary) and Autonetics Division (Rockwell Interna-

tional), and modifications were recommended,

o
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!1 R 0.5
3 N
3 0.4
3 ) PROPORTIONAL
0.3
2
q
Q
0.2
LEADLAG
0.1
0
0 40 80 120 160 20 240
| ‘TORQUEMOTOR CURRENT, MA
Figure 60. Gain Schedule
~ Catalytic Reactor
Tridyne is supplied at a regulated pressure to the catalytic reactor where
E the oxygen and hydrogen are reacted to convert the cold Tridyre to a heated
E mixture of helium and water vapor. The catalyst bed eize, static stress,
E and thermal analyses and reactor design are presented in the following
3 sections.
i
E
E’ Catalyst Bed Size. Calculation of the catalyst volume was based on an
? empirical relationship'derived from testing of a 2.0-in.3 bed with Tridyne
;‘ containing nitrogen (instégd of helium) during a previous contract. The
: catalyst volume of 2.49 in.3 was calculated from Eq. 18.
- i
E
¢ | v .
ve2 @+e)|enl-2)]-ex (18)
3 KO l'x
»
v |
~ 131
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where

V = volune, In,

@ = mass flowrate, ih/see

o0 [nlet gas density, lh/ft1

K = empirfcal reoction coefricient (0.133)
X = fractional completion of reaction

¢ = fractional decrease i1 moles during reaction
The reactlion is shown in Eq. 19.

0.911 He + 0.0297 02 + 0.0593 H2 + 0.911 lie + 0.0593(X)H20

(19)

+ 0.0297 (1-X)02 + 0.0593 (l-X)ll2

The parameter € is equal to 0.0297 X for this reaction. A value of 0.995

was selected for the fractional completion of reaction to intentionally yield
a relatively large catalyst bed. In addition, a mass flowrate of 0.035
Ib/sec was used, which Is approximately 25% higher than the flow required
during propellant expulsions. The catalyst bed diameter was selected to be
1.25 inches, the same as the reactor tested in a previous nitrogen-Tridyne

program.

Reactor Design. The reaclor design s presented in Fiy. 6l. Except for the
catalyst and wire screens, the complete assembly 18 made from 321 stainless
steel. The catalyst, designated DEOXO MFSA by Engelhard Industries, consists
of platinum-group metals on the surface of 0.0625-inch-diameter aluminum oxide
spheres contained in a cylindrical housing with drilled end plates. The

302 stainless steel, 26 mesh, 0.0l15-inch-diameter wire screens prevent the
catalyst spheres from obstructing the 17 0.032-inch-diameter injection ori-
fices in the inlet plate and from migrating through the 52 0.125-inch-
diameter holes in the outlet plate. The injection orifices are used to
distribute the Tridyne flow and prevent channeling within the catalyst. The

area of the exit plate holes is 5.3 times the area of the exit tube.

f
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i D ARG, WPl S5 M | I ...:__ ’

CAP

BoDY
INLET PLATE
CATALYST HOUSING {

CATALYST
SCREEN

/ OUTLE{ PLATE

‘r— L. d
\0.500 0D TUBE :

s i S

0.625 0D TUBE

0.75 MIN—e o

+0.06
. .8
4-85 5. 00
Dimensions in inches

PART

MO.  MATEMIAL sze SPECIFICATION ]
7 018 31 NS pAn 1438 01A X 0.28 008763 CL3Z1 COND A -
3 013  CMESWARE OLOTH 26 RSN 0.015 WIRE TWILLED i
5 00D 321 OROS TUSE 148800 K 0.050 WY MIL-T-8808 COMP 371 TYPE Ii i

087 3N ORES BAN 1438 DIA X 0.18 Q04763 CLI21 COND A ]
1 0% =71 CWES AR 1.90 B4A X 2.00 Q0-$-763 CL321 COND A 1

033 .21 CRES BAR 1.08 DIA X 8.00 Q0-$-783 CL321 COND A ;

Figure 61. Flightweight Catalytic Reactor
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The catalyst assembly is positioned in the main body to form a double-walled
reactor. This design feature minimizes conduction heat losses and provides
for a fast thermal response time, both of which are important gcals in max-
tmlzlup, preusarc] snt lon nubsyatem performance, especlally Tor the Tong,

pulsed MbC 11,

The inlet cap and the main body are threaded to ensure a tight fit of the
internal catalyst assembly. The reactor is sealed with a burn-down weld.
The inlet tube is fabricated with a closcd end, and the outlet tuhe is

threaded to permit proof pressure and leak testing. Tube ends are subse-

quently removed prior to installation in the pressurization subsystem.

Static Stress Analysis. A static stress analysis was conducted at twelve

locations using maximum operating pressures and temperatures. The lowest
safety factors occur near the mid-point of the thin wall section of the main
body. These safety factors are approximately 1.8 on yield and 5.2 on

ultimate.

Thermal Analysis. A thermal analysis of the reactor was performed to pre-

dict its transient response time, maximum operating temperatures, material
thermal gradients, and heat soakback to the electronically contrclled regnla-
tor. Yor this analysis, the maximum gas outlet temperature of 1061 F (stor-
age abt 100 F) was used. This temperature allows for a 10-degree drop 1in

the gus temperature as it flows to the PSA's in insulated lines.

Rocketdyne's Differential Equation Analyzer Program (DEAP) was utilized with
the nodal model shown in Fig. 62. Forced convection was assumed to be the
primary heat transfer mode from the gas to the catalyst and hardware. A
standard Dittus-Boelter type of equation was used to determine the convee-
tive film coefficient. Heat loss caused by conduction and radiation from
the noninsulated outer surface was taken 1;.co account. An emittance of 0.5

was used as being typical for a machined steel surface.
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The reaction temperature profile of the gas was determined by using the
terms of Eq. 18 and parametrically varying the fractional completion of
reaction, which implies a temperature, and calculating the corresponding
volumes. As a result, the axial locations =° the respective temperatures

were determined for a fixed diawcter. necuming no heat loss. The results are

presented in Fig. 63.

Simulation of the initial pressurization with the DEAP nodal model is pre-
sented in Fig. 64. The reactor gas outlet temperature reaches 90X of the
reaction temperature in less than 2 seconds. This rapid response is parti-
ally the result of the double-wall design, which minimizes losses from the
main body. The effectiveness of the design is demonstrated by comparing the

temperatures of the catalyst housing and the main body.

The results of simulating MDC I are presented in Fig, 65. The 10-second
initial pressurization was foilowed by a 128-second coast and the 122,5-
second expulsion. A second coast then was gsimulated to determine if the
regulator would overheat. This sequence represents a worse case from a
thermal soakback standpoint than the pulsed MDC II. As shown, the regula-
tor assembly outlet remains cold during the long coast. Even the line

between the reactor and the regulator reaches only 150 F.

The reactor outer body temperature peaks at approximately 870 F., Although
the effect of radiation heat loss on reactor performance is not appreciable,
it may be advisable to insulate the reactor to protect adjacent components
from thermal radiation. A 0.125-inch-thick layer of insulation such as

Johns-Manville MIN-K would be adequate,
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PRUTOTYPE PRESSURIZATION SUB YSTEM

The protorype pressurization subsystem differs from the flightweight design
in two respects. First, facility components will be used instead of flight-
weight hardware for the pressurant tank fill and drain valve, the tank leak
detector, the pressurant isolation valve, and the regulator assembly filter,
flow limiter, and relief valve. In addition, design modifications were made
to the pressurant tank, the electronically controlled regulator and the

catalytic reactor for reasons discussed in the following sections.

Pressurant Storage Tank

Brunswick 18 currently fabricating composite-wrapped spherical tanks for
the Space Shuttle Orbiter being developed by Space Division, Rockwell
International. These RCS helium tanks have a minimum volume of 13008 1n.3
at one atmosphere after proof sizing. This size is approximately 5% larger
than required for the flightweight design. Because of availability, one of

these tanks has been acquired for use during the program.

The Brunswick Shuttle tank (Fig. 66) has maximum operating, proof, and burst
pressures of 4000, 5270, and 6000 psig, respectively. The liner is titanium
¢Al-4V with a 1.5~inch~diameter, threaded outlet port. The liner is fila-
ment wrapped with Kevlar 49, which is impregnated with epoxy resin. The
weight 1s 25.7 pounds and the outer diameter fs 18.7 inches. Space Divi-
sion's specification number is MC282-0082 and their part control number is
MC282-0082-0032,

Electronically Controlled Regulator

The prototype electronically controlled regulator design duplicates the
flightweight design in those areas required to demonstrate its functional
adequacy. Not included in the prototype regulator assembly are the integ-
rally packaged inlet filter and flow limiter and the outlet relief valve.

In addition, the torquemotor will be used "as 18" from current production
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without mass balancing. The main body will be heavyweight and machined

from 6061-T6 aluminum bar stock with threaded stainless-steel inlet and out-
let fittings rather than a flightweight stainless-steel body with welded
tube stubs. The cover alsoc will be heavyweight machined 6061-~T6 rather than
a flightweight A356-T61 aluminum casting.

Exterior and sectioned drawings of the prototype regulator assembly are
shown in Fig. 67 and 68, respectively. The flightweight poppet, seat, and
diaphragm materials are utilized and all-stainless-steel construction of

other pilot valve and main velve parts is maintained.

Variations from the flightweight controller assefbly include provisions for
varying the gain schedules. Also, the electronics will be breadboarded in a
less compact housing. Figures 69 and 70 show the electronics to be utilized

during regulator component testing by Parker.

Catalytic Reactor

The prototype and flightweight catalytic reactor designs are very similar

in the areas important to demonstrating performance during development test-
ing. Because six catalysts beds*will be tested, modifications to the main
body are required, as shown in Fig. 71, to permit interchangeability. These
modifications are restricted primarily to the relatively cool inlet end,

however, to ensure similar thermal characteristics.

Because the largest catalyst bed diameter is the same as the flightweight
design, the reactor main body diasmeters are the same. The outlet converg-
ing section and tube dimensions also are identical to the flightweight
design; however, a threaded outlet fitting is used instead of a tube stub.
Construction of the three l.25-inch-diameter catalyst beds, including the
inlet and outlet plates, is identical to the flightweight design, except
one is shorter and one is longer. The three 1.00-inch-diameter beds will

have a larger annular gap between the bed housing and main body.
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Figure €3,

Sectioned Prototype Regulator Assembly

o i ey

i e s

bt e o e e




dumi sriediiadon. W . o .

el b,

145

g L]
oY PART NO. NOMENCLATURE MATERIAL ]
1 N2I0080- 2A-HP 80 ELECT NEADER -
1 1779184101 MN, SPACER 174 PH CAES [ ]
1 ANS1S-104 FITTING CRES ]
1 ME28774 013 BACKUP RING TETRAFLUOROETHYLENE 9
1 5778198100 SPRING, RIAS 17.7 PW CRES n
' 877819610 PN ANVIL 174 PH CRSS 1}
1 87191 100 MIN. BALL 174 P4 CRES [
H NABIIN2CAMM SCAEW CRES 1/4.20X 21/4 -
1 V28774012 JACKUP RING TETRAFLUOROETHYLENE L ]
1 577818210 SPRING, MLOT 17.7 P CRES [}
1 71181 100 #00Y. PILOTY 304 CR3S L}
1 8778180101 SPRING, METAINER 17.7 P CRES -
1 87781719101 SEAT, MLOY NYLONS “
4 PARKER #2007 PACKING wTYL «Q
' 5778178101 TUBE, TRANSFER 304 CRES Q2
1 5778177101 PUSH ROD, MLCT 174 P4 CRES “
1 577817610 TUBE, MILOT 204 CRES [
1 778175100 SPACER PILOT 304 CAES »
1 5717817410 GUIDE, PILGT 303 CRES »
1 577817210 SPACER SPRING 304 CRES 7
1 5778172100 RETAINER, SPRING 304 CRES »
1 STOCK NO 3276 SCREW SET CRES M/8-18 X V4 »n
1 20011 1017TW FILTER 10000 | 200 SERIES CRES »
TAI-DOT MECTRON INO
1 PARKER #29:0 PACKING suTYL 10 PORY 3
1 571171101 PLATE, LWA, DIAPH 0081-TR AL ALY EH
' 5778170101 SPING, DIAPH 302 CRES 8PS TEMP n
' £778159101 SPRING. POPPET 302 CRES 8PG TEMP %
1 8778188101 POPPET, MAIN 440C CAES RCBT 82 a2
1 PARKER #2018 PACKING suTYL »n
1 5778187101 SEAT, MAIN 17-4PH CRES H900 tY
1 8778108101 N, MAIN 440C CRES AC §0 MIN »
1 5770185101 GUIDE, MAIN 174 PH CAES HO00 »
1 5778184 101 ORIFICE 304 CRES »
AR 5770185-AR SHIM, SPG MAIN CAES 204 n
[ NABE20004 WASHER CRESNO 4 n
4 ME2400) C1 SCAEW. EL ND CREB 440 X 5/18 0
4 NAS1252C04N8 SCREW CRES 440 X 2/8 2
1 6778182101 ANVIL 304L CAES BMN 180 MIN "
1 5278181101 PLATE, ADAPTER 800118 AL ALY "
1 5778157101 PLATE, COVER 6081 T8 AL ALY ”
Am 5778180-AR SHIM, PILOT « 304 CAES "
H PARKER ¥ 2.000 PACKING auTYL 18
10 NAS1352CAH 1S SCREW CRES 1/4.20 X 1 "
12 NASE20CA WASHER CRES 1/4 13
? NAS1351CIHE SCREW CAES 1032 X V2 12
1 2782004-101 TORQUE MOTOR ASSY 4780 STL, ALNIOO V MAGNET "
MAGNET WIKE, AL ALY, POT COMP
1 ANSO5A CB20H8 SCREW, SET CRES1/2.20X 172 kL
1 PARKER #2-008 PACKING suTYL L
1 5778156101 PLUG, AOJUSTING 304 CRES [ ]
AR 5778183-AR SMIM, MAIN VALVE PIN 304 CRES ?
1 5778188101 OIAPHRAGM CHLORONYORIN ON OACRON ]
1 37231831 BALL TUNGSTSN CARSIOS 1MW ]
1 PARKER #2012 PACKING suUTYL L
1 PARKER #2.012 PACKING suTYL 2
1 5778187-101 COVER ASSY 8081 T8 AL ALY 2
1 5778188101 s00Y 0081 TEAL ALY 1
Figure 68. (Concluded)
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CAP
007 SPACER CATALYST PACK 17§ REF
3?3 Z::E:: . DIA LENGTH
015 seacen o7t PAK AsSY 0F 1 25 21047 (swow
13 Srace Gilacn ok s
RODY 101 FACK ASSY OF 1.00 2.047
111 PACK ASSY OF 1.00 31723
INCET . Tou Yunt EX11, 0.500 TUBH N
e 24T
e
7T N \
S BOLT 6 REQ
WASHER 12 REQ
NUT 6 REQD
V-SEAL, 2 REQC
PART
NO. SIZE MATRRIAL KECIFICATION
[ _J MAKE FROM 032 OR -038
067 1.7 X128 INCONEL 00 SCAEEN 40 MESH 0.010 WIRE
[+ 7] 1.50X 1.0 INCONEL 000 3CHIEEN 40 MESH 0.010 WIRE i
083 "MKE FROM NAS1004 -36A BOLT
0 126 X125 INCONEL L0 SCREDN 40 MESH 0.010 WIRE
- ¥} 1.90 X 1.50 INCONE . (18 SCREEN 40 MESH 0.010 WIRE
b ) 0.047 X 3.2 X 3.26 IO CHES BHEET QQ-8-708 CLIOSL COND A
o 0.047 X 3.3 X 213
020  0047X3.3X1.70 |
w7 0.047 X 4.13 X 2.83 i
o 0.047 X 4,13 X 2.13 |
033 0047 X 413X 1.70 304L. ORDO OHEET QQ-8- 788 CLIOL. QOND A {
0 1268 X 0.19 00l RIS AN Q0-8-783 CLISIU. COND A :
o 1.78 X 0.8
028 190 X 0.10 1
023 1.0 X020 ]
019 360 X178 i
017 300 X075 i
018 300 X026 3
013 3.00 X108
009 3.00 X0.7%
007 3.00 X026
005 300 X500 ]
003 3.00 X780 3041 CRES BAR QQ-S-763 CLIOM. COND A ?
2
I3
‘:
Figure 71. Prototype Catalytic Reactor
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The inlet end is substantially different from the flightweight design. The

inlet cap, which holds the catalyst bed in place, slides within the main
body to accommodate the different bed lengths. It has a 0.75-inch-diameter
threaded inlet port instead of a 0.625-inch-diameter tube stub. The inlet
¢ I8 secured to the matn body with 81x bolts, and s1x spacers are regulr: g
for the different beds. Sealing is accomplished with two metal V-seals.
Nonmetallic seals will be used during shorg-duration tests (with inert gasx
purging after cutoff), when heat soakback will be minimal. The flange at
the inlet end of the main body has two threaded holes for mounting the
reactor. Because of availability, the prototype reactor was made from

304L instead of 321 instead of 321 Cres and the screens from 40 mesh

0.010 Inconel 600 wire instead of 26 mesh 0.015 Cres wire.

FLIGHIWELIGHT FEED SYSTEM

Additional supporting studies were conducted for the flightweight feed system.
These analyses included performance, stage installation layouts, mass proper-

tlen (welght and center of gravity), unlt production costs, system salely and

reliability, and nuclear nardness and survivability. Fecd system deslgn

characteristics are summarized in Table 17.

Performance

Two types of performance analyses were performed for the propellant feed sys-
cem. The first involved determination of the pressurant flowrate requirements

during various propellant expulsions with transient heat transfer. The second

was a prediction of the transient errors in delivered propellant pressure.

Pressurant Flowrate. Since modeling of the pressurant flowrate thermodynamics

is relatively straightforward, the equations were inc¢luded in the complex heat
transfer model of the PSA described in the flightweight PSA section. Quasi-
steady fluid flow relationships were assumed, i.e., pressure oscillations were

precluded by setting the pressurant flowrate equal to that required to main-

tain the required pressurz schedule in the tank dur’ag the expulsion duty

cycle. Tnis pressure schedule is a function of diaphragm pressure differen-

tial, which varies with percent diaphragm reversal.
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TABLE 170 FEED SYSTEM DESTGN CHARACTERTSTLCS

Propeliant Pressore Performance, psia 300 42,55

Maximum Pressyrant Flowrate, 1b/scc

fnitial Pressurization 0.046
MDG 0.028
MOC 0.022

Weight, pounds
G vl

Loaded Feed System (two PSA's, pressurization 1594
subsysitem, propellants, Tridyne)

No2Qyg (toaded) 900
MME Dl oaded) 554
reed Systen 2t End of Mission 187
Cownd Sy ten Hardware Plus Tridyne 140
ceed Yysiem lardware o 134
PLn tardware (two, including mounting rings) 98
Pressurization Subsystem (including Tridyne, b

cacluding mounting plate and Fasteners)

Unit Production Cost, 1977 dollars

Fead Syatam 47,800
Two PYEIs 31,200
Presuurization Subsystem 16,600

Retiability 0.9963

he 1-gecend indtial pressurization, the flowrate decreases from 0.046

;

Ib/ace. This range is tho highest imposed on the pressurization

.

we o }
shem. s Buviae the Tonpg MDC 1T expulsion at 275 idn. " /sec, the pressurant

starts at 0,020 1b/sec, increases to 0.028, and then decreases

ro 0.0727. For conversion to-volumetric flowrates, 0.01 1b/sec of

.. 3 ,
wriant equale 184 in.7/sec at 307 psia and 1025 T,

e - .3 .
starts ofl with o 275-1in. " /sec expulsion, which requires a flowrate

ib/sec s Purding the intermediate pulses, the maximum expulsion rate

150
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is 205 in.3/sec, which reduces the pressurant flowrate to a range from 0,015
to 0.019 1b/sec as the expulsion cycle progresses. At the end of the cycle,
the expulsion rate oscillates between 205 and 255 in.3/sec, requiring a maxi-
mum of 0.022 1b/sec of pressurant. The low expulsion rates, simulating

attitude control engine burns, require less than 0.001 lb/sec pressurant gas.

Propellant Pressure. A previously developed dynamic performance mode! wes

utilized to simulate feed system operating conditions and determine resultant
transient pressure errors. The mathematical model contains descriptions of

the flow processes and operational characteristics of the regulator's mechan-
ical and electronic components. Not included were the errors associated with

the transducer, which are additive.

Development of the model, conducted prior to this program, evolved in three
steps. First, a computer program was written to determine the steady-state
flow and force balances. The one~dimensional isentropic compressible flow
equation was used to relate pressures, temperatures, areas, and flows through
the main and pilot valves, and orifices. The main valve force balance in-
cludes pressure forces on the poppet and diaphragm, the spring force and
friction. Pilot valve force balance includes the aerodynamic force on the
ball, spring forces, and the torquemotor force, which is a function of
current. Simultaneous solutions of these equations were used to iterate
design parameters (dimensions, spring rates, and torquemotor rating). After
selecting optimum values, the main valve stroke requirement was calculated as
a function of inlet pressure, regulated pressure, and flowrate. The torque-

motor current also was determined from these equations.

The governing equations for the various components were then represented by
their appropriate transfer functions and a block diagram was constructed.

S nce the valve inertia and outlet line acoustical characteristics are
a,sociated with very high frequencies (beyond the bandpass of the electronic
controller), these phenomena were not included in the diagram. By reducing
the various inrer feedback loops, an overall transfer function was obtained

(Fig. 72).
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Figure 72. Reduced Block Diagram

Parancters K, T, wund T, are related to contreller gains and time constants,
I3 4
and A, T?’ and T4 are related to physical proverties of the regulator

component s,

The stability margin of the regulator was evaluated by constructing Bode
chares for both open-loop md closed-loop responses with selected controller
patne,  The open-leoop analysis, with a proportional gain of 0.001 and au
inteygral gain of 0,03, indicated a phase margin of 40 degrees and a corres-
pending dampine ratic of 0.35, Closed-loop anziysis showed a cutoff fre-

quensy ol 11y o, Because this frequency is relatively low, high-fregquency

cHevis such as line dvnamies and their interaction with the regulator per-

formanc~e shrald be adeguately damped.

Except for minor c¢hanges, design of the flightweight regulator was accom-
plished prior to this pregram.  The adequacy of the design with respect to
meeting updated reaui: ments was verified, but this did not necessitate
repeating the steadv-state design iterations or the linear frequency response

analysis,

Having determined preliminory values for the time constant and gains with the
lincar {requency respomse analysls, a dynamic performance wcdel was con-
structed. TIn addition to the steady-state relationships alrecdy mentioned,

the electronic controller was modeled with the following equation,

TR R

dt p dt (20)

c
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1 = torquemotor current

E = error in regulated pressure

Kp = equivalent proportional gain
KI = equivalent integral gain
Tc = time constant

t = time

d = differential operator

po= S a (21)

The change in pressure of the pressurized volume was calculated with the

following equation

CL L (22)

a _x -
(RT dt dt

dt v

where

= pressure

=  volume

= gas constant

= temperature

mass

= gpecific heat ratio

= time

a < ¥ &5 T <
[}

= differential operator

dp
P = it dt (23)
Because the heat transfer process between the pressurant gas and PSA hardwara
is relatively slow compared to the pressurization subsystem response, the

bulk gas temperature was programmed as a function of time for each duty cycle,

based on the PSA thermal transient model results. The effect of the transient

153

[P —




dtaphragm prossure drop on pressurant pressure also was programmed as o

functlon of tiwme.

simulations ot the inltlal pressurization sequence and MDC's I and IT were
repeated durdng the program with the dynamic performance model. ‘lable 18
shows the inilvial pressurant tank pressure and initial presgurized volume
fer the five cases that were run. Three separate sequences were Iinvestigated
for MDC T (at the beginning, middle, and end) to determine the effect of
simultanecusly decreasing the regulator inlet pressure and increasing the
downstream pressurized volume. It was during this analysis that the con-~

troller gain schedule was synthesized.

TABLE 18. INITIAL CONDITIONS FOR FEED SYSTEM
DYNAMIC PERFORMANCE PREDICTIONS |

i
; Initial Regulator Initial Pressurized | ... ..
g Inlet Pressure, Volume,

i Suty Cycle psia ft3

| S

finitial Pressurization 4000 0.75

i

{ MDC ! 3560 0.75

P HDC i

]

| Sequonce | 3960 0.75

]

t . .

g Sequence 2 2000 10.5

i Sequence 3 Lzgo 19.0

i i

figure 73 shows the regulator response to be very stable during initial pres-
surizalion., Too overshoot in propellant pressure a” the end of pressuriza-
tion was 0.25 psi (0.08%Z), as determined from digital data printouts. The

decay in regulator inlet pressure is also shown.

BZST AVAILABLE COPY
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The maximum error lor MDGC | occurred at the start of expulsion (at 275 in.”/

sec), as shown in Fig. 74 , The magnitude of the small nscillation in pro-
pellant pressure was 0.65 psi (0,22%). The increasing pressurized volume and -

decaying regulator Inlet pressure arce alse shown.

Because MDC 11 starts with this same (maximum) propellant demand, it has the .
same initial error in delivered pressure. However, the magnitude of the

error is smaller for the lower flowrates. The transient data (expulsion

flowrate, regulator inlet pressure, and delivered propellant pressure) for

the start of MDC Il are presented in Fig. 75

During subsequent selected MDC 11 pulses, the maximum errors were #0.29 and
+).21 psi (+0.10 and +0.07%), respectively. These two cases had lower regu-
lator irnlet pressures, larger pressurized volumes, and lower expulsion rates.

I'he results are presented in Fig. 76 and 77.

The regulator dynamic errors are summarized in Table 19. Data are also pre-
sented for the additive repulator and transducer errors as a lunctlon ol duty
cycle. Transducer crrorg are for the 40 to 100 F operating range. The maxi-

mum error in delivered pressure is +2.55 psi (0.85%). .’

A tvpical instaltation for the flightweight propeliant feed system in an
advanced post-boost vebic le was presented in Fig, 7 and 8. The ACE lova-
tions are in accord with Ref. 5, but the IFSS and MGS drawer lccations

correspond with an carlier version (3 Dec. 1976).

The PSA's are located on opposite sides of the axial «ugine and expel in-
wardly. Each PSA is attached to the stage structure by six pin-connected

struts. The pressurization subsystem is m,unted under the IFSS drawer.

Ref. 5: Specification No. $-M-X-41016, Prime Item Development Specification .
For MX Stage IV, Headquarters, Space and Missile Systems Organization, Alr
Force Systems Command, 8 September 1977, Confidential,
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TABLE 19. FEED SYSTEM DYNAMIC ERROR SUMMAKRY

Error,
Source psi (%)
Transducer £1.90 (£0.63)
Initial Pressurization
Regulator +0.25 (+0.08)
Regulator plus Transducer +2.15 (+0.72)
MDC | and Start of MDC ||
Regulator +0.65 (x0.22)
Reguiator plus Transducer +2.55 (£0.85
Middlie of MDC It
Regulator +0.29 (£0.10)
Regulator plus Transducer +2.19 (x0.73)
End of MDC 11
Regulator £0.21 (£0.07)
Regulator plus Transducer 22,11 (£0.70)

Mass Properties

The weight breakd~wn for the flightweight propellant feed system is presented
in Table 20, Each PSA weighs 59.2 pounds while the pressurization subsystem
we‘ghs 41.4 pounds. The PSA's are designed to deliver 1400 pounds of propel-
lants to the engines and have an assumed expulsion efficiency of 98.1%. The
feed system weight of 189 pounds, which includes the Tridyne and residual
propellants, represents a 27 to 5% reduction from carlier feed system

technology programs.

To make center of gravity (CG) calculations, it was necessary to assume a
displacement of each PSA envelope from the stage centerline. A distance of
12.3 inches was assumed, which leaves 1.3 inches on the outboard side for a

92.2-inch-diameter stage. Each PSA was centered in its respective envelope.
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TABLE 20. FEED SYSTEM WEIGHTS
(POUNDS)
Oxidizer PSA (59.24)
Liner, Diaphgram, Valves, Leak Detector 34,48 :
Mounting Ring 12.19
Helical Composite Wrap 10. 86
Circular Composite Wrap .71 i
Fuel PSA (59.24) 59.24 !
Pressurizatinn Subsystem (41.42)
Storage Tank 26.40 i
Tridyne 5.12
Leak Detector 0.4k
Fill Valve 0.30
Isolation Valve 1.95
Regulator Assembly 4.25 ©
Electronics/Pressure Transducer Assembliy 0.60
Catalytic Reactor 0.77 ;
Lines 1.59 . i
4 Total Feed System Hardware (including Tridyne) 153.9
{ N204 (loaded) 889.3
E' MMH (loaded) 547.3
Ei Total Feed System (loaded) 1596.5 3
g :
;|
E 4
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The results of these calculations are presented in Table 21 and Fig. 78. The
feed system CG shifts 2.0 inches aft (+X) because of the increasing influence
of the pressurization subsystem weight as the propellants are expelled. The
feed system CG also shifts 5.1 inches toward the stage centerline in the
radial Z direction and 5.3 inches away from the stage centerline in the
radial Y direction. The CG shift of the PSA's is primarily toward the
centerline in the 7 direction (5.1 inches) with no movement in the Y dircction

and only 0.1 inch aft in the X direction.

Unit Production Costs

Feed system unit production costs were estimated on the basis of 400 systems
at a production rate of 10 per month, using inputs from the Engineering, Manu-
facturing, Purchasing and Pricing departments. Initially, assessments wcre
made to determine where each component fabrication process would be conducted,
i.e., in-house or by a vendor. Vendors were requected to submit cost esti-
mates for purchased fabrication processes and components. The list of vendors
contacted to update the information received during preparation of the pro-
posal included Aircraft Hydro-Forming (PSA diaphragms and liners), Brunswick
(PSA composite wrap and pressurant tank), Pyronetics (valves), Jewett (’SA
leak detector), Parker-Hannifin (regulator), Gulton (pressurant leak detec-

tor), and Engelhard (catalyst).

In-house fabrication included the PSA polar boss, inlet diffuser plate, out-
let collector plate, mounting ring, fittings, and assembly. Also included
were the pressurization subsystem reactor, lines, fittings, mounting hard-
ware, and assembly. Detailed manufacturing planning documents for all parts
were used to subdivide the in-house fabrication by department and operation
from the time a number was applied to the raw material until the finished
part was inspected. An example, for the PSA leak detector boss, is shown

in Fig. 79. These documents were used to estimate both setup and run times.

The unit production costs, exclusive of fee, are presented in Table 22, A

breakdown showing Rocketdyne labor and purchased material/labor for the PSA's,
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TABLE 21. FEED SYSTEM CENTER OF GRAVITY*

. X Axis Y Axis Z Axis

Initial Final Initial Final Initial Final

PSA's 20.7 20.6 0 0 6.4 1.3 3

+ Pressurization | 32.3 32.4 30.9 30.6 0.1 0.1
Subsystem

g feed System 21.0 23.0 0.8 6.1 6.2 1.1

i { *Al) centers of gravity in inches
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pressurization subsystem, and feed system is provided. Only in-house tooling

is identified; vendor tooling was prorated and included in the cost of pur-

chased components and processes.

The costing methodology for in-house fabrication was based on the following

ground rules,

10.

11.

12,

13,

All costs were based on fabrication performed at October 1977 rates.

The selection of special tooling was based on producing 400 systems

at 10 per month in an economical manner.
The costs reflect the average of the first 200 systems.
Five parts were produced per each operation setup.

A 107 upward adjustment ‘was made to setup and run hours to account
for the fact that estimates were based on preliminary design

drawings.

A 22% "realization'" factor was added to the 'shop standard" hou.s
shown on the manufacturing planning sheets, which are the minimum

achievable.

A parts mortality rate of 7% was applied to labor and material,

based on previous experience.

An additional 35.2% of the fabrication hours was included for

manufacturing services and expediting.

A material adjustment of 3.25% was added for use of in-house

material such as tubing.
A material procurement expense of 7.167 was added.

Quality control and quality assurance were estimated to be an

additional 25 and 10% respectively, of the labor hours.
Average rates for each department were used.

Overhead and G&A (general and administrative) were included.
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Hazards Analysis

A preliminary system safety annlysis was performed with the primary objective

being to minimize or eliminate potential hazards that could cause physical
harm to personnel or damage to or failure of hardware. Safety hazards in-
herent in the propulsion feed system were identified and desig. criteria and
operational constraints were reviewed to ensure that the hazards were reduced
to a reasonable level. The analysis covered the loading, handling, storage,

checkout, shipment, and flight phases of the hardware life.

The procedure followed in conducting the analysis was to (1) define the
extreme conditions for each life cycle environmental requirement, (2)
identify the applicable operating phase, {3) list the possible failure modes,
(4) classifv the severity of each assumed tailure, and (5) identify the de-
sign and procedural controls to prevent, detect, and react to impending
hazards. Definitions of the hazard classifications are provided in Table 23.
The hazard control entries in Table 24 are the most important information in

TABLE 23. HAZARD CLASSIFICATION

Classification J:z- ~iption

3" Catastrophic. Will cause death or severe injury to
personnel, or loss of system. Leakage of propellant
in the immediate vicinity of personnel (handling

operations) is classified as catastrophic.

(RN Critical. Will cause personnel injury or major system
damage, or will require immediate corrective action
for personnel or system survival. Leakage of propel-
lant during storage without presence of personnel is

classified as critical.

1 Marginal. Can be encountered or controlled without
injury to personnel or major system damage. This cata-

gory includes an indication of loss of tank integrity

by the leak detector.
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TABLE 24.

> i S ediie- (G S Uil

PRELIMINARY HAZARD ANALYS1S

e e ——

Hezerd Source | Operational Phase

Mobils Deployment,
transportation,

storage, hendiing,
and flignt (100 1)

|
Lo h:ogeuluu I Mobile ¢oployment

] transportention,
F -
sl nime storage, handling,
ond ftight (k0 f)

Mob | |s deployment
transportation,
storage, snd
handl inq

|

|

|
Thermal Cyeling
I ol

Mobile dsployment
or storage

Storags Duration
Up to 15 vesrs
under specified
| environmente!
conditions

nezerd

V. Mupturs of disphragm due to: Uo

o thcrasved aropellent wapor

pressure

{ of diaphrage satarigt with
increasad tamparaturs

digphraga/liner weld coused hy
eccelerated chamical repction
rombhined with tocal resctive
Impur it ey

-

1 Rupture of ¢ressurant vtorsns
' «torane v vsal due t.. Increa
pressurs form

Thermal axpantior of the
pressutant

b Ther~ally initistad chemicel
reaction

1 lesnage of diephragm due to loulil
cracks, fraciurs, or other
tegrity failure due to-

8. Asduced propellent vepor
prassure

b toms of ductility ot lTow tem-
perature Could be sgyreveted

i hy mechanicel strasses (hend-
| ling and trensportation loads)|

diffarential enpansion ot wel
brittleness,

prossurent tenk due to d1ffaran-
tis)l sxpansion or brittianess of
meta! or fllsment wrep

dlaphrage due to pressurs ond
mechonlcsl stress cycling

s. Chamica! sttack and decom-
position of dlsphragm by
propellant

tonk dus to chemical sttack by
sctive constituents of Tridyne

. fracture of ovtsr tanh welt ‘mlJl.

toce! leshoge of disphroge of 2.

Externatl lear in propellsat or 1

1. fatigue crocking and loshage of 1.

2. Cnternas) tenk lashaqe, fracturs |2.
of wall
1. Leshags of dlaphragm due to: '

2. Laskags of fluld from prassurent 2.

nazard Class)fication

11 nagrglng)

Loss of disphrage ntagrity end
wo |l redundancy, lesk detactor
setactor indlcation (sscapt f1ight)

1i marging!

Loss of wall rrdundancy, leet
detactor indication {avcapt *1ignht)

1V Cotavirophic

Prodebls srtensive domawe Of vther
Nordwars in vicinity o wall oo
destruction of the storege vessel

11 mgrginal

Loss of dlaphragm integrity ane
wall redundency; lesd detector
indlcation (except flight}

tl Margingl

Loss of outer we !l integrity; lest
ector indication {axcept flight)

H1 Criticel

Leaks In prossurent slde of propel-
lont tank will be detacted. Lossking
Tridyne I3 melther toalc nor
flomnsdle.

11 margingl

Loss of Inner we !l Integrity and
rodundancy; leah detactir Indicallim

1 Crinlzal

Lesks in prassurant side of pro-
pallant tenk wil) be detected.
11 Marginal

Propellent laekegs will couse loss of
wo || redundency; lssh detector
Indication.

11 Margingl

Loss of prassurs Is detecteble
Lesking Tridyne not tuxic or
flommabls.

tortrol

. Prassurs incresse v
nogliglsls compared to opers-
ting pr re. Jlephroge
fully supportad by outer tank
!l i

6. RO stgnificont chonge in

1100-0 dlsphrops sateris!

strangth ot 120 f

2. Minlmes 0.03-1nch pluminem
thichnass. (0 weld used, which
608 rOt introdues wl

Ispucition: thus materis) hemo-
aenelty I3 maintained
Y. & Safety ‘sctru v applisd to

wuretCass (ond:Linn,

® Tridyrs Is Inert at the
specifind stoipge temperature

. Evacustet pressurent volume |
provides 8 poritive outwerd |
pressure OF the disphragm ot
all times,

b. Dlaphragm duct:lity will not
gecresse vignificontly ot low
temperature

2 Outer wall strength doss ~ot de-

8 ot low tespersture. Al
€ wias,
thus prassrving materisl hamo-
qoraity

3. Ergineering analyses of aluminue
and filoment wrep thermal cher-
scteristics consldared In design.

1. the 1100-0 sluminum dlaphragm Iy
not suscaptinle to fetigue or
wark herdening under the 1ow-
level thermd) and mecienics)
stranses app)lad by thermal
cycllong., The dlephioym will ro-
maln sressed eqsinst the tank wall
st any tempersturs In the specl-
flad renge

7 Englnearing analyses of sluminum |
ond {lloment-wrap thermal char-
actaristics are (onsldered in
deslgn

1. 8. S-yesr storage » thow no
slgnificent chemicel sttack
on siuminum by NWH or Ma04.

b. Propallent purity end loeding
controls must snsurs that
molsture ‘s not Introducsd
Into the NIOg tonk,

2. Teldyne contalns & low proportion
of combustible gesas and 13 an
Inart fluid undar storage
conditions,

e e
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(CONTINUED)
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the analysis,  They conslst of brict descriptions of the design techniques
implemented or design margins provided. These features provide evidence of

the safe nature of the flightweight design.
In addition to the single-point hazards mentioned, multipte failures may

combine to result in hazardous situation. The fault lugic diagrams p: sented

in Fig., 80 and 81 show the areas of greatest concern.

Failure Modes And Effects Analysis

A fallure modes and effects analysis (FMEA) was conducted tor the flightwelght
feed system. Results of the FMEA (Tahle 25) describe discrete component fail-
ure modes and their el{fects on subsystem operations during flight and misslon
completion. Design features or criteria for controlling each failure mode

are listed,.

Rellability

Fajiture rate diata for the lightweight feed system are presented in Table 26,
The raves shown are based on Rome Air Develovment Command RADC-TR-75-22 and
related datz, modified by engineering judgment for design complexity and
technology status. The analysis considered all componients whose failure
modes could result in partial or complete loss of mission while the system

is in the flight operating mode. It does not includ: ground failure modes
that would not affect mission reliability, such as functional failure of leak
detectors. The reliability corresponding to the system failure rate of

11,061 failures per million hours is 0.9963.

Nuclear Hardness And Survivability Analysis

The environment produced by nuclear exposions will be a threat to the post-
boost vehicle from storage to re-entry veliicle deployment. A nuclear ex-
plosion releases large quantities of energy directly in the form of X-rays,

neutrons, and gamma rays, and indirectly in the form of electromagnetic pulse
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TABLE 26, FAILURE RATES

e o —e o o —== =

Assembly or Component Fallure Rate
Pressurization -
Tridyne Tank and Associated 58.9
Pressurlzation Components
Isolatlon Valve 90.0
Flliter 20.0
Pressure Transducer and 2,201.0 t
Electronlcs
Pressure Regu:ator and Flow 3,340.8
Limiter Assembly
Relliaf Valve 501.3
Catalytlc Raactor and Assoclated 758.2
Pressurant Lines
Elactrical Harnass and Connectors 10.0
Subtotal 6,580.3

Propellant Storage

Squlb Isolation Valves b x 90
Propallant Tank and Associaf 2 x 1,860.3
Components
Subtotal 4,080.6
Total System Fallure 11,060.9

per Mllllon Hours

(EMP) radiation, blast, thermal radiation, dust, and debris. A limited
nuclear hardness and survivability (NH&S) analyeis was performed by Physics
International, a subsidiary of Rockcor, using the MX threat environment

(Ref, 6). The critical components were analyzed to provide (1) maximum front
face temperatures, (2) melt &epth, (3) average temperature rise, (4) maximum

dose, and (5) X-ray stresses., The study is summarized in subsequent sections.

Principal computations performed were energy deposition, thermal diffusion,
and transient stresses. These calculations determine the heat loads and sub-
microsecond stress waves imposed by nuclear environments and are additive to
propulsion system thermal and strese computations, The computerized models
utilized have been verified by laboratory and underground test correlations.

Energy depositions were computed bv the KNISH code, based on axisymmetric

Ref., 6: Specification No. S-M-X-41016, Prime Item Development Specification
For MX Stage IV, Appendix I, Headquarters, Space and Missile Systems Organiza-
tion, Air Force Systems Command, 22 Jure 1977.

178




s e
el . .

photoelectric/compton single scattering. Submicrosecond stresses were
computed with the PISCES one-dimensional program, which is a PUFF-type,

finite-difference shock wave and material response code.

Three separate configurations were considered: (1) unshielded exposure of
components, (2) shielded by a structure of 0.138-inch nitrile EPM and 0.143-
inch magnesium~-2% thorium, and (3) shielded by an aft thermal blanket of 0.25
1b/ft2 of Astroquartz and 0.066 1b/ft2 stainless steel. The X-ray radiation
environment is of greatest concern. Unshielded exposure of the components

is clearly unacceptable; however, adequate protection for most of the compo-
nents can be provided, after staging, by the structure, intervening components,
and an aft thermal blanket. The most susceptible component is the electro-
nically controlled regulator., If the forward payload does not protect the
fred system components after the shroud has been jettisoned, additional local

shielding or a forward buikhead could be required.

Propellant Tanks. Critical view paths were selected at the points of (1)

minimum composite thickness, (2) minimum propellant shielding, (3) diaphragm
weld attachment, and (4) mount ring attachment. The failure modes of con-
cern were excessive temperature excursions of materials and propellants,
stress wave damage (spall), and debonding of the liner prior to pressuriza-
tion. Unshielded exposure resulted in critical debonding of the liner (if
unpressurized) and composite temperatures exceeding the cure temperature.
Noncritical effects included a small loss in composite thickness, negligible
14 ~»r surface spall, and small temperature increases in the diaphragm and
propellants, Protection provided by the thermal blanket reduced response
levels to acceptable levels, and shielding by the structure was considerably

greater.

Catalytic Reactor. An unshielded exposure would possibly cause some internal

spall of the housing, but would not degrade the catalyst. Adejuate shielding
would be provided by ar. aft thermal blanket.
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Relief Valve., Unshielded exposure might produce internal spall of the
housing; however, no performance degradation would be expected. Depending
on its orientation, the vent poppet could be directly exposed through the
vent ports. Local shielding may be required to prevent surface etching/

spall of the seat surface.

Lines. Unshielded exposure probably would cause toth external and internal
spall of the tubing and weld joints. Shielding with the aft thermal blanket

would be sufficient.

Electronically Controlled Regulator. Unshielded exposure of the regulator

assembly would result in possible spall of the cast housing, which could
cause fragments to reach the main and pilot valve poppets and seats, Aft

thermal blanket shielding would be sufficient to prevent damage.

Unshielded exposure of the torquemotor housing would probably cause damage
to the copper windings and solder joints. Some local shielding in addition
to that afforded by the aft thermal blanket may be required to protect the

solder.

Energy deposition in the gold material contained in the electronic components
was critically high with only the thin aluminum housing. Local shielding
would be required to reduce the dose to a safe level. Shielding also would

reduce the peak dosc in copper, solder, and silicon materials,

Because the electronically controlled regulator is the most susceptible com-
ponent, an additional NH&S study was conducted by Autonetics Division, Rock-
well International. The MX nuclear environment specified in Ref.‘7 was
utilized. Analyses were conducted to determine the effects of EMP, system-
generated EMP (SGEM?), X-ray, neutron fluence, total ionizing dose, and

ionization dose rate.

Ref. 7: Specification No. S-M-X-41C17, Prime Item Development Specification
For MX Guidance and Control System, Appendix IV, Headquarters, Space and
Missile Systems Organization Air Force Systems Command,
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Electromagnetic Pulse And SGEMP. Shielding of the cable between the 1

d-c power source and the electronics and between the electronics and the
regulator assembly are required. Additionally, filtering of the electronics i
assembly d-c power input and signal output is needed to protect against burn-

out of the interface cir.uits. Parker's electronics piece part and sub- 1

assembly packaging will minimize the effects on internal circuits, but a
hardened housing would be beneficial. The adequacy of the housing to pro-
tect against EMP/SGEMP burnout was not evaluated because a hardened design

already was required by other environments. The regulator assembly is not

expected to respond to EMP/SGEMP transients from a single event.

X-ray. Shielding of the cables is required to protect against X-ray
effects., The electronics housing requires a layer of high molecular weight

material to reduce the ionization dose deposited by a criteria-level X-ray

environment., This will prevent damage caused by thermomechanical and con-

ducltivity modulation effects. A hardened housing also may be required to

prevent damaging thermomechanical stresses in the pressure transducer Wheat-

stone hridge element mounting structure. Additional analysis is required

to verify that regulator assembly parts surroundirg the tungsten carbide
ball in the pilot valve will adequately attentuate the X-ray environment to

avoid thermomechanical effects.

Neutron Fluence. Key parameters of the power amplifier, operational

amplifiers, bipolar transistors, and integrated circuits (IC's) within the
«lectronics package would be severely degraded with only an aluminum housing.
Changes in resistivity of tlie diffused resistors in the pressure transducer

vere insignificant for dopant levels >5 x 1014 carriers/cm3.

Total Ionizing Dose And Dose Rate. The mosfet and bipolar translstors,

diodes, and IC's would be degraded significantly by the total ionizing

dose. Parker's design does contain adequate current limiting in piece part

1 c¢ircuits to guard against burnout due to ionization dose rates, with the 4:
exception of the IC's, where inadequate test data exist for analysis. Trans- %g

e ient ionization effects would momentarily saturate the output transistor and
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increase the power amplifier output current. dhether hardening would be
required depends on the response time of the regulator assembly and the re-

covery time of the electronics. o

Recommendations. Cables that interface with the electronics and reg-

ulator assemblies should have a minimum length and be shielded. Electro-

magnetic (EM) shields must provide on the order of 100 db attenuation for

burnout protection against conducted EMP transients. Crimped or welded
connectors are required to protect against X-ray thermomechanical effects

and twist-on signal return paire are necessary to guard against SGEMP effects.

The electronics assemblv requires EM shielding of the housing to the same
level as the cable design. A high molecular weight material X-ray shi. lding
is also required on the inside of the housing. Filtering of the d-c¢ power

input and electronics output will be required as a minimum. The need foi

filtering the transducer input must be evaluated further. Proposed MX program
electronics plece parts should be utilized, especially in place of the power .
amplifier, mosfet transistors, and IC's. Semiconductors should not contain

high molecular weight materials in metallization, bonds, or packaging.
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FEED SYSTEM PARAMETRICS

Parametric analyses were conducted to evaluate the effect of a wide range of
desipgn variables on the propellant feed system weight, envelops and unit pro-
duction cost. Each of the feed system design requirements used in establish-
ing the flightweight feed system design were taken into account, except when
they were independent variahles. Design layouts were drawn for the flight-
weight design concept with delivered propellant loads of 900, 1400, and 1¢00
pounds, and three a/b ratios each. Layout drawings also were prepared fcr
alternate tank materials of titanium and all-aluminum. These designs served
as the basis for generating parametric data over a range of delivered propel-

lant loads between 800 and 2400 pounds.

The data presented in this section is internally consistent, but the absolute
values may not agree with information found elsewhere in this report because
of subscquent design changes. This does not, however, affect the validity of

the trends.

COMPOSITE-WRAPPED ALUMINUM PSA DESIGN LAYOUTS

The baseline flightweight PSA was designed to deliver 1400 pounds of propel-
lants and has a volume of 18,413 in.3. Parametric design layouts were made
for different propellant loads and tank volumes. Figure 82 illustrates the
design configurations for delivered propellant loads of 900, 1400, and 1800
pounds with a contour a/b ratio of approximately 1.4. Parameters held con-
stant included the 10.0-inch-diameter polar boss opening, the 6.00-inch-dia~-
meter polar wrap opening, the 0.030-inch minimum liner thickness and the
diaphragm wall thickness profile. The baseline design concepts of the valves,
leak detector, mounting ring, and pressurant inlet and propellant outlet
assemblies did not require any changes. Material processing ancd weld joining
for all components also did not require any changes from the baszeline PSA

design. No signficiant variations are anticipated in the diaptragm reversal

mode.

To maintain an optimum liner contour for the different volumes, i.e., minimum
stress, a variation in the conical length near the equator was required. The
effect of this variation on the stability of the diaphragm reversal was evalu-
ated and the results indicated that adequate margin exists between the buck-

ling and rolling differential pressures.
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Parametric design laycuts also were made for }FSA delivered propellant loads
of 900, 1400, and 1800 pounds with a/b ratios of approximately 1.2 and 1.9.

These design layouts are presented in Fig. 83 .

The lower a/b limit was based on maintaining a sufficient diaphragm reversul
stability to precluce buckling. The upper end of the a/b range was limited
by the large deflect ons near the poles under pressure and inward buckling

of the tank under vacuum propellant storage conditions. The upper limit of

bk

1.9 slso was cuiisidered the practical limit for the composite-wrap stress
patterns. In addition it should be noted that deflections at the equator
under proof and operating pressures must be controlled by the mounting ring

and the circular wrap as the a/b ratio deviates from the baseline design ]

(1.42), which has negligible movement. Deflection control, required tpo
maintain irtegrity of the diaphragm girth weld, can be maintained by the

il

mounting ring design and composite wrap for a/b ratios between 1.2 and 1.9.

ALL-ALUMINUM AND TITANIUM PSA DESIGN LAYOUTS

The design of an all-aluminum tank to support the calculation of parametric
data is presented on the left side of Fig. 84 ., A true elliptical contour }

rather than the shape of the baseline composite-wrapped tank was used. This

— il o i AN .

shape is optimal for metal tanks to minimize deflections and stresses. Be-

-
s

cause of the isotropic nature of metal, the allowable stresses are substanti-
ally the came in all directions, as opposed to the wrapped tank where the
ailowable stress is a maximum in the direction of the fiber. The tank is
sized to deliver 1400 pounds of propellants and has an a/b ratio of 1.40. 1
This a/b ratic results in a negligible change in tne girth diameter under

it ot e i

pressurized conditions.

k%: Minimum allowable yield and ultimate strengths of 2219T6 aluminum are 36 and
E \ 54 ksi, respectively. Considering the proof and burst safety factors of 1.1
1 . and 1.25, respectively, a maximum tank wall thickness of 0.140 inch was

{
t
J determined. Except for the deviation in tank contour, the design concept for
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the all-aluminum PSA s essentially the same as the tank liner assembly of

the baseline wrapped PSA.

Figure B4 also presents the design of an all-~titanium tank using 6Al-4V for

AL

the structure and Ti-35A for the diaphragm. Again, the design concept is
like that of the baseline PSA liner assembly, as are t. e joining concepts.
The structural shell surface is elliptical and of the same geor~try as the

ail-aluminum tank. The titanium tank wall thickness, sized on burst pres-

sure conditions, can be as low as 0.040 inch. However, to maintain inward
buckling stability under vacuum storage conditions, a minimum constant

thickness of 0.061 inch was required.

PARAMETRiC DATA

Parametric data were generated to determine the effect of a wide range of
design variables on component and feed system weights, envelopes, and unit
production costs. Each of the feed system design requirements used in estab-
lishing the flightweight feed system design were taker. into account, except
when they were independent variables., The following three sections present

the analytical results for the PSA's, pressurization subsystem and propellant

feed system.

Propellant Storage Assembly

The range of parameters considered for the PSA calculations are presented in
Table 27. PSA weight data are presented in Fig. 35 to 88 as a functlion of
delivered propellant weight and pressure, a/b, material, and pressurant inlet
temperature. Figure 85 shows individual 2SA weights as a function of
delivered propellant weight and pressure for aluminum, titanium, and com-
posite-wrapped aluminum at an a/b of 1.4, Composite-wrapped tanks do not
have a large advantage at the lower pressures, especially when compared to
titanium, because they are over-designed. This is caused by the lower limit
on the wind density (filaments/inch) with a single-layer wrap. Figures 86
and 87 show the additional effect of a/b variations (1.2, 1.4, and 1.9) for
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TABLE 27. PSA RANGE OF PARAMETERS

Noninal Minlmum Max imum
Delivered Fropellants, pound 1400 800 2400
Delivered Pressura, psia 300 250 500
a/b 1.4 1.2 1.9
Pressurant Inlet Temperature, F| 1025 225 1425
Number of Systems koo 200 4oo
Production Rate, Systems/Month 10 3 10
Expulsion Efficiency, % 97 90 99
Maximum Aluminum Diaphragm 0.054 0.030 0.060
Thickness, inch
Maximum Titanium Diaphragm - 0.015 0.040
Thickness, inch
Material Composite/ Aluminum, Titanium

Aluminum
Metal Parts Fabrication Draw/ Spin/Machine

Machine

the composite-wrapped aluminum tanks.

a/b as the shape approaches a sphere.

perature on PSA weight is minimal (Fig. 88).

As expected, the weight decreases with
The effect of pressurant inlet tem-

As the temperature is increased

above the baseline value of 1025 F, it becomes necessary to increase the

thickness of the aluminum liner to act as a heat sink and prevent overheating
of the epoxy resin. At very low tempe-atures it would be possible to use an

all-aluminum inlet diffuser plate, but the weight savings would be minimal.

Figure 89 presents PSA envelope data, i.e., the length (stage axial direction)
and height (stage radial direction) dimensions, as a function of delivered
propellant weight and liner a/b. The plotted dimensions include the mounting
ring, valves, and displacements due to pressurization. The flightweight con-
cept is capable of delivering approximately 1580 pounds to the engines with-

out violating the envelope requirement.
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Because of the shape of the tank, which results in a volumetric efficiency
exceeding 99%, little benefit is to be gained in terms of envelope dimensions
by placing the valves inside the tank. The polar axis dimension could be
minimized, however, by placing the valves on the PSA mounting ring and rout-

ing lines to the polar bosses.

The unit production cost of two PSA's is shown in Fig. 90 and 91. Figure 90
shows cost as a function of delivered propellant weight and pressure, and
a/b for composite-wrapped tanks with aluminum parts that are initially draw-
formed, then machined (liners) or chemically etched (diaphragms). The vari-
ation in cost of fabricating the metal parts is relatively small for the
small range in the tank size required. Further, the cost is virtually un-
affected by a/b and the design pressure (only a small portion of the metal
parts is load-carrying). Also, the cost of wrapping is only slightly sen-
sitive to these parameters. Approximately half of the designs represented
have only a single layer and the cost of a second layer is minimal. The cost
of an alternative metal fabricating process, spinning, 1s also presented.

Figure 91 shows the effect of varying the production rate g1d total number

of systems.

The envelopes of PSA valves and the leak detector are presented in Table 28.

These dimensions are not a function of any of the parameters considered.

TABLE 28, VALVES AND LEAK DETECTOR ENVELOPES

Component Dimensions, inches
Vacuum Service Valve 0.86 x 0.86 x 1.17
Fill/Drain Valve B 1.09 X 1.09 X 1.73
Pressurant Inlet Valve 1.00 X 2,00 X 3.88
Propellant Outlet Valve 2.00 X 2.30 X 6.25
Leak Detector 1.12 X 1.12 X 1.70
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Figures 22 to 96 present a series of curves characterizing the diaphragm.
Figure 92 shows the pressure drop required to achieve a given expulsion
efficlency for thicknesses between 0.030 and 0.060 inch for 1100-0 aluminum,
and 0.015 and 0.040 inch for Ti-35A titanium. When considering multiple-
thickness diaphragms, the thickest dimension is applicable. A 0.030-inch-
thick aluminum diaphresm is near the minimum because of pitting during
storage. Titanium thicknesses below 0.015 inch would be possible because it
is more compatible with the propellants; however, fabricability may be a
probiem. The propellant weight penalty associated with a given expulsion
efficlency 18 shown In Fig. 93. Additionally, there is a small increase

in hardware weight to store the extra propellant, which can be determined
from previous figures. Approximately 7 pounds are required to prime the
propellant lines. The parametric diaphragm weights as a function of
delivered propellant weight, thickness and a/b for aluminum and titanium are
presented in Fig. 94 to 96 for a/b's of 1.2, 1.4, and 1.9, respectively.
These weights are for constant thicknesses, but alrepresentative variable
thickness (0.030/0,040/0,047/0.054 inch) diaphragm is shown in Fig. 95.
Its effective thickness 18 approximately 0.046 inch.

Pressurization Subsystem

The range of parameters considered for the pressurization subsystem cal-
culations are presented in Table 29. Tridyne weight data &are presented in
Fig. 97 to 99 as a function of delivered propellant weight and pressure,
duty cycle, and pressurant inlet temperature. Figure 97 shows that pulsed
MDC 1I requires additional pressurant because the longer mission allows more
heat transfer from the fluid to the PSA hardware. Figures 98 and 99 show
the effects of delivered propellant pressure and pressurant inlet tempera-
ture for MDC II. The Tridyne weight required as a function of temperature
initially decreased, reached a minimum, and then increased as the PSA inlet
temperature was reduced from 1425 F, As expected, the end-of-mission gas
temperature decreased continuously, tending to increase the weight required;
but the percentage of relatively heavy oxygen/hydrogen mix decreased, having

the oppo: e effect.
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