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1. TINTRODUCTION

I study of IM Related Systems has been conducted by NASA and GAC in support
01" the Apollo-13 Investigation; this report summarizes the results of that
ntudy. Information is presented on the following subsystem elements for
both the descent and ascent stages:

o Propulsion and Reaction Control propellant and pressurant tanks

o Oxygen tanks ’

o Water tanks

o) Batteries.

e following major elements comprise the overall study:

o Compilation of basic system descriptive data

o Investigation of all line and system components that could
potentially initiate a failure mode.sﬁnilar to that believed
to have occurred on Apollo 13

o Evaluation of non-metallic materials that are in contact, or
could come in contact, with nitrogen tetroxide (N2Oh),»Aerozine—
50 (A-50) or oxygen; some consideration was also given to the possible
effects of potassium hydroxide (KOH) spillage from batteries

o Compilation of burst test history on all IM pressure vessels, and
determination of the anticipated failure modes in flight

o Computation of the TNT equivalency for each pressure vessel as a
function of mission time, and an evaluation of the damage potential
from each tank for both explosive and non-explosive failures

o Development of conclusions from the above efforts and recommerdations

for further action.




2. SYSTEMS DESCRIPTION

[ae)

.1 SUMMARY

The [M pressure vessels are located in the Descent Propulsion Subsystem (DPS),
Ascent Propulsion Subsystem (APS), Reaction Control Subsystem (RCS) and
Envirormental Control Subsystem (ECS). The IM batteries are located in the
Electrical Power Subsystem (EPS) and the Explosive Devices Subsystem (EDS) .
Table 2.1-1 summarizes the design parameters of each of the IM pressure

vessels and batteries.

The DPS contains four propellant tanks, a supercritical helium tank and an

ambient helium tank. Figures 2.1-1, 2.1-2, and 2.1-3 show isometric views

of the relative location of the DPS components with respect to the descent

stage structure. In the IM-10 and subsequent configuration, the propellant
tanks were lengthened. A discussion of mechanical failures which could

cause pressure vessel rupture is included in Para. 2.2.

Two propellant tanks and two ambient helium storage tanks are included in
the APS. TIsometric views of the relative position of APS components with
respect to the ascent stage structure are shown in Figures 2.1-4 and 2.1-5.
A mechanical failure mode that could cause an APS pressure vessel rupture is
discussed in Para. 2.3. ‘ :

The RCS configuration consists of four propellant and two ambient helium tanks
arranged in two identical modules. Figure 2,1-6 shows an isometric view of the
relative location of the RCS components with respect to the ascent stage

structure. There are no single or double point mechanical failures of the RCS

system which would lead to an overpressure condition.

IM-8 and IM-9 ECS oxygen and water sections are composed of three oxygen tanks
and three water tanks, twp of each are in the ascent stage and the remaining
tanks are in the descent stage. Isometric views of the relative position of ECS
components with respeét to the descent stage and ascent stage structures are
shown in Figures 2.1-3, 2.1-T, 2.1-8 and 2;1-9. For reference purposes the
ascent stage primary and secondary coolant loops are shown in Figures 2.1-10 and
2.1-11, respectively. In the IM-10 and subsequent configuration an additional
oxygen tank and water tank are added to the descent stage. There are no single
or double point mechanical failures of the ECS system which would lead to an

overpressure condition.
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2.1 cont'd

The RIS batteries are the ascent and descent primary batteries, and the EDS
batteries are the ascent and descent ED batteries. Figures 2.1-3, 2.1-5 and
2.1-12 show isometric views of EPS and EDS components relative to the descent

and ascent structures.
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2.2 DESCENT PROPULSION SUBSYSTEM

The DPS, shown schematically in Figure 2.2-1, incorporates the ambient helium
start tank, Figure 2.2-2; the supercritical helium (SHe) tank, Figure 2.2-3;
and four propellant tanks, Figure 2.2-4. The two fuel tanks and two oxidizer
tanks have similar internal &and external configurations and are located in
the #Z bays (oxidizer) and #Y bays (fuel) of the descent stage cruciform
structure. The propellant tanks in the IM~10 and subsequent configuration
were extended by increasing the length of fhe cylindrical section of the tanks.
The balance lines were deleted and orifices were placed in the branch lines
leading to the feed lines. The ambient and supercritiéal helium tanks are
located in Quad III. Figure 2.2-5 is a photograph showing the supercritical
and ambient helium tanks installed in the descent stage (bottom and upper
right tanks).

For the_purpose of identifying candidate components to investigate, it was
assumed in this study that propellant and propellant vapors do not penetrate
" the system upstream of the reducing valve. The reducing valves are located
downstream of the helium solenoid shut-off vales and upstream of the quad
check valves. During pre-mission operations the vapors and propellants are
isolated to that section of the system downstream of the compatibility squib
valves. Actuation of the system requires that these valves be opened (fired)
to permit helium flow from the helium tanks, through regulators and check
valves, and into the propellant tanks. Helium pressure in these tanks causes
propellant flow to the engine valves which are opened hydraulically after fuel
is directed to the actuators by the pre-valve and the solenoid pilot valves.
In the IM-7 configuration an orificed heat exchanger bypasé line is included
to prevent pressure build up in the fuel feed line, because of heat soakback

after freezing fuel in the heat exchanger following lunar venting. In addition,
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2.2 (cont'q)

the oxidizer fill vent was moved from Quad IV to the +Z 81 bulkhead for access-
ibility and three oxidizer disconnects (lower deck Quad IV), system high point
bleed, engine high point bleed and engine low roint drain were moved out to the

heat shield beam in Quad IV for better accessibility.

The SHe tank is a vacuum-jacketed Pressure vessel designed to a heat leak

pressure rise rate not to exceed 10 psi per hour. In a nominal mission, tank

pressure is reduced by venting on the lunar surface through the lunar

. dump system. Emergency venting of SHe tank over-pressure is through the dual
burst disc assembly. Over-pressure ruptures both burst discs thereby venting the
tank. It has been shown that the pressure rise effects of a "thermal short" of
the SHe tank vacuum insulation are adequately handled by the burst disc assembly.
No propellants or propellant vapors reach the tank assembly and all materials,
metallic and non-metallic, are compatible with helium, Two pressure transducers
are provided in a line fromthe SHe tank; the cutput from one is read out on a

cabin metexy while the output from the other is transmitted through the PCM to
the ground. '

The ambient helium start tank is isolated from the Pressurization system by a
squib valve.

During pre-mission operations no venting means are provided after
engine firing, the tank is vented through the regulators into the propellant
tanks. In the IM-10 and subsequent configuration, as a result of the extended
propellant tanks, the helium lines on the top deck were reconfigured and the
ambient helium line on the -Z top deck was moved inboard to place it under the
fiberglass heat shield. The ambient helium start tank pressure 1is monitored
by a pressure transducer in the line downstream of the tank. The output signal

goes to both a cabin display and to the PCM.

Each pair of propellant tanks is protected from over-pressure by a burst disc
and relief valve assembly. The burst disc function is to protect the relief
- valves from the propellant vapors which have proven to be compatibility sens-
itive for long duration exposure periods. Burst disc rupture pressure is

nominally 5 psi higher than the relief valve pressure, 275 psid maximum.
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2.2 (cont'd)

Figure 2.2-4 shows the internal configuration of the propellant tank, and de- .
tails of the ténk bottom showing the relation of the bulk temperature probe and
the propellant quantity gaging system to the non-electrical components within
the tank. Other electrically operated components within the DPS downstream of
the regulators, which could provide a propellent/electrical interface in a
failure mode, are the ullage and interrace pressure transducers, compatibility

and lunar dump squibs, lunar dump and engine solenoid valves,and fuel pre-valve.

The transducers are essential parts of the flight instrumentation and are
critical in the evaluation of the DPS operation during the lunar mission. Two
pressure transducers (redundant) are included in the line just downstream of
the regulators to monitor the regulator outlet pressure. The redundancy is

required because of the importance of the regulated pressure with respect to

the propellant tanks.

The ullage transducers are located in the helium lines upstream of the propellant
tanks; the interface transducers are located downstream of the tanks in the feed
lines near the engine interface. The squib valves isolate propellants and pro-
pellant vapors by parent-metal membranes until opened instantaneously by explosive-
ly severing the membranes. No electrical power is brought'to the valves before

or after operation, but only during the instant of detonation of the explosive

charges.

The lunar dump solenoid valves are used to control the duration of venting
‘after the lunar dump squib valves are opened. They are isolated from pro-
pellants and propellant vapors until the lunar dump mode is activated by the
squib valves. They are flown latched open and are not activated closed until
pressure in the propellant tanks has been greatly reduced. The lunar dump squib
valves and solenoid valves are located upstream of the propellant tanks parallel
tc the relief valves and burst dises in both the oxidizer and fuel sections. In
the IM-10 and subsequent configuration the lunar dump heligm vent ports were re-

located to allow for structural changes to incorporate the extended propellant
tanks.



2.2 «(cont'd)

In the DPS, the pre-valves are part of the descent engine assembly and are
located downstream of the engine interface. When opened they expose the
engine solenoid pilot valves, located further downstream, to pressurized

fuel. Opening of the solenoid pilot valves exposes the ball valve actuators

to the pressurized fuel.

The following paragraphs describe conditions where fewer than three mechanical

failures could cause pressure vessel rupture.

Mixing of hypergolics could cause an overpressure condition in the oxidizer
tank or, in a worst case, an explosion. This condition can be caused by only
one failure, internal leakage of the fuel/SHe heat exchanger. Fuel could
leak into the helium system via the external heat exchanger, depending on the
relative pressures of the fuel and helium sections downstream of the SHe

sqQuib valves prior to the descent engine firing. Fuel could be introduced into
the common helium manifold which feeds the oxidizer tanks and cause the over-

pressure condition.

A failure of this type occurred during DVT testing in 1966 (FSWO6). There was
'
a crack at the weld joint between the fuel collector and the side panel during

vibration. The failure was caused by lack of adequate internal support at

the mounting location, stress concentration and flexure of side panels. This
problem was resolved by increasing the panel thickness, adding external stiff-

eners and redesigning the weld.

A double failure of a quad check valve can be postulated in the DPS or APS
which could lead to hypergolic propellant mixing. It requires two poppets in
series in either valve to fail open and thereby provide a flow ﬁath forv

u either propellant. In addition, the potential for liquid flow must be estab-

. lished via either a temperature or pressure gradient and liquid must be
simultaneously positioned at the helium diffuser to be forced into the helium
lines. Given these conditions in sufficient quantity and an additional
condition of a relatively small ullage volume, it is possible td theorize a
situation whereby a volume of one propellant could be swept into the opposite
propellant tanks during a subsequent period of pressurant flow, which could result

in a catastrophic pressure spike in the tank where the mixing took place.

e e,
e o i o ..




2.2 (cont'd)

if the propellant being transferred in the above example were in the vapor
phase rather than liquid, the reaction in the opposite tank would be much
less violent. In the worst case it is expected that the relief system of

the propellant tank would be capable of relieving any pressure spike from
a propellant vapor transfer.

There have been numerous leakage failures (ranging from just-out-of-specifi-
cation to full-open conditions) on the quad check valveé. The test specification
for leak checking quad check valves at GAC is 100 seé/hr max allowable leak;
age per element and valve assembly with 8 to 10 psid reverse pressure applied.
The specification is the same for KSC testing except for a recent change
which allows single element leakage of 300 scc/hr as long és the element in
series is 100 scc/hr maximum, i.e., the valve assembly shall not exceed
100 spc/hr. Each occurrence is presently evaluated to determine whether the
unit is rejected or the condition is waived. The propellant tanks can also
rupture as a result of the following two failure combinations. The first
combination of failures involves a high pressure helium leak, after descent
engine fiiing, from the supercritical He section into the fuel section via the fuel/
SHe heat exchanger and the fuel tank relief valve to fail closed. The failure
history on the fuel/SHe heat exchanger was discussed above. Two experiences
of the propellant tank relief valve failing closed have been noted:
(a) During qualification testing of the relief valve, the crack and

reseat pressure band shifted due to a gummy substance found in

the housing bore which could cause the valve to stick closed

(ref. FR#FMCRU8). This substance is believed to be a product

of the reaction between fuel and CO» in the atmosphere. These

test conditions were considered to be unrealistic and test

procedures were altered to run tests (liquid fuel) under vacuum

conditions.

(v) The inability of the relief valve to meet the required flow rate
of 4 lb/min at 255 psid occurred during qualification testing at
the vendor (FMCRS1). The cause and rationale for corrective

action are the same as noted in (a) above.
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2.2 (cont'd)

The second overpressure condition occurs if the ppimary Helium regulator

fails open and either of the propellant tank relief valves or bust discs

fail closed. This is based on the assumptions that the descent propulsion
subsystem has been pressurized and, furthermore, that the crew reaction time to
implement corrective action exceeds 6 seconds. Note, both oxidizer and fuel
relief valves and burst discs must operate in order to dump the full flow of

a failed-open regulator. The reéulator is orificed for a failed-open flow

of 19 1b/min and each relief valve is capable of dumping only 10 1b/min.

During acceptance testing of the ascent regulators'at Fairchild, a helium regulator
(P/N LSC 270-721-7-4) froze open. This icing condition (ref. FFC 2748) was a result
of inadequate protection from atmospheric conditions. This problem was

resolved by &adding heat sealed polyethylene bags to protect the regulator.

Failure history for the propellant tank relief valves was provided above.

A similar overpressure condition of the propellant tanks can occur when
pressurizing the system with the ambient helium start tank, if the secondary
Helium regulator fails open and the propellant tank relief valve or burst
disc fails closed. For this failure, the possibility of the crew isolating
the failed regulator does not exist, since the start tank is downstream of
the solenoid shut off valve. In this case the crew could try to relieve
Pressure through the lunar dump system. However, if a slug of liquid pro-
pellant flows through the lunar dump (Parker) solenoid valve, the flow

dynamics may cause the valve to close. The only other recourse would be to

stage the vehicle.
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Figure 2.2.2  DPS Ambient Helium Storage Tank
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2.3 ASCENT PROPULSION SUBSYSTEM

The APS is shown schematically in Figure 2.3-1. Two ambient helium storage
tanks, Figure 2.3-2, and two propellant tanks, Figure 2.3-3, comprise the
pressure vessels in the system. The ambient helium storage tanks are located
in the aft equipment bay. The propellant tanks are supported externally on
the ascent stage along the +Y axis. Figure 2.3-4 shows a detail view of the
propellant tank bottom. Figure 2.3-5 is a photograph showing an installed
fuel tank (lower tank) and Figure 2.3-6 'shows the helium tank

installation (two larger tanks).

With the exception of the lunar dump valve in the DPS and the RCS-interconnect

valve in the APS, the functional operation of the APS downstream of the regulators
is similar to that of the DPS.

Both the oxidizer and fuel tanks are identical with respect to functional
operation. Each tank system includes line components from the quad check
valves to the engine interface flange. High pressure helium from the storage
tanks is reduced to 184 psig (nominal) and fed to the oxidizer and fuel quad
check valves. The helium reducer valves (regulators) are located downstream
of the solenoid shutoff valves and upstream of the quad check valves. Two
pressure transducers (redundant) are included in the line downstream of the
regulators to monitor regulator outlet pressure. The propellant and pressuri-
zation sections are isolated by explosive valves, located downstream of the
check valves, until the system is operated. The tanks are protected from over-
pressurization by relief valves with integral burst disc assemblies set to
relieve at 250 psig (max). The relief valve assemblies are located off of the
helium lines upstream of the propellant tanks. In addition, the propeliant
lines contain test point disconnects utilized for check valve and relief valve
testing, disconnects utilized for tank filling and disconnects for venting during
the fill process. No propellant tank or feed line’changes were made in the
LM-10 and subsequent configuration. Pressure transducers are included in the
feed line downstream of the propellant tanks near the engine interface to
monitor the inlet pressure to the engine valves. These transducers could be
used to indicate propellant tank pressures during static conditions. The fuel-
tank system contains a pré-valve assembly. This is a solenoid operated device
which when opened provides pressurized fuel through the solenoid pilot valves

to the engine ball valve drive actuators permitting engine operation. A pressure
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2.3 cont'd

transducer is attached to the ascent engine chamber to monitor chamber pressure

during engine burns.

The APS helium tanks contain the supply gas for propellant tank pressurization.

Each tank system consists of a single-ported titanium tank with line components

consisting of a fill disconnect, temperature transducer and pressure transducer.

The temperature and pressure transducers are located in the line downstream

of the tank. The tank is isolated from the downstream pressurization components

. by an explosively actuated (squib) valve. No automatic over-pressurization
relief capabllity exists in this system since helium is loaded at ambient temp-
erature and the aft equipment bay, where the tanks are located, provides an
ambient environment. Two helium tanks are utilized to provide partial APS
redundancy; the supply of one tank is sufficient to expel the propellant from

the APS tanks for a normal IM ascent from the lunar surface. In the IM-10 and
subsequent configuration the temperature transducer is deleted and a redundant

pressure transducer is installed in its position in both helium tank lines.

The oxidizer and fuel pressurization lines incorporate pressure transducers
mounted approximately 6 ft from the tank inlet. Both propellant tanks have
temperature transducers and propellant level indicators whose sensing elements

are internal to the tank and mechanically mounted to the tank bottom.

Presently, the APS propellant low level detector is used to provide a warning
of imminent propellant depletion to the crew (approximately 8-10 seconds burn
time remaining) as a cue to terminate ascént feed through the APS-RCS intercon-
nects. This is the only requirement for the PLD and if this cue were supplied
via another method, such as time or /\V remaining, the PLD could be eliminated.
This is currently being considered

because the present 10 seconds is not adequate to evaluate interconnect status
and to permit alternate or corrective action prior to APS depletion in the

event of a malfunction.

An APS propellant tank rupture is possible as a result of loss of pressure in the
tank during high-g mission phases (i.e. - launch-and-boost and lunar landing). A

pressure decrease below 62 psi would exceed the demonstrated capability of the tanks.
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2.4 REACTION CONTROL SUBSYSTEM

The RCS configuration is shown schematically in Figure 2.4-1. Within the RCY
there are two independent systems (A and B), each containing its own Helium,
Propellant and Thrust Chamber Assembly (TCA) Sections. Figure 2.3-5 shows
the instal lation of a RCS module (upper three tanks).

Helium is stored as a gas in a spherical titanium tank (see Figure 2.4-2).

The propellant quantity measuring device is installed on one end of the He

tank. An external black box, located above the helium tank near the oxidizer

tank, computes propellant remaining by measuring pressure and temperature of the

helium in the tank. A pressure transducer is located on the inlet-outlet port

. of the tank. Two redundant explosively operated, normally closed, squib valves
seal the helium tank until just prior to separation from the CSM.

Two line-sensed regulators are installed in series downstream of the helium
squib valves and upstream of the quad check valves. The first regulator is
normally in operation and regulates helium pressure to 181 psi. Should this
regulator fail open, the second regulator will take over regulating pressure

to 185 psi. A pressure transducer is installed downstream of the regulator in
both systems (A and B) in order to monitor the regulator outlet - propellant
tank pressure. A parallel-series quad check valve is located in each branch
leading to the propellant tanks to ensure isolation of one tank from the other.
A relief valve is situated close to each helium port on the propellant tanks
and is set to relieve at 232 psi. The relief valve consists of a burst dise,
filter and relief mechanism. The burst disc ensures a sealed helium sectioh
during normal operation and will burst at 220 Psi. No RCS helium pressurization

system change was made as a result of the IM-10 configuration.

Each propellant section consists of two cylindrical titanium tanks with hemis-
pherical ends (see Figure 2.4-3). The propellants are contained within a
teflon bladder supported by a standpipe running length-wise in the tank. The
standpipe is used to load and expel pfopellants. The helium pressurant flows
. between the bladder and the tank wall for positive expuision.

A temperature transducer, located on the fuel tank outlets,monitors the tankage
module temperature. A normally-open, latch-type, solenoid operated shut-off

2=l
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2.4 cont'd

valve is situated downgtream of the tank feed port for tank isolation (mz:in
shut-off valve). A ground test point is introduced here for line, valve and
thruster checkout. From this point the propellant flows into a manifold

feeding eight thrust chamber assemblies. A pressure transducer on each mani-
fold indicates propellant pressure.

The manifolds of like propellant from each system can be connected through

the opening of normally-closed, latch-type solenoid operated shut-off valves
(crossfeed valves). Ascent engine propellant from the feed lines may be
introduced into the RCS propellant manifolds through the actuation of normally-
closed, solenoid operated, latch-type shutoff valves called secondary valves.
Another set of valves (primary) are placed in series with the secondary

valves and are normally open (RCS/APS interconnect valves). The primary valves
are redundant and would be used to close off the lines should the secondary
valves fail open. Actuation of these valves provides propellant to either one
or both manifolds. Propellant filters are located between the ascent propulsion
subsystem and the interconnect valves. No propellant feed system change was
made as a result of IM-10 configuration.

Each independent system feeds eight thrust chamber assemblies, two TCA's in

each cluster, ensuring control in all axes. The lines feeding these two TCA's

may be closed by normally-open solenoid valves (isolation valves). On IM-10

and subsequent, the isolation valves have been removed. The TCA's are grouped intc
clusters of four (quads). Fach cluster has redundant heaters for the purpose

of maintaining the engines at a correct operating temperature level both in-
flight and on the lunar surface. A temperature sensor is located in each

cluster for the purpose of monitoring engine temperature.
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2.5  ENVIRONMENTAL CONTROL SUBSYSTEM .

2.5.1 Oxygen Supply Section

The Oxygen Supply Section (shown schematically in Figure 2.5-1) stored, in
gaseous form, all oxygen required by the IM and maintains cabin or suit-
pressurization by supplying oxygen in sufficient quantities to replenish
losses due to crew metabolic consumption and cabin/suit leakage. This

section also provides for PLSS oxygen refills.

The descent stage oxygen tank (Figure 2.5-2) provides all required IM oxygen

from earth launch through switch over to ascent stage oxygen supplies. The

Quad-III installation is shown in Fig. 2.2-6 (upper left tank). In the IM-10 config-
uration, an additional descent stage oxygen tank is located in Quad IV (see

Figure 2.5-3; upper tank). Check valves are included in this configuration

to provide tank isolation. The oxygen lines in the system were revised to

accommodate the additional oxygen componeﬁts for the LM-10 configuration.

Two identical ascent stage oxygen tanks (Figure 2.5-4) provide all IM supplied
oxygen subsequent to switchover to ascent consumables. The installation of the
tanks in the aft equipment bay is shown in Figure 2.3-6 (two smaller tanks).
The oxygen pressure from the oxygen control module is monitored by a pressure

transducer located downstream of the module in the PLSS fill line. In the
IM-10 and subsequent configuration this pressure transducer was deleted.

The oxygen high-pressure control assembly.reduces the level of descent tank
pressure (3000‘psia) to a level compatible with the normal operation of the
oxygen control module (1000 psia). The control assembly also provides high-
Pressure relief capability through relief valves, 114k psig max., and burst
diaphragm, 1400 psig max.

. The oxygen control module controls the supply of O to the_atmosphere revitalization
section (5 psia and 3.5 psia), to the cabin for emergency repressurization

(5 psia) and to the PLSS recharge assembly (1000 psia). The module also controls
the oxygen supply flow rate.

The PLSS oxygen fill assembly provides a flexible hose and self-sealing disconnect
for refilling of the PLSS primary oxygen storage tank. On LM-10, the high
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pressure oxygen PLSS refill module reduces the descent tank pressure level
(3000 psia) to a level compatible with that of the higher pressure PLSS
oxygen storage tank (1450 psia). The high pressure relief capability is
provided by a relief valve with a 1575 psig max relief pressure. A new
interstage disconnect was added downstream of the high pressure oxygen

PLSS refill module for the IM-10 and subsequent configuration. A PLSS
oxygen fill valve is also installed on IM-10 and subsequent to provide shut-
off capability to the higher pressure PLSS refill section. ' -

2.5.2 Water Management Section

The Water Management Section (shown schematically in Figure 2.5-5) provides
for storage and distribution of water used in the IM for evaporative cooling,

metabolic consumption by the crew, and PLSS refill.

The descent stage water tank (Figure 2.5-6) provides all water required by

the IM prior to staging. The tank provides positive expulsion of the water

by the use of a bladder and standpipe design. The tank is pressurized to

47 psia with nitrogen ﬁrior to earth launch. Installation of the tank

in Quad II is shown in Figure 2.5-7. In the IM-10 configuration, an additional
descent stage tank is located in Quad IV (see Figure 2.5-3; lower tank). Check

valves are included in this configuration to provide tank isolation.

Two identical ascent stage water tanks (Figure 2.5-8) provide all water required
by the LM subsequent to switchover from descent stage water supplies. These
tanks are also pressurized to 47 psia with nitrogen prior to earth launch.
Installation of the -Y tank is shown in Figure 2.5-9.

Instrumentation in the ECSpressurized vxygen and water systems is limited to

pressure transducers attached by threaded fittings (AN) on a line external

to the tanks 5ngq water quantity measuring devices (WQMD) attached to the tanks.

The location of the instrumentation with respect to the tanks is as follows:

o D/S 02 pressure transducer -~ approx. 3 feet of line downstream from

the tank

A/S O vressure transducer - approx. 1% feet of line downstream from
the tank




e

0

e

2.5.2

o

cont'd

WoMD sensor - mounted on gas side of D/S and A/S water tanks.
(effective through IM-8 only)

D/S'water Pressure transducer - approximately 6 inches of line from the
tank. A second lower pressure D/S water pressure transducer is

located downstream approximately 5 feet of line from the tank.

(These transducers are effective IM-9 and subsequent)

A/S water pressure transducers - approximately 3 feet of line from

each tank (these transducers are effective IM-9 and subsequent).
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2.6  BATTERIES

The IM electrical power is provided by three battery types: Descent, Ascent
and Explosive Devices (Fig. 2.6-1, 2.6-2 and 2.6-3 respectively). The Descent
and Ascent batteries serve as the prime power source, while the Explosive
Devices (ED) batteries fire the pyrotechnic systems.

The batteries are described in Table 2.1-1 and are shown in their relative
positions with respect to the descent and ascent stages in Figures 2.1-3,

2.1-5 and 2.1-12. Table 2.6-~1 summarizes the electrical-characteristics
for each battery. '

The main batteries are monitored during malfunction only. Normally opened
bimetalic thermal switches are provided,.5 in the descent stage batteries
and 10 in the ascent stage batteries, with parallel wiring. When a
battery temperature increases to 140 to 150°F, the fhermal switches actuate
sending a signal to the IM cabin master alarm and caution and wgrning
system indicating a battery malfunction.

The open circuit voltages of the ED batteries are monitored in the cabin:
these measurements are not telemetered.
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TABLE -

BATTERY ELECTRICAL CHARACTERISTICS

PRIMARY PRIMARY

ELECTRICAL DATA ASCENT DESCENT ED
Voltage (Open Circuit) 37.0 VDC 37.0 VDC 37.1 VDC
Ampere hour/battery 296 A-Hmin. 400 A-H min. .75 A-H
Number cells/battary 20 20 20
Number of batteries 2 4 2
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3. POTENTIAL ELECTRICAL ENERGY SOURCES

3.1  SUMMARY

A review has been made of the LM high pressure oxygen and propellant systems
to determine 1f there are any components in these systems that could,6lead to
a pressure vessel failure.

A review of the potential mechanical system causes of tank failures indicate
that adequate design marging and redundancy exist. Section 2 presents a _
discussion of the conditions.for which fewer than three mechanical failures

can produce a propulsion system over pressure.

The analysis was not made for the fime when the vehicle was powered down,
namely from launch to IM activation. Therefore, the primary objective of
this section is to evaluate the possibility of electrically induced system
over pressurization from IM activation. The electrical energy sources which
have been considered include pressure, temperature and quantii;,y transducers,

and engine and solenoid valves.

The investigation has shown that, with the exception of the Descent Engine
pilot valve, none of the electrical components have ever experienced any
failure where the medium that it monitors came in contact with the internal

material of the subject components.

The failed Descent Engine pilot valve occurred at the vendor test facility

on T June 1966. The analysis has shown that propellant leaked into the solenoid
causing a short. Corrective actions have been taken by improving the sealing
capability.

Squib valves were eliminated from consideration, since power is not supplied to
the explosive initiator until the time of actuation. Once the valve is
activated, power is no longer applied and the bridge wire internal to the cart-
ridge is disintegrated by the explosion thereby breaking the connection. The
RCS heaters have also been eliminated. Although these heaters are an intent-

ional source of electrical energy input, they are sufficiently removed from the

3-1
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3.1 cont'd

fuel and oxidizer systems- (reference Figure 3.8-1) to be discounted as a

source of pressure increase.

The components which are potential sources of electrical energy fall into
three categories as shown in Table 3.1-1. The transducers are protected

by 0.25 amp fuses and have a maximum power input of 7 watts.

The engine valves (APS, DPS and RCS) can produce up to 280 watts of heat
input. However, since propellant is flowing during valve operation, the
heat generated would be conducted to the thrust chamber and into space. The
solenoid latch valves have a power input potential of 140 watts. However,
the coils of these latching valves are operated momentarily, hence high

power inputs are of short duration.

All of the IM circuit breakers have been certified by North American Rockwell,
Inc. Report No. MC 45L4-0010. The circuit breakers were subjected to a qual-
ification test program which included functional and envirommental tests.
Additionally, all the applicable fuse assemblies were subjected to a qualifi-
cation program per LCQ 360-045, -OU6 and -OLT.
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3.2 FPRESSURE TRANSDUCER LSC 360-601 - XXX

The 360-601 transducer is an absolute pressure device which is used in
the ECS, RCS, DPS and APS. The fluids being measured and the pressure
range of the devices are listed in Table 3.2-1.

The pressure sensing device is a twisted Bourdon tube whose motion is pro-
portional to pressure. A cross-sectional view of this transducer is shown
in Figure 3.2-1. The wetted areas for normal operation and for a structural -

single-point failure of the Bourdon tube are also shown in Figure 3.2-1.

. The nonmetallic materials exposed to the pressure medium for normal and

single-point failure cases are identified and discussed in Section L.

As shown in Figure 3.2-2, power is supplied to this transducer through the
signal sensor circuit breaker on panel 16 and a l/h amp fuse in the sensor
bovwer fuse assembly or ECS relay box. The maximum operating current is 10.
ma at 28 VDC. For a single-point failure within the sensor electronics, the
maximum power which could be drawn is 200 ma. However, a 147 -ohm (1/8 watt)
resistor in the electronics would burn open under these conditions, termina-
ting the current flow.: The highest éustainable current for this device is
60 ma. At this current level, the limiting resistor mentioned sbove is
dissipating 1/k watt (twice rated power). This condition results in 1.6

watts of heat input to the adjacent pressure vessel,

The most critical installation of this transducer is in the descent oxygen

line. This electrical energy source is not capable of inducing a tank failure.

This class of transducers has never incurred any applicable failure suggest-

ing fluid breakthrough or excessive fluid heating due to electronic failure.
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3.3 PRESSURE TRANSDUCER LSC 360-624 - XXX

The 360-624 transducer is an absolute pressure device used in the ECS, APS, and

DPS systems. The fluids being measured and the range of the device are listed
in Table 3.3-1.

The pressure sensing devices are silicon strain gauges mounted on an integrally
machined diaphragm. A cross-sectional view of this transducer is shown in

Figure 3.3-1. The wetted areas for normail operation and for a structural single-
point failure of the diaﬁhragm are also indicated in Figure 3.3-1. The non-
metallic materials exposed to the pressure medium for normal and single-point
failure cases are identified and discussed in Section L.

As shown in Figure 3.2-2, power is supplied to these transducers by the signal

sensor circuit breaker on Panel 16 and a i-a fuse in the sensor power fuse

assembly or ECS relay box. The maximum operating current is 10 ma at 28v. For

a single-point failure within the sensor electronics, the maximum current that

could be drawn is 0.15a. However, a 221-ohm (1/8 W) resistor in the electronics would
burn open under these conditions, terminating the current flow. The highest
sustainable current for this device is U6 ma. At this current level the limiting
resistor mentioned above is dissipating i watt (twice rated power). This con-

dition results in 1.3 watts of heat input to the ad jacent pressure vessel.

The most critical installation of this transducer is in the oxygen manifold.
However since the power level is below that for the type-601 transducer

(see Paragraph 3.2), no significant pressure rise can result from a failure of
this transducer.

This class of transducers has never incurred any applicable failure suggesting

fluid breakthrough or excessive fluid heating due to electronic failure.

3-9

e ——




B S S Y

i

i

5

TN “0%-v

Moy
06-v
mITaH

uaBAxgQ

a1l

00T-0

052-0

062-0
06LT-0

00HI-0

mﬁwﬁw
TONVH

aanssaxd Jaqueyd 3snayl, .

aanssaxd
n 18TUT SATBA UOTJBIOST ISZIPIXQ
mmhzmmmhm 18TUT SATBA UOT3BIOSI Tond
_ whﬁmmmhmxcmaphmpm

aInssaxg PIOFTIUBK mo

" NIV TONINON
N INTNTINS VIR

.
i

0T02Sdd

€04Tdn
TOSTdD
GT0E®D
68GEdD

HTEAN

#29-09¢ 08T HIINASNVHYL TINSSTId 40 SNOIIVOITAIY
1-€-€ FI19VL

:

I-

1-
Tt~
TTe-

JITANN
HSVA

Sdv

Sdv
Sdv
Sda
S0x

WALSXAS
ans

3-10




4t N (RN NS 3

. (v3YY, YOSNIS)
: | $29-09€ 957 ¥IINASNYHL FYNSSIUd “T-£°€ IuNSI4

ONIY¥IM NO TV3S
SSY18/7vL3N

————— ] ONILLIS :
\ HYWWYD S3SN $33 $NOISINd0Yd
\ VIYY ¥04 WILSAS OINI @3Zwug SI
\ SJINOYLI3T3 (9NOT NI 8-2) 3INIT L13INI
\ -
| —
| |
! ! o
- - - ainii .
.\ | N2}
S3OYH NIVYLS GNY WOWYHAYIQ I :
zommmEH;é& L e e e e e e e
[ (NOOITIS)
| 390Y9 NIV¥LS
\
/ll'l'l"[\

NIV WOYYHAYIA
TYWION

VIV G3L13M i

ANAN

e Tr et LR R




3.4  TEMPERATURE TRANSDUCER LSC 360-605 - XXX

The 360-605 transducer is a resistance thermometer device used in the DPS and
APS to monitor propellant temperature. The fluids béing measured and the ranges
of the device are listed in Table 3.h-1.

The resistance thermometer consists of a platinum wire sensing element enclosed

in a cylindrical housing to allow sensing of the fluid temperature. A resistance-
to-D C converter (503-2 module in SCEA) provides the analog voltage output
proportlonal to the sensor resistance (nominally 1400 ohm at 32 F) A cross-
sectional v1ew 1ncluding wetted areas for normal and single-point failure
conditions, is shown in Figure 3.4-1. The non-metallic materials exposed to

the pressure medium for normal and single-point failure cases are identified and
discussed in Section L.

Power is supplied to this sensor from the above mentioned 503-2 SCEA module
(reference Figure 3.4-2). Normal operating power is 0.5 ma at 8.5 VDC. The
maximum power that can be delivered by the SCEA, as the result of circuit

failure or propellant leakage, is .0085 watts.

This electrical energy input is incapable of producing a significant pressure

rise in the fluid medium.

This class of transducers has never incurred any applicable failure suggesting

fluid breakthrough or excessive heating due to electronic failure.
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3.5  PROPELIANT QUANTITY GAUGING SYSTEM LSC 370-00009-35

The DPS Propellant Quantity Gauging System (PQGS) consists of four probe
assemblies, one in each propellant tank, and one control unit. The PQGS
measures the conductance or capacitance of the fuel and oxidizer, respect-
ively, and converts it to a quantity display and telemetry signal. In addition,
each probe has a low-level sensor which actuates when 5.6% (9.375 inches) of
propellant remains in the tank. The probes are bolted to the tank bottom and
extend up to the diffuser.flange at the top of the tank. A cross-sectional
view of the probe assembly is shown in'Figufe 3.5-1. The fluid interfaces

for normal and single-point failure conditions are shown in Figure 3.5-1.
Materials in contact with the propellants are identified and discussed

in Section L.

A circuit diégram of the PQGS system is shown in Figure 3.5-é. Figure 3.5-3
is a simplified schematic of the sensor electronics. Since the control unit
is located in Quad IV, removed from the tank locafions, it has not been consi-
dered as an energy source. Normal operating current supplied to the sensor
electronics, mounted at the tank bottom, is 54 ma at 20.5 volts (1.1 watts).

Two failure types exist which could increase the energy input to the tank.

The first is an electrical failure in the sensor electronics that can increase
the heat input. The control unit can deliver a maximum of 400 ma through a

DC -to -.DC converter to 2 probe assemblies. (The other 2 probes are powered by
another 400 ma supply.) The maximum current drain for one probe is reduced
by the converter efficiency and normal current to the second probe. Current
draw in excess of 300 ma to one probe would cause the control unit overcurrent
device to latch and stop the current flow. A sensor electronics failure re-
sulting in current of up to but not exceeding 300 ma is improbable. A second
failure would increase the current to 400 ma which is the value used in the

following thermal analysis. -

If a short circuit occurs (dissipating a maximum of 8.0 watts) within the

2.5 inch diameter potted electronics at the base of the tank (initially at 75°F) ,

- the transient thermal response of this volume will be 122°F after 45 minutes and

179OF after 2.0 hours of operation. The adjacent 1 cu. in.volume of propellant

directly above the electronics case will reach TTOF after US minutes and 93°F
after 2.0 hours. However, the PQGS is only on for ~ 45 minutes and propellant

3-16




3.5 cont'd

is flowing out of the tank for the last 12 minutes.

Propellant leakage into the sensor electronics from a structural single-point
failure could induce an electronic failure which would result in the same maxi-
mum sensor current. This failure would require a leak through the hermetic seal,
leak through the silastic potting compound - RTV 20, decomposition of electronics

. capsule epoxy potting compound, and a circuit failure.

The second failure type is a failure of the sensor electrodes which could deliver

- electrical energy directly to the fluid in the sensor tube. Normal power dissi-
rated in the fluid is 1 to 10 microwatts. A short circuit between any of the L
electrodes, or from an electrode to ground, would increase the power dissipatibn
in the electronics from 1.1 watts to about 1.6 watts. No power would be dissipated
in the fluid since the electrode path through the propellant has essentially no
resistance. In addition, the sensor electronics would stop current flow for a
short circuit. The only failure mechanism which could increase fluid energy is
a finite resistance path through the propellant (greater than 28 ohms for oxidizer,
0.15 ohms for fuel); no such failure mode could be postulated during this study.
If this ﬁid occur, the power dissipation in the adjacent 1 cu. in. volume of fluid
(initially at 75°F) would be .36 w.

A simplified transient thermal analysis was performed for both liquid and gas

enviromments, assuming conduction to the surrounding fluid and aluminum tube.
53 The following temperatures have been computed:
= o 1l cu. in. of liquid: lOYOF after 45 minutes and 123°F after 90 minutes
(o} 1 cu. in. vapor: (At 80 psia, the mixture will consist of 18% Nzoh/
82% He or 2.5% A-50/97.5% He)
- Neoh: 230°F after 3 minutes and 260°F after 30 minutes

- A-50: these temperatures will be lower because of the higher He content.

It can therefore be concluded that the DPS Propellant Quantity Gauging system
cannot provide the electrical energy required to induce tank failure. In addition,
the PQGS has never experienced a failure suggesting fluid breakthrough, excessive

fluid heating due to electronics failure, or electrode short circuit.
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The nonmetallic materials in the Propellant Quantity Gaging System (PQGS)
located internal to the DPS fuel or oxidizer tanks and exposed to the

propellants are Rulon A and Teflon.

The Rulon A material is a blend of Teflon TFE resin (Tetrafloroethylene)

and ceramic strands manufactured hy the Dixon Corp. They indicate that

the material composition is proprietary however, heating for extended

periods of time at temperature above 1000°F will drive off the Teflon «
1éaving a white powder ash of the ceramic. Analysis of Rulon A here at GAC
have indicated the major constituents of this ash to be aluminum magnesium
silicate. The ceramic filler is added to the Teflon to increase stiffness
and prevent creep and cold flow of the material. Compatibility of the
material with fuel and oxidizer at ambient temperature for 60 days was
demonstrated in Allison Report BC. 0365-045 dated 5-9-66 "Evaluation of
Rulon Covered Teflon Bumpers for LEM Descent Stage Propellant Tank

Antislosh Baffle." There is 0.26 pounds of Rulon A in the PQGS exposed
to the propellants.

There is 0.055 pounds of Teflon in the PQGS exposed to the propellants.

This Teflon is used as tubing, sheeting and a diffusion bonded coating
(green) containing a chromium oxide to give it the green color. The

Teflon used is primarily a TFE and FEP resin (Florinated ethylene-propylene).
Numerous reports demonstrate the compatibility of TFE and FEP with pro-

pellants at ambient temperature.’

The PQGS electrodes penetrate the pressurized area through a glass to metal
seal. External to this seal (no propellant exposure) the electrical leads are

potted in an approximately l% inch long column of RTV-20 silicone rubber.

There is .017 pounds of this silicone rubber.

The electrical leads then terminate in an electron
numerous nonmetallics such as printed circuit boards, etc. with the primary
nonmetallic being an epoxy, Stycase 1090. There is 0.3 ﬁounds of Stycast
1090 located in the electronics package. The volume of the 6061 éluminum
electronics package housing the RTV-20 and Stycase 1090 is 14 cubic inches.

3-1Ta
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No information 1s currently available on the flammability of Rulon A, Te{lon,

RTV~-20 or Stycase 1090 in N202 or A-50. Recent tests conducted at Atlantic
Research Corp. indicate that fuel vapors can be ignited as a monopropellant
with an electrical spark at approximately hSOOF and the fuel liquid can be
ignited at approximately SSOOF. Teflon exposed in the fuel liquid and vapors
during these tests did not burn. Tests conducted in air or oxyé;n have
indicated the autoignition temperature for epoxys such as Stycast 1090 and
for silicone rubbers such as RTV—EO to be over €DO?F. These temperatures

would be expected to be at least as high in Ngoh, assuming NQOh could .

support combustion.

An analysis has been made for the pressure rise in the propellant tanks
or the electronic package housing, assuming that these quantities of the

above nonmetallic materials have burned.

Assumed Propellant Tank Ullast Vol. 0.9k ft.3
Expected P = T9 psi for Rulon A plus Teflon
' 16 psi for RIV-20
175 psi for Stycast 1090

Assumed Electronics Package Vol. 14 in;3
Expected P = 1860 psi for RTV-20
20300 psi for Stycast 1090

From this analysis of delta pressure rise it can be seen that combustion

of the nonmetallics could cause a tank pressure rise to the 260-275 psi

pressure relief limit and vent. However, combustion and pressurization within

the electronics package would cause that unit to be overpressurized resulting

in seal leakage or case failure.
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3.6 PROPELIANT LEVEL DETECTOR LSC 270-801

The low-level detector for the ascent propellant tanks condists of a probe
assembly extending into the tanks which contain magnetic coils and their
associated circuitry. Figure 3.6-1 is a cross-sectional view of the detector
showing fluid interfaces for normal and single-point failure conditions. The

non-metallic materials exposed to the fluid medium for these conditions are
identified and discussed in Section k.

The propellant level detector is powered from the sensor pover fuse assembly
as shown in Figure 3.6-2. The normal power requirements are 8 ma at 28v (.é2
watts). Two failure modes exist which would result in higher electrical
energy inputs.

Failure of a capacitor in the electronics could result in 28 v being applied
either directly across a 1K resistor or a forward biased diode. In the first
case, the power dissipation increases to 0.9 watts, which would be transmitted
to the tank and its contents. For the second case. the curreﬁt would rapidly

exceed the 250 ma rating of the fuse and the current flow would cease when the
fuse opens.

A veld failure of the sensor case would allow N2Oh to enter the sensor tube,
and react with the potting. Since this could result in numerous circuit failure
modes, the worst case is assumed to be the maximum current that can be drawn

through the fuse (250.ma). This increases the electrical heat input to 7 watts.

If a short circuit dissipating a maximum of 7 watts occurs within the potted
electronics in the probe (initially at TSOF), the average temperature of the probe
will be 170°F after 45 minutes and 175°F after 4 hours of operation. The thermal
response of the adjacent % in. thick cylinder of propellant surrounding the probe
will be 80°F after 45 minutes and 82°F after 4 hours of operation.

It can therefore be concluded that the Propéll’nt Level Detector cannot provide the

electrical energy required to induce tank failure.

The Propellant Level Detector has never experienced any applicable failure suggesting

fluid breakthrough or excessive fluid heating due to electronic failure.

3-21

& = s - 3 e A, S R R o I TR - PP
TR T 5o Sanas 3 ey St aiis 7



JI0q0933q Tora] sueiradoxg
1-9°€ 8and1y

_.90BJI3UT MUuB]

_
JIOSUsg 8yl JO 8pTsul axijug pInTd _
sy 93BaWISg PINC) PINTJ _

‘2InT1BJ uUTod 913Ul I04

Boly P2330M TBUION h MWW
_ 3 . SN

TS S SIS SUSNUSN

_mX . _VfL

| ATquassy

WOHQOHQUUHM

== ..H\.AS

L0
P




Fuel Tank . +28v Wﬁ
Low Level Sensor :

Return
]
Sig. Y150
Fuel
Tank
pwY
I .
| 0SC
3khz
G
-DN2
O
| |
+28v
Fuse Assy Return
pwr
0xid ]
Tank Sig

08C
3khz

SCERA 2
Figure 3.6-2

Propellant Level Detector Schematic

3-23




e e s e, . . L e R

3.7 SOLENOID VALVE LSC 310-L403

This latching solenoid valve is used in the RCS as the Main Shutoff (h),
crossfeed (2), quad isolation (16) and ascent feed (8) valves; it is also used in
the DPS for lunar dump (2). (Note: The RCS quad isolations valves are deleted
on IM-10 and subsequent.) The locations of these valves are shown in Figureg
2.1-2 and 2.1-6. The wetted areas for normal and single point failure conditions
are shown in the cross-sectional view in Figure 3.7-1. The materials exposed to

the pressure medium for normal and single-point failure conditions are identified

and discussed in Section L.

The electrical configuration for all installations is the same, and is shown in Fig.
3.7-2. Power consumption and circuit breaker protection for each valve installation

under normal conditions are summarized in Table 3.7=1.

The maximum electrical energy input to the fluid system would result from a partial
coil short causing current to be drawn up to_the circuit breaker protection limit.
This condition could result in electrical energy inputs up to 140 watts. A similar
failure could be induced in the coils, if the propellant were to leak past the struc-

tural interface and dissolve the coil potting.

Propellant flows through the valve cavity and is separated from both solenoid coils
by a stainless steel plate welded into the valve structure. Normal operating pressure
is 180 psi at TOCF.

The probability of the propellant penetrating the stainless steel shell separating
the propellant from the electrical coil is low. However, should this condition

occur, the propellant would dissolve the potﬁing compound surrounding the coil.

The pressure generated by the reaction and the pressure rise resulting from increased
current can relieve into the surrounding area through the hole in the wvalve used to
bring the electrical leads to the coil.

o O — S TR T 5 b e BT+ o et 1
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3.7 cont'd

Pressure can also relieve through the propellant lines to the tank ullage volume.
In no case could a significant pressure rise occur in the tanks as a result of

this failure. In addition, since power is supplied to the valve only when it
changes state, even the worst case input of 140 watts could only exist for one or
two seconds. The longest steady state energy input resulting from a single failure

is 50 watts due to a failed "on" solenoid coil.

Test data indicate that in the flight configuration (fluid in the cavity) the
valve temperature would stabilize at 400-4500F. 1If g main shutoff valve fails
in this manner, the tank temperature would increase to, and stabilize at, 100°F

in about 50 hours. This is well below the energy level required to damage the

system.

Therefore, solenoid valve failures of any kind cannot contribute significantly

to a system pressure increase.

This solenoid valve has never experienced any applicable failure suggesting fluid

breakthrough or excessive fluid heating due to solenoid coil defect.
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3.8 RCS INJECTOR VALVE LSC 310-130

The RCS Injector Valves control the fﬁel and oxidizer flow in the RCS engines.
There are 2 valves per engine, 32 total per vehicle. Each valve contains 2
coils; the primary coil for normal operation and the secondary coil for backup
operation. A cross-sectional diagram of the injector valve, including the
wetted area for normal and single-point failure conditions, is shown in Figure

3.8-1. Materials exposed to the propellant for these conditions are identified
and discussed in Section L.

Power is supplied to the primary valve coils from the eight Thrust Chamber'
Assembly quad circuit breakers through the jet drivers in the ATCA. The
secondary coils are powered from the Attitude Direct Control circuit breaker
on Panel 11 through the Attitude Controlier Assembly hardover switches and
the + X Translation push button (for downward firing jets only). Also, when
mode control switches (one per axis) are in direct, the secondary coils are
powéred through the pulse/direct switches of the ACA. These circuit config-
urations are illustratea in Figures 3.8-2 and 3.8-3. '

Normal injector operating current is_2 amps at 28 volts. As in the case of

the solenoid valve, two failure modes exist which could result in heat input;
partial coil short circuit or potting corrosion resulting in heat buildup and
coil damage. However, when the injector valves operate, they provide a fluid
path to the vacuum of space, hence electrically induced pressure buildup in

the injector valve is impossible. The valve will operate for any short circuit
up to the circuit breaker current limit, since the magnetic field is approximately
constant for ahy partial coil short circuit (i.e. half the turns yields twice
the current, hence the magnetic field is constant). If the engine fails to
fire, the RCS caution and warning will advise the crew to open the circuit
breaker. Therefore, the RCS injector valves cannot be considered a significant

source of energy input.

The RCS injector valves have never experienced any applicable failure suggesting

fluid breakthrough or excessive fluid heating due to valve coil defects.
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3.9 ENGINE PRE-VALVES (DPS & APS)

The pre-valves in the main propulsion engines are used to isolate the fuel from
the solenoid pilot valves. These valves are the seme for the ascent and descent
engines. A cross-sectional view of this component, including fluid interfaces
for normal and single-point failure conditions, is shown in Figure 3.9-1. Mat-
erials exposed to the fluid medium for these conditions are identified and
discussed in Section k.

Power is supplied to the APS pre-valves from the CDR and LMP Ascent Engine
Latching Device (AELD) circuit breakers through series/parallel relay contacts as
shown in Figure 3.9-2. .The pre-valves are opened for an engine-on comnand,
along with the pilot valves. Normal operating current is 1 amp. Two failure
modes exist which could cause an increase in electrical energy input. A partial
coil short could result in current drawn up to the circuit breaker protection
limit of 4.5 amps (assuming other valves drawing normal current). A leak into
the coil area could induce a similar failure by dissolving the potting and
causing coil shorts. TFor either of these failures of the APS pre-valves, the
maximum heat input is 125 watts. Since the valves are only energized when the

engine is firing, any local heating will be conducted away by the propellant
flow.

The DPS pre-valves are powered from the DECA power and Descent Engine Override
circuit breakers through normally open relay contécts. This configuration is
shown in Figure 3.9-3. The pre~valve is actuated by the engine arxm switch

in the descent position. The same failure modes as on the APS exist for this
valve. However, the DPS pre-valve is not operated simultaneously with the
engine valves. In flight, the engine is armed (pre-valves open) 5-10 seconds
prior to ignition. This condition would not allow appreciable heat input prior
to conducting the energy away with the flowing propellants. Therefore, such a

condition is not capable of providing any appreciable pressure rise to the
related system.

The engine pre-valves have never incurred any applicable failure suggesting

fluid breakthrough or excessive heating due to electronies failure.
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3.10  SOLENOID PILOT VALVES (DPS & APS)

The solenoid pilot wvalves are provided to control the flow of fuel against
pistons which hydraulically drive the ball valves. The ball valves control
the main fiow of propellants to the chamber. A cross-sectional view of the
pilot valves for the DPS and APS are shown in Figures 3.10-1 and 3.10-2,
respectively, along with the fluid interfaces fof normal and single-point

failure operation. Materials exposed to the fluid medium for these conditions

are identified and discussed in Section L.

. A manual or auto "descent engine on" signal provides a relay contact path from tr=
DECA power circuit breaker (2OA) to the DPS Pilot Valves. Power can also be
supplied from the Descent Engine Override circuit breaker (104) vy operating
the Descent Engine Override switch (Ref. Figure 3.9-3).

The failure modes for these valves are the same as for the Pre-Valves described'
in Para. 3.9.

The APS pilot valves are powered from the CDR and IMP AELD circuit breakers
(7.5A) in parallel for Auto Engine On, Abort Stage or Manual Engine Start
commands (Ref. Figure 3.9-2).

Although the heating effect is greater (=200 watts), the same operational
constraints apply i.e. valve is only powered for engine firing which results
in propellant flow more than sufficient to dissipate the energy input. Therefore,

such a condition is incapable of providing any appreciable pressure rise to the
related system.

There has been only one occurence where this valve has experienced a propellant
breakthrough. This failure occurred at the descent engine vendor on 7 June 19€%
vwhere the solenoid was partially shorted resulting from propellant leakage into ==
solenoid (Failure Report # FST 1888L). Corrective action provided an improved
sealing capability to the solenoid coil by EO C1l0L619-E2, effective on solenoid
valves 128, 130 and subs, descent engine 1020 and subs. There have been no

additional failures of propellant breakthrough.
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L. MATERTALS COMPATIBILITY

k.1 INTRODUCTION ' , .

This section presents a review of material compatibility for those materials
exposed to Ngoh’ A-50, 02_and KOH. Emphasis has been placed on the compati-
bility of the non-metallic materials in each subsystem exposed to these fluids
in normal and single-point failure modes of operation. These compatibility
considerations have included: 1) "evaluation of the material degradation when
exposed to the fluid at normal operating temperatures ipe. is it dissolved or
not, 2) is the material impact or shock sensitive when exposed to the fluid,
and 3) is it éapable of reacting if heated to a high temperature? For the
electro-mechanical instrumentation devices, an estimate of pressure rise in the
system as a result of assumed combustion of non-metallics has been computed. 1In
addition, a general discussion of materials compatibility is included for those
item; exposed to an overboard oxidizer leak.

4.2 NITROGEN TETROXIDE (Neou)

A review pf the non-metallic materials normally exposed to the propellant oxidizer
in RCS, APS, and DPS (see tables k.2-1, 4.2-2 and k4.2-3, respectively) indicates
that only Teflon, Kynar, and Carboxy;Nitroso-Rubber are used. Teflon is used in
static, sliding and.impact seals. Kynar is used in sliding and impact seals.
However, with the exception of the RCS quad check valves, it is limited to operation
in the test/servicing quick disconnects. Carboxy-Nitroso-Rubber (CNR) is used in
static and sliding seals, and as an impacﬁ seal in the RCS guad check valve. This

check valve sees only helium and Ngoh vapof, since the liquid oxidizer is contained
within a Teflon bladder.

Impact data at up to 7O ft-1lbs (limits of test) indicated no reaction in Ngou for

Teflon and Kynar. No impact data are available for CNR other than component and

system tests. Available data indicate that all three materials are compatible with




L.,2 cont'd

NPOM and are not attacked by extended liqﬁid or vapor exposure at normal operat-
ing temperatures.

Limited data on Teflon decomposition products exposed to oxidizer vapors in a
vacuum at 200,000 feet indicate no reaction (Reference 7). Otherwise there are
no data available on the exposure of hot (over 160°F) Teflon, Kynar or CNR to
N Ou liquid or vapor at operatlng pressures of 200 psi.

Butyl rubber is used as a secondary static seal in the Propellant Level Detector
and Explosive Valves. Data indicate this material has limited compatibility in
Oh liquid. Extended exposure tends to soften the material and make it tacky.

No impact or elevated temperature data are available for this materlal however,
it is not used under those conditions.

Non-metallic materials used in electro-mechanical devices (such as the Propellant
Quantity Gaging System, Temperature Transducer, Absolute Pressure Transducer and

Solenoid Vélve) require a structural metal case failure to expose non-metallic

components of the electrical system to N OLL Upon exposure, these non-metallic

materials would be attacked by the NEOM at normal temperatures and cause leakage
through the device. These materials are identified in Tables 4.2-1 through k.2-3.

No impaet or elevated temperature reaction data are available.

Material compatibility testing references shown in Tables L.2-1, -2, and -3 are
presented in Para. 4.8, The materials are compatible with the fluid for static
or impact conditions as demonstrated by the references. Leaks through transducer
metal cases into areas where no compatibility reference is shown are intended to
indicate that: 1) no data are available, and 2) the generic type materials

exposed in this area are generally attacked by the fluid.

L2
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.3 AEROZINE-50 (A-50)

A revicew of the non-metallic materials normally exposed to the propellant fuel in

KC3, APS and DPS -(See Tables 4.3-1, 4.3-2 and 4.3-3, respectively) indicate that
Teflon, Kynar, ~— Ethelyene Propylene Rubber (EPR) and Butyl Rubber are used. Teflor
is used in static, sliding and impact seals. Kynar is used in sliding and impact
seals. However, with the exception of the RCS quad check valves and descent pilot
valve it is limited to operation in the test/servicing quick disconnects. Butyl
rubber. is used in static and sliding seals and as an impact seal in the RCS quad

check valve. This check valve sees only helium and A-50 vapor, since the fuel is
éontained within a Teflon Bladdgr. EPR is used in static, sliding and impact seals

in the ascent and descent propulsion prevalves and pilot valves.

Impact data at up to 70 ft-1b (limits of test) indicate no reaction in A-50 for
Kynar (Reference 5). Because A-50 is not considered mechanical shock sensitive
(Reference 6), this type evaluation is not normally conducted on exposed materials.

Other than component and system tests,no impact data are available for Teflon,EPR

and Butyl rubber.

Available data indicate that all four materials are compatible with the fuel at

normal operating temperatures. In addition, system level tests have indicated no

problems with these four seal materials.

Recent tests conducted at Atlantic Research indicate that fuel vapors can be ignited

as a monopropellant at approximately NSOOF, and the liquid becomes a monopropellant

at approximately 550°F, Teflon and EPR exposed in these enviromments did not affect the
S reaction temperatures. Data on the effects of Kynar, or Butyl rubber in these

environments are not available.

Nonfmetallic materials used in electro-mechanical devices such as the Propellant
Quantity Gaging System, Temperature Transducer, Absolute Pressure Transducer,
Solenoid Valve, and Engine Solenoid Pilot Valve require a structural metal case

failure to expose non-metallic components of the electrical system to A-50. Upon

eXposure, these non-metallic materials would be attacked by the A-50 at normal

k18
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4.3 cont'd

temperatures and cause leakage through the device. These materials are identi-
fied in Tables 4.3-1 through L.3-3. No impact or elevated temperature reaction
data on these materials exposed to A-50 are available. However, as previously
stated, the fuel itself becomes a monopropellant at temperatures of 450 and

550°F for vapor and liquid respectively.

Material compatibility testing references shown in Tables 4,3-1, -2 and -3

are presented in Para. 4.8, The materials are compatible with the fluid for
static or impact conditions as demonstrated by the references. ILeaks through
transducer metal cases into areas where no compatibility reference is shown ,ﬁ
are intended to indicate that: 1) no data are available, and 2) the generic

type materials exposed in this area are generally attacked by the fluid.
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L.4  OXYGEN

Non-metallic materials used in greater-than-20-psia oxygen systems are defined
as Category "D" and are identified through the COMAT System; these are
summarized in Table 4.h-1. Qualification for use in oxygen service is based
on assembly level off-limit and qualification testing in accordance with the
GAC controlling specification, LPL-521-2. Material application verification

is provided ‘through CTR tests which .demonstrate the suitability of the material

in terms of service oxygen pressure.

Three items (LSC-330-321, -390 and -505) have been identified as assemblies
which utilize non-metallic materials in high pressure oxygen dynamic applica-
tions wherein the material may be subjected to impact loading. The non-
metallics (Kel-F-81, Teflon, Viton A, Viton B, and Krytox 240 AC) were tested
by the.NASA/MSC Power and Propulsion Division to determine their GOX compati-
bility under mechanical impact with 10 foot-pounds at ambient temperatures and
2000 psia GOX pressure. The results of test, with 20 samples of each material
tested, indicated no reactions; this substantiated the suitability of the
materials for use in high pressure oxygen systems. The Kel-F-8l poppet seal
in the 321 Fill Coupling is the only dynamic application for which impact data

-at normal, or greater than normal, operating pressure are not available. However,

the dynamic application of this material ocecurs only during the oxygen fill
cycle. .

The oxygen qualification tests referenced in Table U4.lh-1 and mentioned above
demonstrate the suitability of the non-metallics used under conditions of no
impact loading (static). Additionally, NASA has LOX or GOX impact test data
available for all but three materials. Samples of the materials which have
not been tgsted have been sent to WSTF for testing.

Three pressure transducers can, as a result of'a single-point structural
failure, expose non-metallics to high pressure GOX. The subject transducers

meet the following requirements:

o  All sensors in absolute pressure transducers are leak checked at 1.5
to 2 times their rated pressure
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L4 cont'd

o The sensing elements have a burst pressure rating of five times their
rated pressure range ’

o Proof pressure tests, during supplier and GAC PIT tests, demonstrate
‘the integrity of the sensing element'(calibration is performed after

‘proof -pressure tests

o) Proof pressure tests exceed system usage operating pressure range

Should a rupture/leak of the sensing element occur, a) the reference chamber
will contain two times rated range or 5,000 psia whichever is lower. (redundant
pressure vessel); b) additional metallic and non-metallic materials would be

exposed to high-pressure GOX; c¢) the sensor electrical power elements will also

be exposed to high—pressure GOX.

In the event that a non-metallic is considered Category "D" as the result of high
pressufe GOX exposure due to a structural failure, it can be concluded that impact
sensitive materials would be exposed (the transducers contain mylar and Epoxylite
6203, both having failed LOX impact tests). The non-metallic materials exposed
and the amount of material for the ECS pressure transducers (LSC 360-601 and 1.SC
360-624) are shown in the DPS Oxidizer Table L4.2-1.

Certain other materials will be exposed to GOX pressures higher than normal
operating pressures as a result of a single-point failure. These materials should

be reviewed and be considered for GOX pneumatic and mechanical impact testing.
Ignition potential of all materials used in oxygen is presently verified by a

standard Flash and Fire test conducted under ambient pressure conditions. The

effect on ignition potential of high pressures should be evaluated by tests.
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4.5  POTASSIUM HYDROXIDE

Spillage of KOH from the M batteries could occur in two different forms;
liquid or crystal. The liquid spillage would occur during pre-launch, while
in the vacuum of space, the KOH would form KOH/water crystals.

In thevevent of a 1iquid spill of the primary batteries in the ascent or descent
stage,.a variety of non-metallic and metallic materials and cdmponents could
possibly come in contact with the KOH. The materials most likely to come in
contact with the fluid are:

Aluminum and titanium tanks

Anodize or alodine aluminum boxes and cold rails

EEP/H-film wire harness

Silicone potting and harness clamps

Kyﬂar/nylon solder splices and identification sleeving

Teflon-glass anti-chafe tape

Teflon-glass lacing cord

_Polyolefin sleeving

Aluminized H-film thermal blanket

Glass-nylon standoffs.

©O 0 0 o0 O O O ©°

Table 4.5-1 presents KOH compatibility data for a cross section of primarily
different generic type non-metallic materials. These data indicate that all
the materials and/or components are compatible with the KOH liquid except the
vapor-deposited aluminum on the thermal blankets. The résults of the spillage
on the IM-3 blankets indicated an‘8-10 inch area in which the aluminum was
dissolved during a 1-2 hour contact. However, the exposed layer of H-film
prevented further attack to the underneath layer.

If a spill should occur during flight, the liquid on contact with the space
vacuum would have the following immediate effect. The water in the KOH would
start to vaporize causing a.cooling effect on the liquid; (V.P. @20°C approx-
mately 8 mm Hg) this would increase the concentration of KOH (saturated
solution). This combination would cause the dihydrate (KDH-zHeo) to erystallize
out of solution and form a solid phase in a saturated solution. Further cooling

would produce a solid mixture of dihydrates.
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k.5 cont'd

Tt must be assumed that the crystals or particles from the solution could form
in either composition. In the event that one or more touch some Warm compon-
ents, it is reasonable to expect that the water in the dihydrates, or saturated
solution, would boil and/or vaporize, thus approaching the original KOH pellets.
No compatibility problems would be anticipated with warm components and vapori-

zing KOH particles, since contact would be of short duration and the materials
shown in Table k.5-1 are compatible.

No compatibility probiems.are believed to exist during a pre-launch liquid spill
except for the vacuum-deposited aluminum on the thermal blankets. In addition,
any battery spill in space vacuum would form particles of either undissolved
solids in saturated solutions or complete solid crystalline masses; neither of
which present a compatibility problem.
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4.6 TYPES OF EXTERNAL IM MATERIALS DAMACED BY OXTDIZER TANK CONTENTS

LM materials external to the propulsion subsystemsv were not selected for
compatibility with the propellant oxidizer (Néoh). However, in the absence
of atmospheric moisture and in the presence of the space vacuum, available
compatibility reports indicate the primary structural materials, aluminmum,
stainless steel, titanium, nickel alloys, and low alloy steel are compatible.
Many non-metailic materials, however, are expected to have a very limited
life capability dependent on the Néoﬁ concentration and tgmperature on the
part.

Table 4.6-1 lists the primary exposed éxternal IM materials including
usege » time to failure in liquid oxidizer, temperature at which the failure
occurs, and stage (ascent-descent) location. Vapor phase N0, exposure data
on non-metallic materials is limited and not available for most materials
listed in the table. Materials listed in the table would probably be exposed

to vapor in lieu of worst case liquid exposure, and the time to failure in an

~actual mission would be considerably longer than that given in the mPgple

4.6-1. Materials listed in the table which fail in less than 2k hours, or for
which "no data exists, have béen-evaluated as follows:
0 Materials listed below are used in applications for which some N201+
degradation should not prevent an abort.:
- Epon 934 for wiring and instrumentation bonding
- Mystic Th02 tape tubing wrap
- Kingsley aluminum ID tape
- Marking ink
- Corfil 615 edging compound
- Velvet 40O series paint
- DC 1410 silicone sleeve anti chafe
- Dodge fiber.TFE/Glass tape
- Teflon 62 3m tape spacer
- Torgque strip paint
o Material listed below could be critical to an abort if exposed to
Néou.
- Silicone cable clamp wire support - degradation could cause wire

chafing and subsequent shorting of wiring.
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h.6 cont'd

- H-film pressure sensitive tape - degradation could cause blanket
decay and loss of thermal properties.

- Epoxy fiberglass laminate standoffs -~ fallure could cause loss of
the thermal insulation and micrometeoroid shields.

- Nylon tie wraps and bases -~ failures could cause excessive strain
on the wire bundles and possible shorting.

- Nylon Velcro - failure could cause insulation loss.

- Kynar/Nylon solder and crimp wire splices - failure of the nylon
could cause circuit failure.

- EC 1663 potting - degradation could cause shorting conditions.

- Epon 919 cabin pressure sealant - failure would cause cabin

pressure loss,

~ Nylon/copper terminal lugs - failure could cause loss of grounding.

The liét of materials was compiled from photographs and vehicle inspection
rather than a rigorous drawing review and should not be considered con-
clusive. If NEOA compatibility of exterior surfaces were to become a
program requirement an additional review and subsequent testing recommen-
dations should be considered. It should be emphasized that a massive spill
could be disastrous due to materials failures. Thevgreatest concern with

a spill would be with a relatively small leak which may go undetected for

an extended period of time.




T

Zw

R,

e

K

a/v

a/v
a/v

a/v

a/v
a/v
a/v
aQ/v
a/v

a/v

a/y
v
v,
a/y
1a) INZOSEa

(¥) INZOSY
TOVLS

T

.:

09
08

<8

08

08
091

58
08
58

Gl
S
09
oL

INHNND0A

dWHELL J

o

gN

(sayoesTd) sanoH #2

sanoy 2.

an

Inoy T

anoy T
K10q0®ISTYES

*sxy g A1030®IST3RBS
sanoy g/,

SInoy gl

SINOH 2/

SINoH 2
SINoH g
INOH T

sfeq )

*¥INTIVE OL EWLL
SLOFLIE *TTXO

punodwme) SutdpH
FuTHIel

9A23TS
UOT4BOTI TIUSPT

STeqe] UOT}BULIOFUT

dexp Sutqny

qxoddng axTM
3F'Y) SITM
UOT}BTNSUT 9ITM
sdg) aaTM
s20TTdg axTM
$901TTdg aITM

UOT}RIUSWNLILSUT
® JutaTm puog

JUBTRSS UTqed
S330~pPuels
uotyernsul xadng

SN

¢T9 - TTIL0D

(Pey-¥oB1g) SIUI SUTIIEW

SOASSTS QI Jeuly

adey QI wnutrumly ASTSButy

adel 20t, °T3SAN.

(T99h EN)
dmreTd TQeD SUOOTTTS

2Tqed popTead BUATY HLAL

(wITd H) SPTWIATOd/TIL

sgde) pug ﬂoahZ\hmnhm

so0TTds dwta) ¢0H>Z\nmchm

saoTTdg I9pPTOS coahZ\hmn%M

©e6 uodg

616 uodg

ajeuTWe] sseI8I9qTg/uody

UMUTIMTY/WTTd H

o=
STYTYALVH WI TVIMELXT N0 THNSOdXd 'O¥N QIN®BIT J0 IOTAdd

T-9'q Z187Z

STVTIELYN JOTJHIXHE WI

W 4o

R AP e i

A SR T

S

et s e

T e b o o

T o g



Sl o K B

i G4

TN A, L e T S SR

a/v
a/v

/v

a/v

(Q) INZOSTA
(V). INEOSY
FOVIS

T

e

&L

59

09

08
09T
¢l
Gl
08
08

DNINNO0A

dWAL 4

sfep ) S3qOBID
SINoH 2
ON

an

(sanoH H2)
S94B8I333UTSTQ

SINOH he
(saaTOSSTQ)

£1090eFSsTyES
£10108ISTYES
Axoqjorystaesun
JnoH T YoesTd

Axoq08ISTLeg

*DINTIVE OL EWLIL
SILOELIE *dIXO

(pi3uod)

UOT3BINSUL 9J'UD TIUY
Spunoxy JIOF UOTFBTNSUT
UOT399301d JO303UUOYH
3y8UD TUY

soseqg % sdeam oT]

3Jeud TIUY
wnwommm

sxaoedg
punodwo) Jutiyqod
JuTed

ader, wqﬂomq

asn

T-9° f1 TIIVL

utgaToATOd
1Td YUTIUS HoBTg

sgny
- TBUTWIS] nw@&oo\nOth

SseTd/LIT
paxajutsun Iaqtd 93poq

adAy,
§88TH/FAL I2qTI 33poQ

uoTAN

3AR3TS BUOITITIS OTHT Od

199US (UOTISL) J3I XedTD

199US UOTJSL 93TUM
£99T-04
S3TISS Q0K 32ATBA

S8BT HAL

STVIYALYN HOTHALXE WI

b3

MApor &

R L -,



o T

&

(@) IN=osEd
(V) INZOSY
FOVLS

a/v

a/v

a/v

a/v

a/v

a/v

a/v

4 04T

LNFINNO0A dIWAL mo

2IN3ONILS 07 S4O{UBRTQ

Aoomv SINOH tg Jurjernsut Jadns Yoeijy

AN UOTSOXIO) TJUY = JOWTLIJ

UN

£10308IsT3eS

SINOH 42

ArogoeIysties

SINOH #2

£10908IST3ES

*TINIIVI OL JWIL
SIOUALH * IIXO

SueL X0 S/V
Sutqunid % s3uel OCH

uotqeTnsur xadng
WLTJA~H U0 aamsSOoT)H

3IN}ONILS
03 saurT]
SutquMid UOBIIY

xa08ds
duret) aTpuUNg SITM

UOTQRTNSUT SJITM

4380

(Pi3U0d) T FTAvL

(31
%® FOOH) OXOT3A/UOTAN

23BUOIYD outy
9T. Tauooul
T909 WMUTUMTY

adr], aAT3TSUSY
sanssaig WlTd H

sdureT) Futqunid UOTISL

adel WE 29 UOTISL

(e3TUM ‘¥oBTg
¢ L£aan «:mmho.“mzamv
SITM PI333oe[ UOTIS]

STVIILYW YOTHHIXH WI

L L

IR 7

T SR TR AN

e e ey

S




+£TTWeI OTIsUS3 Swes 9Y} UT TBTIS}'U
uo psseq oIam S309JJS JSZIPIXO ‘palsIT Terasrew d01JToads 3y} uo STGEBITRAB 30U SBM BIED SISUMx

P oo e I 5w

-}'e0S J9ZTPIXO PUB TN Jnoy g - UOTIBOTITTEND BUTITM 900-06€ ALD °§

* S383uBTd
TewxayL WI uo 18591 xodep jueTredold pa3BIjUS2UOC) :qxodsy sn3BiS 696T UOIBW He ‘GCT-0TG OWI °*%

. *I3AUS(Q UTFIBN ‘096T I9QURAON OT ‘gc# yxodsy
.mZpuommmmmmhmonmunﬁgemmozm@nmmmm-zmxuowmpﬁ«ﬂﬁmmoamoﬁpwnopmnﬂmamﬁnmpmzmo zpﬁaﬁpﬁpmmsoo

.
o
e S T T T

,_ . +6o6T Arenuer 6z ‘T0Z OWSH DINQ ‘SISZTPTX0 pue sjueTradord £9¥o0d UM STETISGEW Jo MTTTATIedmo) -2

¢z +oN jxodsy 091SEId ‘SISZTPTXQ Pue Tend ‘sjuerTodord pPTMDTT U3TM SOT4S®Ig JO L3TTqraedmo) T
ipadusIaJay SJUSUMIOJ
i . : Z03RTNSUT !
: a/v T . 09 Ax0708FSTyRSUN © Teutwra] Lrsjjed UOTAN 3
~ V
=
6L0L ‘n2o2 !
v 2 09 Axo3oeFsTyes aanjonass s/v ‘6L0L ‘6T2Z - wnuUTUMTY
a [ 0ST £Ax030€IsT3ES sanjonIls §/a 6L0L ‘GLOL - umuTURTY
a 2 - ot £1030®FST3ES uel X0 S/a 19938 JV-9a
a T 09 aTqr3edwoour 33eu) TIUY gutqnl SuTIYS 3eeH TAng
a/v : T 08 anoy T SsayoesTd T®9S *0°D® jute] adtajs anbaol pay
(d) INFOSAQ INDAWDOd = WAL £ *TNTIVA OL EWLL asn STVIMEIVA YOTYILXH WI
(V) INIOSY SIOALAF *AIXO
) AR .

(Pi3u0d)  T-9'q HIAVL




L.7  SYSTEM PRESSURE RISE THROUGH COMBUSTION OF NON-METALLICS

An analysis has been made to estimate the system pressure rise as a result
of a structural single-point failure and combustion of fhe non-metallics
exposed as a result of that failure. The following components were included
in this analysis: temperature transducers, absolute pressure transducers,
RCS solenoid valve, Propellant Quantity Gauging System, and Propellant Level
Detector.
o LSC 360-605 - Temperature Transducer
- Assumption - APS Ullage Vol. l.Oft3
Expected Max. 6P = 17psi
- Assumption - DPS Ullage Vol. 0.94ft
Expected Max. OP = 18 psi
o LSC 360-624.XXX-2-Absolute Pressure Transducer
- Assumption - DPS Ullage Vol. O.9hft3
Expected Max. OP = 6 psi
- Assumption-ECS GOX Vol. 3ft3
Expected Max. OP = 2 psi
o LSC 360-601 Absolute Pressure Transducer
- Negligible pressure rise APS, DPS, RCS and ECS
o LSC 360-624-1-31 Absolute Pressure Transducer
- Assumption - APS Ullage Vol. 1.0ft3'
Expected Max. OP = 6 psi
o LSC 310-L403 Solenoid Valve
- Assumption - RCS Ullage Volume 125 in3
Expected Max. oP=0.5 psi
o LSC 270-00009 Propellant Quantity Gauging System
- Assumption - DPS Ullage Vol. 0.9k4 £t3
Estimated Max.OP = 79 psi for Rulon A plus Teflon
17 psi for RTV - 20
175 psi for Stycast 1090
o LSC 270-801 Propellant Level Detector
- Assumption - APS Ullage Vol. 1.0 ft
Estimated Max. oP = 36 Psi

3

3

All of the pressure increases are expected to be within system capability with
the exception of the Propellant Quantity Cauging System (PQGS). .The RTV-20 and

Epoxy require a structural metal case failure to expose. these materials to the
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propellant whereas the Rulon A plus Teflon are exposed to the propellant

at all times. Combined pressure rises for all the materials in the PQGS
coupled with tank operating pressure of 245 psi would be enough to exceed
tank design ultimate of L405 psi. However, with the possible exception of an
explosive rise in pressure, the tank relief system would limit pressure rise

to 275 psi. No methods of obtaining such an explosive rise are known.

The pressure rise from the PLD may be sufficient to fail the burst disc

in the APS. Normal operating preséure of this system is 190 psi with the
relief system opening at 226-250 psi.

Pressure rise from the failure and combustion of DPS temperature transducer
materials may be sufficient to fail the burst disc in the DPS. Normal

operating pressure of this system is 245 psi, with the relief system opening
at 260-275 psi.

All other items resulted in single pressure rises low enough to be within

normal system capabilities.

An additional analysis has been made to estimate the pressure rise in transducer
chambers as a result of combustion of the non-metallics located in the reference
chamber. For the purposes of this analysis it is assumed that there is no
venting of the gésses overboard through electrical wiring potting or venting
back into propulsion or GOX tank cavities. The calculated pressure rise is
considered to be a minimum since the reference chambers also contain metallic

items such as wiring which occupy varying amounts of the assumed reference
chamber volume.

o LSC 360-605 - Temperature Transducer
-Assumption 0.5 in3 Ref. Chamber Volume
Expected oOP = 59,000 psi
o LSC 360-62L-XXX-2 and -1-31 Absolute Pressure Transducer
-Assumption 0.18 in3 Ref. Chamber Volume
Expected OP = 55,000 psi
- o LSC 270-00009 Propellant Quantity Gauging System
-Assumption 1k in> Ref. Chamber Volume
Expected - &P = 1970 psi for RTV-20
20300 psi for Stycast 1090
o LSC 270-801 Propellant Level Detector

b7
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L, 7 cont'd

3 Ref. Chamber-Volume
Expected oOP = 62,000 psi

o LSC 310-403 Solenoid Valve A

' -Assumption 0.67 in3 Ref. Chamber Volume
Expected oOP = 95 psi

~Assumption 1 in

L-48
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4,9 DISCUSSION

MSC nonmetallic materials control for flammability and toxicity is presently
limited to the crew bay and the oxygen system. It would be desirable to
implement an overall MSC criteria and control that would insure that all

materials used throughout the spacecraft were evaluated uniformly for all

physical and functional requirements.
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5. BURST TEST HISTORY

5.1  SUMMARY

This section presents a description of all available burst test data for
the IM pressure vessels. A discussion is also presented on the LM batteries

and pressure/temperature transducers that interface with the IM pressure

vessels.

i For the most part, the only available burst data is for hydrostatic failures.
During development and qualification teéting, it is normal practice to conduct
burst tests hydrostatically instead of pneumatically, even though the tank
may ultimately be used pneumatically. The prime consideration of the burst
test is to demonstrate that design burst pressure has been reached or exceeded;
this can be demonstrated either pneumatically or hydrostatically. Since there
is always the possibility that a tank may fail prematurely, it is desirable
to conduct burst tests hydrostatically to facilitate a post;test failure
analysis if required. Secondary considerations are the facility limitations
and danger in conducting pneumatic failure tests.

Some pneumatic tank ruptures have been experienced during the IM program. 1In

all instances, the failures were catastrophic in nature, with extreme frag-
mentation of the pressure vessels.

Table 5.1-1 summarizes the burst test data for the IM pressure vessels. Tor
reference purposes, the overall certification test requirements for the pressure

vessels and associated components are summarized in Table 5.1-2.

In general, it is believed that if any of the IM pressure vessels were to fail
in flight at, or greater than, design burst pressure, the tank would explode

. and fragment. Iess catastrophic failures could be expected if any of the tanks
were to fall prematurely at, or near, normal operating pressure. Section 6

presents a discussion of the anticipated failure modes and the resultant
damage potential.
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5.2  DESCENT PROPULSION SUBSYSTEM

5.2.1 Descent Propellant Tank

Three descent propellant tanks were hydrostaticaliy tested to burst; the
test results are summarized in Table 5.1-1.

A tank was subjected to hh;day compatibility testing with N,0) per MIL-P-
26539A. When filled with this fluid, the conditions were 265 psig internal
pressure at a temperature of 9T°F to llOOF. Following this exposure for
LY days, the tank was given one proof cycle to 360 psig with water followed

by a burst test. The burst pressure was LUO psig and failure occurred in
the lower dome.

An additional tank was cycled to failure. It passed a proof test at 360 psig
(water) and was then subjected to pressure cycles from 15 to 310 psig filled
with water. The tank ruptured during the 3384th cycle. Failure originated
in the upper dome and propagated through the cyliﬁdrical section. The temp-
erature during the test was maintained between 95°F and lOOoF. Minimum

mission requirements for this tank are 40O cycles from O to 270 psig.

Tank 55 (S/N G-029), was failed catastrophically during a helium leak test
(Reference Figures5.2-1 through 5.2-4)on 23 August 1966 . Pressure in the

tank assembly was being increased for the high pressure (270 psig) leak test.
A pressure of 180 psig had just been recorded when failure occurred. The
failure occurred'vhile the tank assembly was inside a helium collection chamber.
The tank shattered into many pieces and the helium collection chamber and
adjacent equipment were severely damaged. The failure investigation disclosed
that the failure originated in the 201L40T651 aluminum cover. The cause of
failure was stress corrosion, possibly resulting from a 360 psig proof test
with demineralized water which the cover received thirteen days earlier. The
corrective action was to substitute titanium covers for the aluminum. ©No tanks
with aluminum covers have been, or are, used on flight vehicles. No failures

have occurred with titanium covers.
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5.2.1 cont'd

Tank 31, (S/N G-OO9), failed catastrophically during a hydrosta%ic proof test

at 267 psig; approximately T4% of the 360 psig proof pressure. The fracture,
which originated in the upper dome split the tank meridianally along a path
approximately 4 inches from the tank axis. A thorough metallurgical investi-
gation revealed that the failure was due to a localized microstructure

abnormality consisting of embrittled massive alpha phase in the upper dome. The:
true source of this massive alpha structure is unknown, but it was present in

the forging during the forging operation. Alpha inclusions of this sort cannot -
be detected by radiographic or ultrasonic inspection but must be screen by the

- tank proof pressure test.

5.2.2 Descent SHe Tank

One SHe tank was pneumatically tested to actual burst pressure; the test results

are presehted in Table 5.1-1l, The results of a SHe tank burst can be seen in

Figures 5.2-5 through 5.2-9.

In addition to the SHe tank burst test, one inner shell was pneumatically
tested to burst during DVT testing. The shell burst at a pressure of 3910 psig
at 138°R. During the burst of the SHe tank, the primary and secondary burst

discs ruptured at 1978 psig. Helium temperature at time of rupture was lhOOR.

Data indicates that seven SHe-tanks have imploded. Four failures were attri-
buted to handling damage. Three units failed during external proof pressure
screening tests. The screening test prevents marginal units from being installed

on a flight vehicle. These test reults are summarized in Table 5.2-1.

>.2.3 Ambient Helium Start Tank

One DPS ambient helium start tank was hydrostatically tested to burst. mTest

results are summarized in Table 5.1-1.
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Test Cell View After DPS Propellant Tank Failure

Fig. 5.2-1




Fig. 5.2-2 Reassembled Pieces of DPS Propellant Tank Cover
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5.3 ASCENT PROPULSION SUBSYSTEM

5.3.1 Ascent Propellﬁnt Tanks

Six ascent propellant tanks were hydrostatically tested to burst. Test
results are sumarized in Table 5.1-1. Figure 5.3-1 shows the results of
a hydrostatic tank failure.

The propellant tank was subjected to a hydrostatlic test which consisted of
the tank assembly heing pressurized in 25-psi increments to 250 psig. After
a 2-minute hold at 250 psig, the rreséure was held momentarily at each pres-
sure increment to obtain the necessary strain gage data. After a 2-minute
hold at 375 psig, the pressure was increased at a constant rate of 20 psi
per minute until burst occurred at 452 psig.

The updated tank which burst at 478 and L9k psig, differed from the original
design in that 1t 1s an all-welded configuration. This change was effective
on IM-6 and subsequent.

A review of the failure history indicates one failure which would have resulted
in significant loss of oxidizer from the tank. On 2 November 1965, during
compatibility testing of the ascent oxidizer tank, a pressure loss of 2.5 Psi/
nin was observed. The failure occurred after approximately 47 hours of testing
at 245 + 5 psi at a temperature of 103°F. Visual inspection revealed that QA%
inch crack had developed in the membrane area of the parent material of the
tank. The vendor indicated that it was highly probable that an inherent imcom-
patibility existed between the titanium and N20h used during the testing. The
probl:iem has been resolved by adding an inhibitor (NO) and controlling the water
content. An additional requirement is to avoid numerous pressure cycles of the
~tored Nzoh. The pressure cycling tends to remove the inhibiting agent from the
propellant.

Subsequent to verification of the cause of failure and improvement in the Neou,
the compatibility test was repeated utilizing two tanks for 75 days at 310 psi
and a temperature of lOOOF. No leakage was noted during the tést. After the
exposure period, the tanks were pressurized with water at ambient temperature;
rupture occurred at 558/512 psig.
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5.3.1 cont'd

No compatibility test was conducted on the ascent fuel tank. Sufficient data
exist to demonstrate that titanium is compatible with Aerbzone-50.

In addition to the above testing, a design verification test was completed on
5 September 1966. The test consisted of proof pressure, vibration, creep,
pressure cycling, acceleration and burst. The tank was hydrostatically pres-

surized; rupture occurred at 465 psig at ambient temperature.

5.3.2 Ascent Helium Tank-

Two APS helium tanks were subjected to the following test environments during
pressure tests:
o  Proof pressure to 4650 + 10 psig at 160% for 5 minutes
o Four Hundred pressure cycles from 100 to 3500 psig at 1 cycle/min
o Creep test - 312 hours at 3500 psig 160°F
o Burst Testing ~ 5250 psig at 160°F minimum
The burst test data are summarized in Table 5.1-1. Figure 5.3-2 shows the
results of a hydrostatic tank failure.

The pressure was increased hydrostatically in 30-second increments of 500 psi

until a pressure of 4,700 psig was reached and then increased in two increments

to 5,250. The pressure was then gradually increased until rupture occurred at
5,740/5,500 psig.
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5.4

54,1

5.4.2

REACTION CONTROL SUBSYSTEM

Propellant Tanks

Four RCS propellant tanks were hydrostatically tested to burst;

test results are summarized in Table 5.1-1.. Figure 5.4-1 shows
typical results of the burst test. Tanks were flight configured
except that the teflon bladder was removed. At MSC,on 9 April 1969,
an incorrect procedure caused a.vacuum to be pulled .on IM-2 oxidizer
tank LSC 310-&05-11 and fuel tank LSC 310-L405-12 which then collapsed

under atmospheric.pressure. This is not possible under flight condi-
tions.

Helium Tanks

Two RCS helium tanks were hydrostatically tested to burst; test results
are summarized in Table 5.1-1. Figure 5.4-2 shows typical results of
the burst test. Hydrostatic pressure was applied in 500 psi incre-
ments to 4700 psi, then in 250 psi increments to 5250 psi, the design
burst pressure. Pressure was held at 5250 psi for 2 minutes, then
raised to the burst pressure of 5700/5800 psi.
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5.5 ENVIRONMENTAL CONTROL SUBSYSTEM

5.5.1 Descent Oxygen'Tank

 Six descent oxygen tanks were hydrostatically tested to burst; test

results are sumarized in Table 5.1-1.  Figure 5.5-1 shows the typical
results of & hydrostatic failure.

During a production acceptance test, a descent oxygen tank failed at

3000 psig. The test procedure is to perform one pressurization to proof
pressure and fire pressurization éycles to MDOP. The proof pressure was
maintained for 2 min and each MDOP was maintained for 1 min. This tank failed
after 40 seconds of the Sth MDOP pressurization (ref. Failure Report

FA1O0l). TFailure was attributed to a crack in the tank material which had
not been detected. There was an added stress corrosion factor involved
because of immersion of the tank in water during the tests. Subseguent
action included tank redesign, elimination of the water immersion and

increased QC coverage.

5.5.2 Ascent Oxygen Tank

Four ascent oxygen tanks were hydrostatically tested to burst; test
results are sumarized in Table 5.1-1. Typical results of tank burst
tésts are shown in Fig. 5.5-2.

5.5.3 Ascent Stage Water Tank

One ascent water tank was hydrostatically tested to burst; test results
are summarized in Table 5.1-1. The failed tank is shown in Fig. 5.5-3.

5.5.4 Descent Stage Water Tank

One descent water tank was hydrostatically tested to burst; test results
are summarized in Table 5.1-1. The failed tank is shown in Figure 5.5-k4.
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Fig. 5.5-1 ECS D/S GOX Tank After Hydrostatic Rupture
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Fig. 5.5-2  ECS A/S GOX Tanks After Hydrostatic Rupture
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‘ Fig. 5.5-3 ECS A/S Water Tank After Hydrostatic Rupture
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5.6 BATTERIES

All IM battery containers have vent valves to provide relief while generating
gas. The opening and closing pressures of the vent valves on the primary
batteries are checked just before battery installation at KSC. The vent valves
of the pyro batteries are checked as piece parts early in the manufacturing
flow. However, the LM pyro batteries do have test ports in the container

which could be used to check the vent valve operation at KSC in the same manner
as the primery batteries.

The primary and ED battery containers have never been tested for over-pressur-
ization. Analysis has shown that once the battery has been over-pressurized
it will relieve (not rupture) through its weakest point. For the primary

batteries, this is the interface of the battery container and cover at the
rubber gasket.

The estimated pressure when Permanent yielding would occur in the battery cover
is 36.3 psig maximum. ILeakage will occur at a pressure well below 35 psig, since
the variables such as O-ring and cover irregularities along with case wall and
bolt tolerances were not taken into account in the calculations and will act to
lower the holding pressure of the container. This relief method will not be

explosive and will not present a source of shrapnel damage, although KOH will
be spilled.

There have been two isolated incidents where inadvertent ED battery case ruptures
have occurred. These ruptures occurred during laboratory over-testing during
which the vent relief valves were sealed.- In both cases there was internal
bressure buildup and subsequent case rupture at the rear corner seam of the

battery. They were simple ruptures presenting no shrapnel effects.

There are two Apollo 13 anomalies associated with the descent batteries.

a. Telemetry data show that at 97 hours, 13 minutes and 56 seconds,
battery 1 current curged to 30 amperes, battery 2 current exceeded 60 amperes,

battery 3 surged to 37 amperes and battery 4 surged to 31 amperes. For a
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short time following the glitch battery 2 carried approximately 80
percent of the load. Load .sharing subsequently returhéd to the pre-
glitch condition of 3 to 4 amperes per Battery. A corresponding
decrease in buss voltages was experienced. At 97 hours, 1k minutes
and 42 seconds, the lunar module prilot reported hearing a thump and

seeing snow flakes from the descent stage.

b; At approximately 100 hours, a battery malfunction light
iliuminated with a corresponding master alarm. The malfunction was
isolated to the number 2 by onboard testing. The battery malfunction
light extinguished when the battery was removed from the buss but
illuminated immediately when the battery was reconnected more than an
hour later. A malfunction light indicates either battery overtempera-

ture, overcurrent, or reverse current.

Test and analyses are being conducted to determine the causes and

relationships between these anomalies.
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5.7 TRANSDUCERS

A1l LSC 360-605-303 immersion probe temperature transducers are proof tested
(collapse) to 2000 psia. Approximately 130 transducers have been tested during
the IM program with no leakage failures. The design collapse pressure
specification of 4000 psia has not been tested for the -303 design. A similar
unit (-301) of the same design, but 1.3 in. shorter, was tested to 8000 psig
during qual and 6000 psig during DVT with no leakage. '

All absolute preésure transducers are proof tested at ambient temperature.

The proof-test and design burst pressure levels are shown in Table 5.7-1.
Approximately 1000 unifs have been pfoof tested on the IM program with

no leakage failures. However, no burst pressure tests have been performed for
these transducers. A 350-psi 1025-series transducer, that is similar to the
LSC 360-62L4 units, was tested to 13,000 psi without failure. In addition,
transducers similar to the LSC 360-601 series have been burst tested by the

vendor to levels in excess of 5 times the rated range.
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Table 5.7-1
Absolute Pressure Transducer

Proof and Design Burst Pressure Summary

Transducer Proof * '
Pressure Sensing Element : Reference Chamber
LSC 360-601-XXX-3 2x if € 1000 psia 5x 2x or 5000 psia,

or
LSC 360-601-XXX~-2-1

whichever is lower.
1.5x if » 1000 psia

LSC 360~624-XXX-2

2x 5x 2x

ISC 360-624-1-31

2x 5% 650 psia

¥ NOTE: Proof and design burst pressure as a function of the rated pressure range.
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6. DAMAGE POTENTIAL

6.1  SUMMARY

This section presents the results of the analysis performed to evaluate the

potential damage-to a IM from & ruptured pressure vessel. TFor this study,

it has been assumed that a ruptured pressure vessel can fail in one or two

ways: fragmentation or leakage; these failure modes afe defined as follows:
o Fragmentation - A pressure vessel rupture resulting in shrapnel,

pressure forces and fluid loss

o leakage - A pressure vessel rupture resulting in pressure forces and
. fluid loss. ' '

For this study it has been assumed that any IM tank that fragments with a TNT
potential > 0.1 1b will result in the loss of the vehicle and/or crew due to

shrapnel and the close proximity of other pressure vessels, vital equipment,
electrical cables and/or plumbing.

On the other hand, a leakage failure will result in no shrapnel, but will have
the potential to damage the IM to a lesser extent from the hydrostatic/
pneumatic forces and the fluid corrosive effects. The pneumatic forces from
a ruptured high-pressure tank could damage such IM structure as descent stage
beam panels and thermal shielding. Jagged edges of a ruptured tank, even

through still attached to the tank, could sever electrical cabling, or intro-

duce a structural flaw in an adjacent pressure vessel or fluid line. The

effects of spillage of the tank contents are discussed in Section L for NpOy.

Tables 6.1-1 and 6.1-2 summarize the predicted failure modes for the IM

Pressure vessels as a function of the following mission phases; this assessment

was based on the TNT equivalencies presented in Para. 6.2 and fracture mechanics
considerations, The tank critical pressures listed in Tables 6.1-1 and 6.1-2 are based

on fracture mechanics calculations and are used to determine the pressure below

which the tank will leak as opposed to fragment upon failure as a result of tank
RN I material flaws. It must be recognized, however, that fragmentation failure of one
1 tank may éause another tank to be penetrated with a sufficiently large piece of
- metal to cause fragmentation of the second tank. This can occur even at pressures

below which the tank would normally leak as a result of material flaws.
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6.1 cont'd

Mission Phase No. Mission Phase Event
Launch
Earth Orbit

Translunar Coast
Lunar Orbit to Touchdown
Lunar Surface Activity

Lunar Ascent

N N\ W D

Lunar Orbit

This section also presents a discussion in Para. 6.4 of the effects of loss
or degradation of the IM thermal blankets.
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TABLE 6.1-2
PREDICTED FAILURE MODE AT BURST PRESSURE PER MISSION PHASE

’S/S l TANK/ :J ' MISSION PHASE ’
| B1 cRIT, PRES 1 5 3 L 5 6 7
’ HELIUM
: 1242 PST. Fl Fl F1 F1 F1 F1 Fl
R FuEL A )
2h7.5 PSI. l F2 F2 F2 F2 F2 F2 2 |
! FUEL an ; }
| ! 247.5 PST. | Fe F2 2 2 F2 2 F2
. OXIDIZER'A'| » .
| 247.5 PST. ' F2 F2 @ F2. F2 F2 F2 |
! | OXIDIZER'B".
: | t 2b7.5 PST. ¢ F2 F2 T2 F2 F2 F2 F2
SUPER CRIT. F1 Pl F1 Fl F1l N/A | N/A g
i IE. Not considered by firacture mechanics apalysis in this report, how- |
: = ~ever, cofjsidered ag "F1" by yirtue of TNT equivsglency. '
AMB.HELIUM ! ; .
D | 805 PST. ' TF1 Fl F1 F1 L ¢ NA i oNA |
P - — . {
1 FUEL - ‘ ] : i
g 118.7 PsI. F2 F2 F2 F2 |Fl|Vented N/A | N/A
OXIDIZER !
118.7 PSI. F2 F2 F2 F2 |FliVented ; N/A , N/A
‘o | HELIOM ' ‘ 5
938 PSI. : TF1 F1 Fl Fl F1 Fl . F1 !
‘ " ‘ {
! i i
'« | FUEL . ~ z
S 17e per. in F2 F2 I F2 Fl1 F1 F1 |
' OXIDIZER . : | :
172 PSI. . T2 F2 F2 l F2 F1. F1 F1 E
: A/s o (1)
(g | 1542 PsI. F2 F2 F2 PoFe. F2 F2 F2 .
o | A/s 0 (2) l , |
! 1542 PsI. F2 F2 F2 | F2 F2 F2 I = '
ES /s o, " ; .
! 1621 Ps1. , F1 Fl '\ Fl | Tl F1 NA WA
AJSHx0 : 3
390 PST. L L L LT L L L !
D/S {0 T I B ,
2L3 pET. L L L i L . . N/A N/n

KEY: Fl - Fragmentation, TNT Equivalencs; ») .1 leé}‘r?angglﬁzéfloﬁ,i‘N‘T EquzvaleﬁE§~<~l 1b
L - Leakage Only.
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6.2 TNT EQUIVALENCY

TNT equivalency for all LM pressure vessels have been derived for the major
mission phases. The TNT values, calculated for both tank maximum operating
pressures and burst pressures (limit pressure), are presented in Tables 6.2.1
and 6.2-2, respectively. '

A constant temperature was assumed in calculating the TNT values from the
following equation:

Pounds of TNT = PV 6
< T - 1) L.k X 10
Where P = pressure (psf)
V = gas volume (cu. ft)

§' = ratio of specific heats (gas only)
1.k x 10-6 -WE-IE—— = TNT equivalency conversion factor
16 TN 4 ¥ .

The following data are presented to provide a comparative measure for the IM

pressure vessel TNT equivalencies:

Explosive Device ILb TNT Equiv.
Rifle Primer (or Firecracker) © 0.000092
.22 Iong Rifle Cartridge | ‘ 0.000232
.45 Pistol Cartridge 0.000563
No. 8 Electric Blasting Cap 0.00127
.30 M2 Ball Rifle Cartridge 0.00480
.50 M2 Ball MG Cartridge , 0.0226
20 MM HE Projectile 0.025
MKII Fragmentation Hand Grenade 0.125
One Stick (one 1b) 100% Gel. Dynamite ~1
Antitank Mine b
; 6-5
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6.3 FAILURE MODE AND EFFECT ANALYSIS

An FMEA was performed to identify those potential failures'Which might, as a
secondary mode, result in a catastrophic vehicle failure, providing the first
assumed tank failure is survived. This assumption, that the crew is not in-
Jjured, is based on the cryogenic SM oxygen tank failure experienced on

Apollo 13. ‘The results of this FMEA are summarized in Table 6.3-1; this table
identifies only secondary items immediately surrounding the failed tank that
would further affect crew safety. The criticality for the first failure

(Column 1) is based on the loss of fluid only. The phases of the mission, where
the combination of a tank failure and the aésociated loss of an adjacent item is

of" concern, are indicated. The mission phases are defined in Para. 6.1.

The following paragraphs present discussions of the IM pressure vessels based
on the results.of this FMEA.

6.3.1 DPS Propellant Tanks

Loss of all the consumables in any or all of these tanks will impair the

safety of the crew in the non-abort stage zone only. An explosive rupture of any
of the propellént tanks may directly result in loss of the crew due to shrapnel,
or cause a chain reaction explosion of the other tanks on the IM which would re-
sult in the loss of the crew. The following discussion indicates the concern

for loss of items surrounding these tanks. The +Y or +Z propellant tank could
affect the umbilical and/or E.D. wiring to the extent that staging would be
impossible. Ioss of either APS propellant tank would result in loss of the

crew, assuming the failure occurred during powered descent. During any

mission phase, there is a danger of hypergolic mixing if a propellant tank

ruptures the complementary propellant manifold.

6.3.2 DPS Ambient He Tank, Descent GOX Tark and Supercritical Helium Tank

Loss of any or all of the consumables in these tanks would not impair the

safety of the crew. Explosive rupture of any Quad IIT tank may result in

loss of crew by shrapnel from any or all of the subject tanks or loss of any

¢ following in the non-abort stage zone: DPS oxidizer tank No. 1, DPS

fuel tank No. 1, DECA, and DPS engine. In addition, the descent fuel and ox-

idizer lines on the lower deck of Quad III or the RCS propellant lines above Quad III,

. y ery R A L, N S B e ]




could be ruptured, resulting in hypergolic mixing, and/or the staging cap-
ability could be lost if the ED lines from both ED systems to an interstage

fitting are severed.

6.3.3 APS Propellant Tanks

Loss of the consumable in either of these tanks is a crew safety consider-

ation from lunar landing commitment to safe pericynthion orbit. Explosive
rupture of either APS propellant tank can cause loss of cfew due to shrapnel

. or cabin puncture. An explosive rupture of an APS propellant tank prior to
lunar landing commitment, may, in turn, cause explosive rupture of the DPS

. propellant tank directly beneath it, or RCS tanks; and/or RCS fluid lines.
This could result in loss of the crew due to shrapnel or hypergolic mixing.
After safe pericynthion orbit there is still a concern for an APS tank ex-
plosive rupture due to shrapnel and possible propagation of RCS tank (s) ex-
plosive rupture.

6.3.4 RCS System and A/S Water Tanks

‘Loss of either one of the RCS or A/S HoO tank consumables will not cause

loss of crew. An explosive rupture of any RCS tank or A/S water tank may
cause loss of crew due to secondéry explosions of other nearby tanks (RCS

and APé), shrapnel, or by cabin puncture when the crew is not in the closed
suit loop mode. 1In addition, explosive rupture of any RCS tank can cause

the loss of the redundant RCS system, thereby losing

all vehicle attitude control, or cause leaks in lines and/or tanks containing

the cbmplementary propellant and result in hypergolic mixing.

6.3.5 Descent Water Tank

Loss of the descent water tank consumablé would not impair the safety of
the crew. Ioss of crew may result if shrapnel from this tank punctures
the cabin and the crew is not in the closed suit loop mode, or damages the

adjacent D/S propellant tanks or fluid lines in the non-abort stage zone.

. 6.3.6 A/S GOX and He Tanks

Loss of all A/S GOX tanks consumables will not cause loss of crew since in
the worst case, D/S GOX is used for cabin pressurization and the 0PS's are
available as an additional supply. Loss of consumables in any one of the

He tanks will not cause loss of crew; however, after pressurization, a leak

6-9
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in any He tank will cause loss of crew due to loss of all ascent He and
loss of APS capability. An explosive rupture of any A/S GOX or He tank
may result in loss of crew from shrapnel effects from any or all of these
tanks, cabin rupture when the crew is not in the closed suit loop mode, or
damage to the wiring assemblies or fluid lines in the Aft Equipment Bay
(i.e., loss of all electrical power, ATCA loss resulting in the necessity
of a hardover direct ascent from the lunar surface, loss of all active
coolant, or loss of RCS control lines). 1In addition, the loss of nearby
RCS fuel and oxidizer lines could result in hypergolic mixing or lead to loss
of all RCS capability bty depleting RCS consﬁmables. Finally, the staging
capability of IM could be lost if the ED electrical lines from both ED

systems to an interstage fitting are severed.

6.3.7 D/S GOX and Water Tanks (IM-10 and subsequent)

Loss of any or all of the consumables in these tanks would not impair
safety of the crew. Explosive rupture of either Quad IV tank may result

in loss ot crew by shrapnel or cabin puncture. Explosive rupture of these
tanks may propagate explosion of the DPS fuel and oxidizer tanks, resulting
in hypergolic mixing, or rupturing of a descent propellant tank in the non-
abort stage zone, resulting in descent engine shutdown. Finally, the stag-
ing capability could be lost if the ED electrical lines from bdth ED systems

to an interstage fitting are severed.
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6.4 THERMAL BLANKET PROTECTION

The loss of thermal blanket insulation prior to IM activation and the resultant

possibility of high solar heat inputs 1s of particular concern for the subsystems
listed below:

0 Propulsion Subsystem

o Reaction Control Subsystem

o} Envirommental Control Subsystem.
This section preseﬁts the results of an investigation of the thermal problems
associated with the IM tanks, if the thermal insulation should be damaged or
removed. Temperature and pressure response of the tanks are presented with
comments on the possible cause of insulation damage.

The following basic areas were analyzed:
o Determine which tanks could explode during translunar coast due to loss
of thermal shielding
(o} Evaluate the potential of losing'the thermal shield in such a way that

the crew would be unaware of the loss (IM not powered up) from such
causes as:

-Propellant spill
-SIA withdrawal
-CSM RCS Impingement
-Launch

o Evaluate whether hardware or procedures should be changed as a result
of the above studies.

6.4.1 Thermal Analysis

A simplified analysis of each of the IM tanks was performed assuming that the
blankets and shielding surrounding the tank were missing, Figure 6.&-1, exposing

each tank to direct solar energy and cold deep space. Figure 6.4-2 presents the
configuration assumed for the APS and DPS propellant tanks. Tab .hol indicates
the properties assumed and nodal network used for each case. Note, the solar
absorptivity has never been measured on any of the IM tanks, therefore the values
were taken from the literature or were aséumed. To obtain the thermal response oI
a tank, the analysis assumed that the solar vector impinges directly on a tank

for 4 hours followed by L hours of deep space cooling. The IM Thermal Design
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6.4.1 cont'd

Mission limits the vehicle attitude hold periods during translunar coast to

3 hours. Figureé 6.4-3 through 6.4-12 indicate the tempefature and pressure
response of the tank skin, gas and bulk fluid for each pressure vessel. The
descent stage water tank was excluded from this study because of the presence

of a 25-layer insulation blnaket wrapped around the tank.

6.4.2 Potential Loss of Thermal Shielding

The thermal shielding is made up of many individual blankets that are inter-
connected with "drugstore" wraﬁs. Therefore, it is not possible to lose the
thermal protection from any single area, such as a descent stage quadrant,
through loss of a single panel. The most likely damage mode, if any, would

be for a "drugstore" wrap to open. In addition, since the blankets are made
up of multi-layered material, it is possible to get tears in the outer layers
without significantly degrading the thermal protection. All the thermal shield-
ing 1is inspected during the pre-launch SIA activities,and a final inspection
is made just prior to SIA close-out. Because of this thermal blanket configur-
ation and these procedures, it is not a realistic possibility that significant
areas could be lost or degraded during the launch-and-boost or transposition-

and-docking phases.
6.4.2.1 Propellant Spill

IM thermal blankets would be permanently damaged if propellant (liquid or vapor)
spilled on them. The blanket failure consists of two modes:
o The aluminum is removed from the H-film (or mylar) substrate layer, thus
exposing a transparent high emittance layer
o The blanket layers adhere to one another and the multilayer radiation
barrier becomes a single conductive layer which acts as a thermal short.
A failure due to propellant spill in areas with H.film as the external shield
(descent stage) would be as severe as losing the complete thermal shielding,

because of the "greenhouse effects" of the transparent blankets.'

Solar energy would be transmitted directly through the blanket into the tank,
while the remaining blanket would be an infrared shield to cold deep space. Those
areas of the LM which do not have H-film as the outer blanket would not be

as severely affected because there would be no "greenhouse effect".
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(.h.2.2  SLIA Withdrawal

It is geometrically impossible to damage the primary descent stage thermal
blankets during SIA withdrawal. However, it is possible to catch and tear
insulation from the landing gear lower outriggers, if the SIA withdrawal angles
are exceeded. TFailure of this nature is not critical for the tanks, but the
landing gear would be affected during powered descent (F.U.T. heating); the

lower outrigger critical temperature is,+300°F.

6.4.2.3 RCS Impingement

RCS plume impingement is a design consideration for the thermal blankets.

The present IM design criteria are summarized below:

Engine Configuration Time-sec  Duty Cycle %

SM RCS CSM/SIVB (Separated) 5 100
(Docked) 7 100

IM RCS Staged and Unstaged 30 100

(Up Firing)

IM RCS Staged 85 100

(Down Firing) Unstaged 120 Lo

If the design capability is exceeded, the thermal blanket effectiveness will be

degraded. The degradation, however, will never be as severe as completely losing

the thermal shielding.

6.4.2.4 Iaunch Vibration
The IM thermal shielding is not critical for the launch shock and vibration loads.

This was demonstrated during the LTA-3 launch test of Quad I.

6.4.2.5 Explosion

The thermal shielding could be damaged from a tank failure or rupture of the descent

stage GOX tank burst disc. If this occurred, the internal components would be

exposed to space and possibly direct sunlight. This represents the most critical
failure mode of the thermal blankets, and could lead to solar heating as discussed

in Para. 6.4.1.
6.4.2.6 Thermal Shielding Vents

The table below summarizes the IM venting configuration for the ascent and descent
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6.4.2.6 cont'd

stages. The /\P(limit) is the pressure differential design point for boost

venting, and the (\P(ultimate) is the pressure differential that will cause
insulation damage.

IM-8 D/s IM-10 D/s IM-8 & -10 A/S

Total No. of Vents 8 3 large & 4 small 22
Available Vent Area - sq. in. 160 154 78.5
O P (Limit) - psia .02 .02 .0278
O P (ultimate) - psia . .03 .03 .0k415
Vent Area (limit) - psia 11k 105 69.5
Vent Area (ultimate) - sq. in. 90 "~ 82.5 sl
No. of Vents That Must Be Iost

To Reach Limit 3 1 large or 2 small 3
No. Of Vents That Must Be Iost .

To Damage Insulation L 2 large or 3 small T

The IM-8 and IM-10 venting reduirements for the descent stage are bdth presented
because of the LM-10 desigh modifications. Expressed as preéentages, the following
vent areas must be inoperative before insulation damage occurs:

o LM-8 Descent Stage - 37.5% of total vent area

o IM-10 Descent Stage - 34% of total vent area

o IM-8 & -10 Ascent Stage - 27% of total vent area.

6.4.3 Tank Fracture Mechanics

Figures 6.4-13 through 6.4-21 show the degradation in pressure capability as
tanks are heated after thermal blanket loss. Each curve is a stress/pressure
versus temperature plot showing material strength degradation. A l% factor-
of-safety curve is also presented. This factor-of-safety curve shows the
stress/pressure not to be exceeded by design when pressurizing the tank. Super-
imposed on this graph is a plot of the increase in pressure that would occur
during a 4-hour attitude hold with the thermal blanket degraded as described

in Para. 6.4.1. It should be noted that for a given propellant tank the highest
pressure was used (oxidizer or fuel). Table 6.4-2 summarizes those attitude-

hold times, less than 4 hr, required to increase the stress/pressure in the IM
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pressure vessels from NOP to MDOP (factor of safety
burst pressure (factor of safety = 1.0).

1.5) and NOP to design

6.4.4 Potential Changes

The followihg procedural and hardware changes would reduce the criticality of
- the loss or degradation of the IM thermal shielding: ‘
o Visually inspect the IM during transposition and docking to ensure
. that all IM thermal shielding is in place
o Monitor IM felemetry during translunar coast; presently no IM
measurements are available during unmanned mission phases
0 Measure solar absorptivity of all pressure vessels to accurately

6.4k.3 cont'd
predict the thermal response of the tanks
o} Insulate all tanks with a layer of H-film; this will significantly

reduce the amount of solar energy that can be absorbed by each tank

in direct sunlight; a single layer will not adversely affect the
vehicle thermal network.
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Tank

D/S Helium
D/S GOX
A/S H,0
A/S He

RCS Ox
RCS He

A/s GoOX
D/S Fuel

A/S Fuel

s

Table 6.4-2

Pressure Rise Times From Solar Heating

Time (Hrs.) From
NOP to MDOP (FS=1.5)

.38
>
P!

1.7
>y

.52
>4
>y

>
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Time (Hrs.) From
NOP to Burst (FS=1)

3.1
>
>l
> b
PR
ok
>
>

>h



Figure 6.4-1

TANK THERMAL MODEL

THERMAL INSULATION
AND SHIELDING
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Figure 6.4.2
DPS PROPELLANT TANK THERMAL MODEL
n’ ~
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T SUMMARY AND CONCLUSIONS

The objectives of this study were to:

o Identify all possible failure modes in the IM that could lead
- to rupture of any pressure vessel
o Determine the likelihood of such-a failure
o] Evaluate the damage potential of such a failure, assuming it
g did occur
. Emphasis was placed on the failure mode that is thought to have occurred

in the SM on the Apollo 13 mission; that is, the presence of an ignition
source (e.g., electrical short circuit) near a nonmetallic material in
an environment that could support combustion. This could then result in

& pressure vessel failure (either explosive or non-explosive).

Principal conclusions of the study are as follows:

a. None of the electrical components investigated constitute igniticz
sources in their normal operating modes. Only the PQGS normally exposes
electrical devices directly to the pressurized fluid. After thorough
analysis it is concluded that adequate circuit protection is provided to
preclude ignition. Tests should be conducted to verify the analysis.

b. The study also included an investigation of the possible effects
of a single point failure that could expose internal nonmetallic material
and electrical components to the fluid environment.

With respect to materials compatibility, it is concluded that
materials in all components, operating in their normal modes, are
compatible with their respective fluid environments. For the single
point failure modes, there ére instances where internal structural .

failures can expose non-compatible materials to the fluid environment.

The primery source of such an occurrence is in transducers. However,
- records have shown that such a failure mode has never occurred on the I

program in any of the transducers used in the oxygen and propellant systems.

-1

e

O T Y T TR AT TG S S R e & et e I



T cont'd

In the O2 system mechanical component failures can expose materials to
environments for which they are untested. Structural failures must occur
before the circuits and materials can be exposed to the fluids. The
theoretical factor of safety for these devices is five or greater. They
are leak tested at 1.5 times the maximum design operating pressure which
is more severe than any other pressure containers. The single point
failures.not only exposed noh-compatible materials, but also exposed them
in areas that contained electrical components. A short circuit could then
be theorized to represent a potential ignition source. However, analysis
indicates all of these electrical circuits have adequate circuit protection
devices that will discontinue electrical power before ignition can occur.
Tests should be conducted to verify this conclusion.

c. Based on a literature search on the subjects of the capability
of oxidizer or fuel to support combustion of the various nonmetallic
matérials at elevated temperatures, and impact sensitivity of CNR, EPR,
and Butyl rubber in oxidizer or fuel, it is concluded that no substantive
data are availaﬁle on either subject. Neither combustion nor impact
problems have been encountered iﬁ the past. Tests should be conducted to
resolve these questions.

d. If ignition and combustion in such devices could occur, the
combustion of nonmetallic materials exposed by a single-point failure
would increase the local pressure sufficiently to rupture the individual
component. This assuﬁes that the initial single-point failure leak path
is not large enough to allow expansion into the total system. Even if
the pressure increase could expand into the total system, the resultant
system pressure could be in excess of burst disc level.

€. Based on a review of the normal operating modes of the various
high-pressure systems, it is concluded that the LM pressure vessels are
protected with adequate redundancy against failures of such mechanical
components as pressure regulators, check valves, relief valves and burst
discs. In addition, all of the high pressure systems in the IM are

designed with adequate structural factors of safety.

T-2
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f. Since there are no electrical components in the LM pressure
vessel systems that intentionally, or can accidently, increase tank
pressures significantly, the only realistic failure mechanism would appear
to be the loss or degradation of thermal blankets. Such a failure could
expose the tanks to direct solar heating. However, analysis has shown

. that relatively short periods of attitude hold are required (e.g., %-2 hour:z
to obtain a hazardous pressure and temperature increase in the gaseous He
. tanks. All other tanks remain within design limits for attitude hold
periods up to 4 hours. Wrapping of the gaseous He tanks with H-film would
reduce the absorption of solar energy such that attitude holds of at least
L hours would be permissable. If the IM were manned, then such a failure
would be detected and corrective action could be taken. The period of most
concern is translunar coast, when the IM is unmanned and unmonitored.
However, a passive thermal control mode (slow rotation) is normally
employed during this mission phase which results in alternate intervals
of solar heating and deep space cooling. Extended attitude holds are
possible during this phase. The IM specification requires the
vehicle to be capable of continuous attitude holds up to 3 hours duration.
The probability of undetected thermal blanket loss has been investi-

gated, resulting in the conclusion that loss or degradation of significant
blanket area is not a realistic possibility in view of the fastening
techniques and forces available during the various mission phases (e.g.,
launch and boost, SLA deployment and ejection).

g. An oxygen leak on IM exterior materials is not considered to be a
problem, since the insulation blankets and micrometeoroid shield will only
maintain a pressure of less than 0.1 psi without rupturing. Combustion

- would not be supported at such a low pressure.

h Tha on
ile 441 O

re IM has not been designed to be compatible with Ngou or
. A-50. If an oxidizer or A-50 tank were to leak or spill its contents, many
non~compatible materials would be exposed. .The IM is leak checked before
a mission to an extremely tight specification; therefore, tankage leaks

should not exist for a normal mission.
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i. The study of KOH splllage concluded that only aluminum of the
metallic materials has shown a tendency to corrode. The space environment
should preclude even the aluminum reaction, because of rapid vaporization
of the water from the electrolyte and its subsequent freezing. One
possible area of concern is the fracture mechanics stress corrosion effects
of a KOH spill on a highly stressed fressure vessel, such as a gaseous
helijum bottle. No information is available on this subject. Addition of
an H-film wrap around the tank would preclude this poésibility.

KOH cannot be spilled from any of the IM batteries even if the
case vents do not function properly, unless there is an accompanying
electrical failure. The IM batteries all have vent valves to relieve
product gases. If the vent valves were to fail, the primary batteries
would relieve through the gasket cover whereas the pyro battery cases
would split. In either case there is little possibility of an éxplosive
battery case rupture. The primary battery vent valves are operationally
checked just.prior to vehicle installation. A similar check should be
made on the pyro batteries. There are no data on the burst characteristics
of the batteries. These data should be obtained.

J. The Apollo 13 anomalies associated with the descent batteries
are being investigated and reported through normal postflight procedures.

These anomalies are unresolved at this time.
/

k. Tt is impractical to protect the M against a framentary failure.

7~ )
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8 - RECOMMENDATTONS

Based on thg results of the IM systems evaluatioﬁ sumarized in Section 2
through 6 and the conclusions presented in Section T, the following__
recommendations are submitted for consideration:

0 Additional study should be given to wrapping of the gaseous
helium tanks with a single layer of H-film to preclude KOH
attack and reduce the effects of direct solar heating

o  The pyro battery activation procedure should be modified to
include vent valve checkout

O© Burst tests of all vatteries should be conducted

0 The requirement for the APS PLD's should be investigated further,
and the units should be removed or inerted if found to be
unnecessary

0 Additional materials testing should be conducted in those areas

where a general lack of engineering data has been discovered.,

Specifically, the following tests should be conducted:

a. GOX impact tests of all IM 02 system impact applications
including consideration of single point failures.

b. Combustion and ignition tests of appropriate IM materials
in NEOA and A-50 to verify analytical conclusions of this study.

c. Impact tests of all nonmetallic materials in IM Ngou and
A-50 impact applications.

d. Conduct present standard O2 flash and fire test at
elevated pressures to verify the applicability of existing
ambient data.

O Present materials controls should be broadened to assure MSC
surveillance of all materials requirements and applications in
all areas of the spacecraft.

o Intentional fault tests should be conducted in all spacecraft
components where combustion is possible to assure adequate design

margins and circuit protection.

8-1
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