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1. INTRODUCTION

A study of IM Related Systems has been conducted by NASA and GAC in support
of the Apollo-13 Investigation; this report sumarizes the results of that

study.

Information is presented on the following subsystem elements for

both the descent and ascent stages:

o}

(o]
(o]
(o]

Propulsion and Reactlon Control propellant and pressurant tanks
Oxygen tanks

Water tanks

Batteries.

The following major elements comprise the overall study:

o

o}

Compilation of basic system descriptive data

Investigation of all line and system components that could
potentially initiate a failure mode similar to that believed

to have occurred on Apollo 13

Evaluation of non-metallic materials that are in contact, or

could come in contact, with nitrogen tetroxide (Néou), Aerozine-

50 (A-50) or oxygen; some consideration was also given to the possible
effects of potassium hydroxide (KOH) spillage from batteries
Compilation of burst test history on all IM pressure vessels, and
determination of the anticipated failure modes in flight

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
Development of conclusions from the above efforts and recommendations

for further action.






2. SYSTEMS DESCRIPTION

2.1  SUMMARY

The IM pressure vessels are located in the Descent Propulsion Subsystem (DPS),
Ascent Propulsion Subsystem (APS), Reaction Control Subsystem (RCS) and
Envirommental 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 designh parameters of each of the LM 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. Isometric 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 hellum 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, two 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 respect to the descent stage and ascent stage structures are
shown in Figures 2.1-3, 2.1-T7, 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 LM-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.

2-1



2.1 cont'd

The EPS 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 the 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 supercritical 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 (vottom 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 bypass 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'd)

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 point 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 fram the SHe tank; the output from one is read out on a
cabin metern 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 is 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'a)

Figure 2.2-4 shows the internal configuration of the propellant tank, and de-
tails of the tank 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 interface 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-metél 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
to the relief valves and burst discs in both the oxidizer and fuel sections. 1In
the IM-10 and subsequent configuration the lunar dump helium vent ports were re-
located to allow for structural changes to incorporate the extended propellant

tanks.
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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

squib 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, edding 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. Tt requires two poppets in
series in either wvalve to fail open and thereby provide a flow path : for

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 to 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.
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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 valves. The test specification
for leak checking quad check valves at GAC is 100 sec/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 as the element in
series is 100 scc/hr maximum, i.e., the valve assembly shall not exceed
100 scc/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 firing, 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 COp in the atmosphere. These

test conditions were considered to be unrealistic and test

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

conditions.

() The inability of the relief valve to meet the required flow rate
of U4 lb/min at 255 psid occurred during qualification testing at
the vendor (FMCRSl). The cause and rationale for corrective

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

The second overpressure condition occurs if the primary 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 regulator is orificed for & 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/W 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.

223



wo) sAS I9ZTPTXO SdAQ

VI-c "¢ 9an3TJg

mmOpnwz<mﬂf|_
o TIOTVIAINGL _
MEONISN VAL =
. YTONASNVEL
TMNT VIAANAT et T#
ﬁl. - SNV JINVL
HATYA — e
TOMINOD MOTA
EATVA QTONFIOS
JWOT YVNOT
AATVA  TIVE
HATYA EATSOIIXE
HOLOELNT —
HATVA
FATSOTAXE
0SIQ Ieung |
(aI%0)
TATYA MOTHD
— I HOLVINOTY
_ EATVA MOEHD
1
MADNASNVL
TINSSHYd

Ll.IIII
HSHTTHY

2-2)



_ S0bd  p—mow

S# NV
TANT

000X  dWEL

50bd

’

T# JNVL

:

THEN

dHONTY

weyshg Tangd sdq

d1~2°2 °angtd

TATVA
| QIONFIOS
i
dATYA~Tdd
_ HOLOTLNT |—a—— FATVA _
TIvd
_ HATVA TOYINOO MOIL _
YHEONVHOXH
LVIH
YHONIX
HINSSTU +
HATVA |~ _
FATSOTIXH HATVYA (axo) :
dWNa gYNNT . QIONHTIOS _ FJATVA MOEHO _
HATVA (Tand) EATVA YOLVINOTI
HAISOTIXE ~ 30HHD
1
051 FATVA SUADNASNVEL
ISHNT Eicatacr'l TANSSTMd |

2.25



weysAg SHS Sdd

01-2°' ¢ 2an3td

S YHONISNVEL
HUNSSHAd

LOENNODSIA
INFA/TTTA

ANVL
WATTHH

TVOILIY¥D

HSHONVHOXH
LVHH

HATVA
HATSOTdXH

A0S

a

DHEINT THAA

DOMNNOOSIA
TITH

ATINHSSY
O5Id
LSHNd

2-26



we}SAg WNTTSH JuSTqUy S4q

qi-2°2 ean3dtg

HONASNVIL
HINSSHYd

JATVA
HATSOTIINH

DNI'IdNOD TIId

WNNI'THH
LINATINY

2=27



il

.F_.________a

Figure 2.2-2

15.154 + .005

DPS Ambient Helium Storage Tank

2.28



193INNOSSIA T4
1371n0
¥IDONVHOX3I LVaH

123INNODSIQ LNIA

L3N
HIDONVHOX3I LV3IH

YUBl SHS Sdd €-g'2 oanSId

L193NNODSIA T4
123NNOSSIg h/
Y )

S
S /[
Ies; XA

1V3H
S3i—Y// 2 \
K U ;) \\\

1371no
YIDNVHOXI LVIH

1NiOod
ONILNNOW
ONIH HLHID

1NIOd
ONILNNOW
ONIY HLHID

2.29



< 51.25 IN. 0.D. il
— A
1 ke
frmmuy)
K FAASS
fﬁﬂﬁ
o L
] e SNUBBER
20
) (] (¢
=
b dh
|
< OUTER ELECTRODE
5}
L o
= = |
= 9
» ii INNER ELECTRODE
o =
™M —
<
~ N~
INNER ELECTRODE
SUPPORT
/ LOW LEVEL
ELECTRODE
ANTI VORTEX
BAFFLE

PQGS MOUNTING
FLANGE

ZERO 'G' CAN

FIGURE 2.2.4. D



Yuel, SHS % SH °quy SdQ ‘X09 :III pend S/

G=g°'g {INITd

231



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 viéw 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. Fach 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 propellant
lines contain test point disconnects utilized for check valve and relief wvalve
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 pre-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 contailn 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 tempersture 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 capability 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 enviromment. 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 sehsing 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 ascent 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 OV 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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Figure 2.3-2 APS Helium Tank
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Figure 2.3-5 APS Fuel Tank, RCS Propellant Tanks and Helium Tank
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2.4  REACTION CONTROL SUBSYSTEM

The RCS configuration is shown schematically in Figure 2.4-1. Within the RCS
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 instsal 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 disc,
filter and relief mechanism. The burst disc ensures a sealed helium section
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 propellants. The helium pressurant flows
between the bladder and the tank wall for positive expulsion.

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

valve is situated downstream of the tank feed port for tank isolation (main
shut-off valve). A ground test point 1s introduced here for line, valve and
thruster checkout. From this point the propellant flows into a manifold
feeding eight thrust chamber sssemblies. 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 solenold 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 g 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 into
clusters of four (qQuads). Each cluster has redundant heaters for the purpose

of maintaining the engines at a correct operating temperature 1level both in-
flight and on the lunar surface. A temperature sensor 1s located in each

cluster for the purpose of monitoring engine temperature.
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Figure 2.4-2
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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 LM and maintains cabin or sult-
pressurization by supplying oxygen in sufficlent 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 LM oxygen

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

Quad-IIT 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 1solation. The oxygen lines in the system were revised to
accommodate the addltional oxygen components for the IM-10 configuration.

Two identlical 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 monltored 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, 1lhk psig max., and burst
diaphragm, 1400 psig max.

The oxygen control module controls the supply of Op 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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2.5.1 cont'd

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 LM~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 LM 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 prior to earth launch. Installation of the tank

in Quad II is shown in Figure 2.5-7. In the LM-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 1is 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 gng 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/8 O pressure transducer - approx. 1% feet of line downstream from
the tank
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2.5.2 cont'd

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

o) 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)

o 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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Figure 2.5-3

Descent Oxygen & Water Tanks, Quad IV (IM-10)
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Tigure 2.5-7 Descent Stage Water Tank, Quad IT
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Figure 2.5-9 -Y Ascent Stage Water Tank
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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 thermal switches actuate
sending a signal to the IM cabin master alarm and caution and warning

system indicating a battery malfunction.

The open C¢ircuit 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. Loo A-H min. .75 A-H
Number cells/battary 20 20 20
Number of batteries 2 L 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 sny components in these systems that could,lead to

a pressure vessel failure.

A review of the potential mechanical system causes of tank failures indicate
that adequate deslgn margins 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 time 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, tempersture and quantity transducers,

and engine and solenoid valves.

The investigation has shown that, with the exception of the Descent Engine
pillot 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 7 June 1966. The analysis has shown that propellant leaked into the solenoid
causing g 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 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 3.1-1l. The transducers are protected

by 0.25 amp fuses and have a maximum power input of T 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 LM circult breakers have been certified by North American Rockwell,
Inc. Report No. MC 454-0010. The circuit breakers were subjected to a qual-
ification test program which included functional and environmental tests.
Additionally, all the applicable fuse assemblies were subjected to a qualifi-
cation program per LCQ 360-045, -O46 and -OLT.
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3.2 PRESSURE 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 flulds 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 &4.

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
power 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 sustainable current for this device is
60 ma. At this current level, the limiting resistor mentioned above is
dissipating 1/4 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 fallure suggest-

ing fluid breakthrough or excessive fluid heating due to electronic failure.
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3.3 PRESSURE TRANSDUCER LSC 360-62L4 - 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 normal operation and for a structural single-
point failure of the diaphragm 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 f-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 46 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 adjacent 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=60l1 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.
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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 being measured and the ranges
of the device are listed in Table 3.L4-1.

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
proportional to the sensor resistance (nominally 1400 ohm at 32°F). A cross-
sectional view, including 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 Cauging 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 1t 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 Figure 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 diagram of the PQGS system is shown in Figure 3.5-2. Figure 3.5-3
is a simplified schematic of the sensor electronics. Since the control unit
1s located in Quad IV, removed from the tank locations, 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.l 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 40O 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 efficilency 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 1is 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) 3
the transient thermal response of this volume will be 122°F after 45 minutes and
1790F after 2.0 hours of operation. The adjacent 1 cu. in.volume of propellant

directly above the electronics case will reach TTOF after 45 minutes and 93°F
after 2.0 hours. However, the PQGS is only on for ~ 45 minutes and propellant
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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-
pated 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 dissipation
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 did 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
enviromnments, assuming conduction to the surrounding fluid and aluminum tube.
The following temperatures have been computed:
o 1 cu. in. of liquid: IOTOF after 45 minutes and 1230F after 90 minutes
o 1 cu. in. vapor: (At 80 psia, the mixture will consist of 18% Ngoh/
82% He or 2.5% A-50/97.5% He)
- N0 ¢ 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 by 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
leaving 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 RIV-20 silicone rubber.

There is .0l7 pounds of this silicone rubber.

The electrical leads then terminate in an electronics package containing
numerous nonmetallics such as printed circuit boards, etc. with the primary
nonmetallic being an epoxy, Stycase 1090. There is 0.3 pounds of Stycast
1090 located in the electronics package. The volume of the 6061 aluminum
electronics package housing the RTV-20 and Stycase 1090 is 14 cubic inches.
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No information is currently available on the flammability of Rulon A, Teflon,
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 1llquid can be
ignited at approximately SSOOF. Teflon exposed in the fuel liquid and vapors
during these tests did not burn. Tests conducted in alr or oxygen have
indicated the autoignition temperature for epoxys such as Stycast 1090 and
for sllicone rubbers such as RTV-20 to be over 600°F. These temperatures
would be expected to be at least as high in Ngou, assuming Ngou 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 £t
Expected P = T9 psi for Rulon A plus Teflon
16 psi for RTV-20
175 psi for Stycast 1090
Assumed Electronics Package Vol. 1k 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 2T70-801

The low-level detector for the ascent propellant tanks consists 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 fluld interfaces for normal and single-point failure conditions. The
non-metallic materials exposed to the fluld medium for these conditions are
identified and discussed in Section L.

The propellant level detector is powered from the sensor power fuse assembly
as shown in Figure 3.6-2. The normal power requirements are 8 ma at 28v (.22
watts). Two fallure modes exist which would result in higher electrical

energy 1lnputs.

Failure of a capacitor in the electronies 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 current would rapidly
exceed the 250 ma rating of the fuse and the current flow would cease when the

fuse opens.

A weld fallure of the sensor case would allow N20h to enter the sensor tube,
and react with the potting. Since this could result in numerous circuilt fallure
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 T watts.

If a short circult 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 lTOoF 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 Propellant Level Detector cannot provide the

electrical energy required to induce tank failure.

The Propellant Level Detector has never experienced any applicable failure suggesting
fluld breakthrough or excessive fluid heating due to electronic failure.
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3.7 SOLENOID VALVE LSC 310-403

This latching solenoid valve is used in the RCS as the Main Shutoff (L),
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 Figures
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 fgilure 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 summsrized 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 potting 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.
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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 gs 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 s 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 400-450°F. If 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 fuel and oxidizer flow in the RCS engines.
There are 2 valves per engine, 32 total per vehicle. Each valve contains 2
coils; the primary coll 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
powered through the pulse/direct switches of the ACA. These circuit config-
urations are illustrated in Filgures 3.8-2 and 3.8-3.

Normal injector operating current 1s 2 amps at 28 volts. As in the case of

the solenoid valve, two fallure modes exist which could result in heat input;
partial coil short clrcult or potting corrosion resulting in heat buildup and
coill 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 any partial coil short circuit (i.e. half the turns ylelds 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 i1solate the fuel from
the solenoid pilot valves. These valves are the same for the ascent and descent
engines. A cross-sectional view of this component, including fluld 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 ildentified and

discussed in Section L.

Power is supplied to the APS pre-valves from the CDR and LMP Ascent Engine
Latching Device (AEID) cireuit breakers through series/parallel relay contacts as
shown in Figure 3.9-2. The pre-valves are opened for an engine-on command,
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 velves drawing normal current). A leak into
the coil ares could induce a similar failure by dissolving the potting and
causing coil shorts. For 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 wlll 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 contacts. This configuration is
ghown in Figure 3.9-3. The pre-valve 1s actuated by the engine arm switch

in the descent position. The same fallure 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 electronics failure.

3-33



(8da ® SdV)
SOATBA 9Xg PTOUSTOS
1-6°¢ aInd1g

1100 PIOUSTOS

sxnTIBI jutod-sT3uts

TBULIOU
gaIB pPO}IoMN

3-3k



AR e %E&in Auto

Arm QAE . Start
Start ar
Relax ﬁgT§§ Re%iy Relay
AELD | I | |
LCBLO | |
+28VDC | l | |
/I\ | | l I
o568 : I
CDR Bus | I ' | ¥ Pre ;Jo'Jlenojd
Pilot
| I VLX" Vélges
l | | I . ! ”A”
|| | | |
. . ¢
|
o s
AELD l I | | N2 Bus
| I
/L I‘L | : lI
| | Solenoid
. -
IMP Bus ' Pre 5;i$gﬁ
"Vlv n 'IL:
B B
o
-D
N2 Bus AR

Figure 3.9-2
APS Pre-Valve and Solenoid Pilot Valve
Schematic




-D28

DE DE
Override Overrride \'\h\
A 1
1l 1 * g & —O
DR
Arm
Pre-Valve
Relay '——»—T B
®- 11 | |
" ’I Pre-Valves
Pilot
l Valves O
De Arm [ 4 - 2
Start DE Bus
Enable -4 i Auto
‘ { }_ T T Start
DE
- — ——_ —=—— Manual
Start
|- - o
DE Arm
Test
Enable

Figure 3.9-3
DPS Pre-Valve & Pilot
Valve Schematic

3-36



3.10 SOLENOID PILOT VALVES (DPS & APS)

The solenoid pilot valves are provided to control the flow of fuel against
pistons which hydraulically drive the ball valves. The ball valves control
the main flow 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 for normal and single-point
failure operation. Materials exposed 1o 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 the
DECA power circuit breaker (20A) to the DPS Pilot Valves. Power can also be
supplied from the Descent Fngine Override circuit breaker (10A) by operating

the Descent Fngine 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 T June 1966
where the solenoid was partially shorted resulting from propellant leakage into the
solenoid (Failure Report # FST 18884). Corrective action provided an improved
sealing capability to the solenoid coil by EO ClOL619-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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4. MATERTALS COMPATTBILITY

l,1 INTRODUCTION

This section presents a review of material compatibility flor those materials
exposed to Ngou, A-50, O2 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 i.e. 1is it dissolved or
not, 2) 1is the material impact or shock sensitive when exposed to the fluid,
and 3) 1is it capable 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. In
addition, a general discussion of materials compatibility is included for those

items exposed to an overboard oxidizer leak.
4.2 NITROGEN TETROXIDE (Ngou)

A review of the non-metallic materials normally exposed to the propellant oxidizer
in RCS, APS, and DPS (see tables 4.2-1, 4.2-2 and 4.2-3, 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 impact seal in the RCS quad check valve. This
check valve sees only helium and N2Oh vapor, since the liquid oxidizer is contained

within a Teflon bladder.

Impact data at up to 7O ft-1bs (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

NEOA and are not attacked by extended liquid 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

NQOh liguid or vapor at operating 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
NZOM liquid. ZExtended exposure tends to soften the material and make 1t tacky.
No impact or elevated temperature data are available for this material; 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 Valve) require a structural metal case failure to expose non-metallic
components of the electrical system to NEOA. Upon exposure, these non-metallic
materials would be attacked by the Nzou at normal temperatures and cause leakage
through the device. These materials are identified in Tables 4.2-1 through 4.2-3.

No impact or elevated temperature reaction data are available.

Material compatibility testing references shown in Tables 4.2-1, -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. Ieaks 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.
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4.3 AFROZINE-50 (A-50)

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

RCS, 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. 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 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
contained within a Teflon bladder. EFPR 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 US50CF, and the liquid becomes a monopropellant

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

environments are not available.

Non-metallic 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
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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 4.3-3. 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 Pars. 4.8, The materials are compatible with the fluid for
static or impact conditions as demonstrated by the references. Ieaks through
transducer metal cases 1into 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.
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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
sumarized in Table 4.4-1. 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

1s 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
vhich 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 COX compati-
bility under mechanical impact with 10 foot-pounds at ambient temperstures and
2000 psia GOX pressure. The results of test, with 20 samples of each material
tested, indicated no reactions; this substantlated the suitability of the
materials for use in high pressure oxygen systeéms. The Kel-F-81 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 occurs only during the oxygen fill

cycle.

The oxygen qualification tests referenced in Table L4.4-1 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
avallable for all but three materials. Samples of the materials which have
not been tested 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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L,4 cont'd

e} 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); D) 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
pressure 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 LSC
360-624) are shown in the DPS Oxidizer Table 4.2-1.

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 POTASSTUM HYDROXIDE

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

In the event of a liquid spill of the primary batteries in the ascent or descent
stage, a variety of non-metallic and metallic materials and components could
possibly come in contact with the KOH. The materials most likely to come in
contact with the fluid are:
o Aluminum and titanium tanks
Anodize or alodine aluminum boxes and cold rails
FEP/H-film wire harness
Silicone potting and harness clamps
Kynar/nylon solder splices and identification sleeving
Teflon-glass anti-chafe tape
Teflon-glass lacing cord
Polyolefin sleeving
Aluminized H-film thermal blanket

0O O 0O 0 O O o o o

Glass~-nylon standoffs.

Table 4.5-1 presents KOH compatibility data for a cross section of primarily
different generic type non-metallic materials. These data indlcate that all
the materials and/or components are compatible with the KOH liquid except the
vapor-deposited aluminum on the thermal blankets. The results of the spillage
on the LM-3 blankets indicated an 8-10 inch area in which the aluminum was
dissolved dquring 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-
imately 8 mm Hg) this would increase the concentration of KOH (saturated
solution). This combination would cause the dihydrate (KOH-2H20) to crystallize
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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4.5 cont'd

It 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 4.5-1 are compatible.

No compatibility problems are believed to exlist 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 DAMAGED BY OXIDIZER TANK CONTENTS

IM materials external to the propulsion subsystems were not selected for
compatibility with the propellant oxidizer (Néou). 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-metallic materials, however, are expected to have a very limited

life capability dependent on the Neoh concentration and temperature on the
part.

Tgble L4.6-1 lists the primary exposed external LM materials including
usage » btime to failure in liquid oxidizer, temperature at which the failure
occurs, and stage (ascent-descent) location. Vapor phase Ngou 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 Tagble
L.6-1. Materials listed in the table which fail in less than 2k hours, or for
which no data exists, have been evaluated as follows:
o Materials listed below are used in applications for which some 1\1’}2011L

degradation should not prevent an abort :

- Epon 934 for wiring and instrumentation bonding

- Mystic 7402 tape tubing wrap

- Kingsley aluminum ID tape

- Marking ink

- Corfil 615 edging compound

~ Velvet 400 series paint

- DC 1410 silicone sleeve anti chafe

- Dodge fiber TFE/Glass tape

- Teflon 62 3m tape spacer

- Torque strip paint

o) Material listed below could be critical to an abort if exposed to
Ngoh.
- Silicone cable clamp wire support - degradation could cause wire

chafing and subsequent shorting of wiring.
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L.6

cont'd

H-fi1lm pressure sensitive tape - degradation could cause blanket
decay and loss of thermal properties.

Epoxy fiberglass laminate standoffs - failure 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 - fallure 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 list of materials was compiled from photographs and vehicle Inspection

rather than a rigorous drawlng review and should not be considered con-

clusive.

If Nzou 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 fallures. The greatest concern with

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

an extended period of time.
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4.7 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 the non-metsllics

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. 1.0ft
Expected Max. AP = 17psi
- Assumption - DPS Ullage Vol. 0.94ft
Expected Max. OP = 18 psi
o LSC 360-62L_-XxX-2-Absolute Pressure Transducer
- Assumption - DPS Ullage Vol. 0.9l+ft3
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. l.Of‘t3
Expected Max. QP = 6 psi
o LSC 310-403 Solenoid Valve
- Assumption - RCS Ullage Volume 125 in

3

3

3

Expected Max. oP=0.5 psi
0 LSC 270-00009 Propellant Quantity Gauging System
- Assumption - DPS Ullage Vol. 0.94 ft3
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. AOP = 36 Psi

3

All of the pressure increases are expected to be within system capability with

the exception of the Propellant Quantity Gauging System (PQGS).

The RTV-20 and

Epoxy require a structural metal case failure to expose these materials to the

L-L6



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 LOS 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 PID may be sufficient to fail the burst disc
in the APS. Normal operating pressure 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 gasses 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 oP = 59,000 psi
o LSC 360-624-XXX-2 and -1-31 Absolute Pressure Transducer
-Assumption 0.18 in3 Ref. Chamber Volume
Expected oOP = 55,000 psi
o LSC 270-00009 Propellant Quantity Gauging System
-Assumption 1k inS Ref. Chamber Volume
Expected oP = 1970 psi for RTV-20
20300 psi for Stycast 1090

o LSC 270-801 Propellant ILevel Detector

Lokt



L.,7 cont'd

-Assumption 1 in3 Ref. Chamber Volume
Expected oOP = 62,000 psi
o LSC 310-403 Solenoid Valve

3

-Assumption 0.67 in” Ref. Chamber Volume

Expected oP = 95 psi

4148
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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 criteris and control that would insure that all
materials used throughout the spacecraft were evaluated uniformly for all

physical and functional requirements.

b=h9(a)



5. BURST TEST HISTORY

5.1 SUMMARY

This sectlion presents a description of all available burst test data for
the IM pressure vessels. A dilscussion 1s also presented on the LM batterles
and pressure/temperature transducers that interface with the IM pressure

vessels.

For the most part, the only avallable burst date 1is for hydrostatic failures.
During development and qualification testing, i1t 1s normal practice to conduct
burst tests hydrostatically instead of pneumatically, even though the tank

may ultimately be used pneumatically. The prime considerstion of the burst
test 1s to demonstrate that design burst pressure has been reached or exceeded;
thls can be demonstrated elther pneumatically or hydrostatically. Since there
is always the possibility that a tank may faill 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 fallure tests.

Some pneumatic tank ruptures have been experienced during the LM program. In
all instances, the failures were catastrophic 1n nature, with extreme frag-

mentation of the pressure vessels.

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

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

In general, it 1s believed that if any of the LM pressure vessels were to fail
in flight at, or greater than, design burst pressure, the tank would explode
and fragment. Less catastrophic failures could be expected if any of the tanks
were to faill prematurely at, or near, normal operating pressure. Section 6
presents a dilscussion 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 hydrostatically tested to burst; the
test results are sumarized in Table 5.1-1.

A tank was subjected to Lli-day compatibility testing with Neoh per MIL-P-
26539A. When Pilled with this fluid, the conditions were 265 psig internal
pressure at a temperature of 9T°F to llOoF. Following this exposure for
Ll days, the tank was given one proof cycle to 360 psig with water followed
by a burst test. The burst pressure was 44O 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 cylindrical section. The temp-
erature during the test was maintained between 95°F and IOOOF. Minimum

mission requirements for this tank are 400 cycles from O to 270 psig.

Tank 55 (S/N G-O29), 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 while 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 20140T651 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 hydrostatic proof test
at 267 psig; approximately Ti% 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 presented in Table 5.1-1. 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.

5.2.3 Ambient Helium Start Tank

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

results are summarized in Table 5.1-1.
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Fig. 5.2-2 Reassembled Pieces of DPS Propellant Tank Cover
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Fig. 5.2-3 DPS Propellant Tank Failed Cylindrical Section
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fig. 5.2-4 Reconstruction of DPS Propellant Tank Failure
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Fig. 5.2-5 Test Facility Before SHe Tank Pneumatic Rupture
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SHe Tank Test Setup

Fig. 5.2-6
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Fig. 5.2-7 Test Facility After SHe Tank Pneumatic Rupture
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Fig. 5.2-8 SHe Tank Pieces After Pneumatic Rupture
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Fig. 5.2«9 SHe Tank Pieces After Pneumatic Rupture
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5.3 ASCENT PROPULSION SUBSYSTEM

5.3.1 Ascent Propellant Tanks

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

The propellant tank was subjected to a hydrostatic test which consisted of
the tank assembly being pressurized in 25-psl increments.to 250 psig. After
a 2-minute hold at 250 pslg, the pressure was held momentarily at each pres-
sure increment to obtaln 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 paig.

The updated tank which burst at 478 and 49l psig, differed from the original
design in that it is 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
compatibllity testing of the ascent oxidlzer tank, a pressure loss of 2.5 psi/
min 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 @_%
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 1\T20,+ used du;ing the testing. The
probliem 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 N2Oh' The pressure cycling tends to remove the inhibiting agent from the
propellant.

Subsequent to verification of the cause of fallure and improvement in the NEOA’
the compatibility test was repeated utilizing two tanks for 75 days at 310 psi
and a temperature of IOOOF. No leakage was noted during the test. After the

exposure perlod, 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. Sufficlent data
exist to demonstrate that titanium is compatible with Aerozone-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 U650 + 10 psig at 160F 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 h,TOO 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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JOB NO 21032
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BURST TEST
HELIUM STORAGE TANK
P/N 6529-1 S/N 0017

UAL OCT 3, 13966

Fig. 5.3-2 APS He Tank After Hydrostatic Rupture
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5.4

5.4.1

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.L4-1 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 ISC 310-405-11 and fuel tank ISC 310-405-12 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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Fig. 5.4-2 RCS He Tank After Hydrostatic Rupture
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5.5 ENVIRONMENTAL CONTROL SUBSYSTEM

5.5.1 Descent Oxygen Tank

Six descent oxygen tanks were hydrostatlically tested to burst; test
results are summarized in Table 5.1-1. TFigure 5.5-1 shows the typical
results of a hydrostatic failure.

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

3000 psig. The test procedure is to perform one pressurlization to proof
pressure and fire pressurization cycles to MDOP. The proof pressure was
maintained for 2 min and each MDOP was maintained for 1 min. This tank failed
after 40 geconds of the 5th MDOP pressurization (ref. Failure Report

FA1001). Failure 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. Subsequent
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 summarized in Table 5.1-1. Typical results of tank burst
tests 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 showm in Figure 5.5-k.
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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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Fig. 5.5-4  ECS D/S Water Tank After Hydrostatic Rupture



5.6 BATTERIES

All IM battery containers have vent valves to provide relief while genersting
gas. The opening and closing pressures of the vent valves on the primary
batteries are checked just before battery installation at KSC. The vent wvalves
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 primary 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 ylelding would occur in the battery cover
is 36.3 psig maximum. Leakage 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
pressure 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 returned to the pre-
glitch condition of 3 to 4 amperes per battery. A corresponding
decrease in buss voltages was experienced. At 97 hours, 14 minutes
and 42 seconds, the lunar module pilot reported hearing a thump and

seeing snow flakes from the descent stage.

b. At approximately 100 hours, a battery malfunction light
illuminated 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

All 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 4LOOO 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 pressure transducers are proof tested at ambient temperature.

The proof-test and design burst pressure levels are shown in Table 5.7-1.
Approximately 1000 units have been proof 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

Design Burst Pressure ¥

Sensing Element

Reference Chamber

ISC 360=-601-XXX-3 2x if ¢ 1000 psia 5% 2x or 5000 psia,
or whichever is lower.
ISC 360=-601-XXX=-2-1 1.5x if » 1000 psia
ISC 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 a ruptured pressure vessel. For this study,
it has been assumed that a ruptured pressure vessel can fail in one or two
ways: fragmentation or leakage; these failure modes are defined as follows:
o Fragmentation - A pressure vessel rupture resulting in shrapnel,
pressure forces and fluid loss
o0 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 7> 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 4 for No20), .

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
vhich the tank will leak as opposed to fragment upon failure as a result of tank
material flaws. It must be recognized, however, that fragmentation failure of one

tank may cause 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.



6.1 cont'd

Migsion Phase No. Mission Phase Event
1 Launch
2 Earth Orbit
3 Translunar Coast
b Luriar Orbit to Touchdown
5 Lunar Surface Activity
6 Lunar Ascent
T Lunar Orbit

This sectlon also presents a discussion in Para. 6.4 of the effects of loss
or degradation of the LM thermal blankets.



PREDICTED FAILURE MODE AT MAX., OPERATING PRESSURE PER

TABLE 6.1-1

MISSION PHASE

. TANK/ MISSTON PHASE
&|cRTT. FRESS{ . - ) : " .
HELTUM ]
1242 PSI. Fl Fl 1l Fl Fl Fl Fl
FUEL "A"
R { ¥F2 F2 F2 F2 F2 F2 F2
MI;L.”_M s . I SR . -
FrUEL HBH .
2h7.5 PSI.! F2 F2 F2 F2 F2 l F2 2
OXODIXER "A’ ] N . D
2L7.5 PSI.| F2 F2 F2 F2 F2 S F2
. S S| (T
. OXIDIZER "B" |
247.5 PSI. | F2 F2 F2 F2 ;. F2 b F2 | F2
SUPER CRIT. FL 1 T | m I A l TNJE T UN/A
HE. Not conslilit‘ered by fracture meghanics a y51s in;this report, how-
}—— — . .lever, congidered an|Fl by virfue of T ,,.,,equ.ival_elicy e
AMB., HELIUM : } ;
805 PSI. F1 . i F1 Fl LL N/A ¢ N/A
i e it v i romasemdrmme sl e s . \
FUEL . : :
S | 118.7 PSI. F2 F2 | w2 F2 [F1l Vented N/A N/A
OXIDIZER ‘_" IR A T !
118.7 PSI. F2 . - I Fe F2 [FL Vented N/A - N/A
: - T . | R - ey et !
i | HELIUM ; j ~ . ; '
cA ' 938 PSTI. .+ TF1 F1 ‘Fl F1 F1 F1 F1 ,
A e S VS S W o |
’P { FUEL ] l | : ?
sii2ps1. | F2 | F2 b ope iR F2 Fl F1 |
'OXIDIZER | § 7 ': ' o
i 172 PSI. . F2 ¢ F2 F2 | Fe F2 | Tl COF1L
| A/S 0(1) | ; : r R
jE i 15h2 PSI. L © L i LL L L L ;
i c 3 +— — r— < - SIS S, — <
| A/S o, (2) | i ;
s | 15ke ., L L L L v L L 'L '
¢ p/s Q | t T y t
| ;. | | | |
1621P51. R F1 Fl LTl F1 | /A N/A
—za e i o L o IR |
‘ A/s HO | ; z
390 PST. | L L L L L L LL J
i D S ! ' =
' 243 PSI. T} L e L . L N/A w/A
* emm PO — s i s A g S l i
KEY: Fl - Fragmentation, TNT Equlvalency .1 1b F2 - Fragmentation, TNT Equivalency & -1 1b
L - Leakage Only
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TABLE 6.1-2

PREDICTED FAILURE MODE AT BURST PRESSURE PER MISSION PHASE

S/Sl TANK/ MISSION PHASE

| CRIT. PRESS 1 o 3 L 5 6 7

, HELIUM

| 12k2 PSI. F1 F1 F1 F1 F1 F1 Fl

B R At
ol7.5 PSI. F2 F2 F2 F2 F2 F2 F2
FUEL "B"

‘ 2Lh7.5 PSI. F2 F2 2 F2 F2 2 F2

| OXTIDIZER"A'

! 2lh7.5 PSI. @ F2 F2 F2 2 F2 Fo F2

| | OXIDIZER'B",

| 247.5 PSI. ! F2 F2 F2 F2 F2 F2 F2

(SUPER CRIT. 71 7l 1l Fl Fl N/a N/A ,

| HE. ' Not considered by fracture mgchanics apalysis in this report, how- |

L = iever, coflsidered an "F1" by yirtue of INT equivalency. | |

; AMB, HELIUM i

D | 805 PST. | FL Fl Fl F1 L /A | N/A

['FUEL B 4]

g 118.7PSI. T2 F2 F2 F2 |Fl|Vented N/A | N/A I

B ! !
OXIDIZER !
118.7 PSI. ' F2 F2 F2 F2  |Fl{Vented N/A | N/A

|a | HELIUM '

' 938 PSI. . TF1 Fl Fl Fl Fl Fl . F1

P L | s

‘s i%LPSI tOFR F2 F2 F2 Fl Fl Fl

. il - 2 i
OXIDIZER | ’

- 172 PSI. . F2 F2 F2 | F2 F1 F1 Fl

; A/s 0 (1) i

B 15ke eI 2 F2 2 2 F2 F2 F2

Lo | /8 0 () | .
1542 Bst. F2 F2 T2 2 F2 F2 VP2
D/S O ' | ; .
1621 PST. . Tl F1 Fl F1 Fl N/A 1+ N/A J
A/s Hx0 i
390 PSI. L L L L LL L L !
DS HOTTTTTTT T - : ; T I
2h3 PEI. L L | L L I ;. N/A N/A

S ST 2

KEY: F1 - Fragmentation, TNT Equivalenc§i>.i.i5 Fém%fagm ntation,—fﬁTrEqdzﬁalency'<.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
F-1) 1.k X 10

pressure (psf)

Where P
\
¥ = ratio of specific heats (gas only)

gas volume (cu. ft)

1.4 X 10'6 Work

5w - TNT equivalency conversion factor.

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
MKITI Fragmentation Hand Grenade 0.125
One Stick (one 1b) 100% Gel. Dynamite ~1
Antitank Mine 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-
jured, 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 associated 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 propellant 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. ILoss 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 Tank 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

of the 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 ITI,
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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 crew 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

Toss 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 secondary explosions of other nearby tanks (RCS

and APS), shrapnel, or by cabin puncture when the crew is not in the closed
suit loop mode. In 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 complementary propellant and result in hypergolic mixing.

6.3.5 Descent Water Tank

Loss of the descent water tank consumable would not impair the safety of

the crew. TLoss 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 O0OPS'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
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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). In addition, the loss of nearby
RCS fuel and oxidizer lines could result in hypergolic mixing or lead to loss
of all RCS capability by depleting RCS consumables. 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. PFinally, the stag-
ing capability could be lost if the ED electrical lines from both ED systems

to an interstage fitting are severed.
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6.4  THERMAL BIANKET PROTECTION

The loss of thermal blanket lnsulation prior to IM actlivation and the resultant
possibility of high solar heat inputs is of particular concern for the subsystems
listed below:

o Propulsion Subsystem

o Reaction Control Subsystem

o} Envirommental Control Subsystem.
This section presents the results of an investigation of the thermal problems
associated with the IM tanks, 1f 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 6.4-1, 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. Table 6.4-1 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 assumed. To cbtain the thermal response of
a tank, the analysis assumed that the solar vector impinges directly on a tank

for 4 hours followed by 4 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. Figures 6.4-3 through 6.4-12 indicate the temperature 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 Ioss of Thermal Shielding

The thermal shielding is made up of many individual blankets that are inter-
connected with "drugstore" wraps. 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 1s 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
o0 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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6.4.2.2 SLA Withdrawal

It 1s geometrically impossible to damage the primary descent stage thermal
blankets during SIA withdrawal. However, it 1s 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 LM design criteria are summarized below:

Engine Configuration Time-sec  Duty Cycle %

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

M 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 Taunch 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 LM venting configuration for the ascent and descent

6-29



6.4.2.6 cont'd

stages. The N\P(limit) is the pressure differential design point for boost
venting, and the N\ P(ultimate) is the pressure differential that will cause

insulation damage.

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

Total No. of Vents 8 3 large & U4 small 22
Available Vent Area - sg. in. 160 154 78.5
N P (limit) - psia .02 .02 .0278
O P (ultimate) - psia .03 .03 .0415
Vent Area (limit) - psia 114 105 69.5
Vent Area (ultimate) - sq. in. 90 82.5 5k
No. of Vents That Must Be Lost

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

To Damage Insulation i 2 large or 3 small T

The IM-8 and IM-10 venting requirements for the descent stage are both presented
because of the IM-10 design modifications. Expressed as precentages, the following
vent areas must be inoperative before insulation damage occurs:

o IM-8 Descent Stage - 37.5% of total vent ares

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

6-30



6.4.3 cont'a

pressure vessels from NOP to MDOP (factor of safety = 1.5) and NOP to design
burst pressure (factor of safety = 1.0).

6.4.4 Potential Changes

The following 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 shlelding is in place
o Monitor IM telemetry during translunar coast; presently no LM
megsurements are avallable during unmanned mission phases
0 Measure solar absorptivity of all pressure vessels to accurately
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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Figure 6.4.1
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Figure 6.4.2
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7 SUMMARY AND CONCLUSIONS

The objectlives 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
did occur

Emphasis was placed on the failure mode that i1s 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

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

Principal conclusions of the study are as follows:

a. None of the electrical components investigated constitute ignition
sources in their normal operating modes. Only the PQGS normally exposes
electrical devices directly to the pressurized fluid. After thorough
analysis 1t 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 fallure that could expose internal nonmetallic material
and electrical components to the fluid environment.

With respect to materials compatibllity, 1t is concluded that
materials in all components, operating in their normal modes, are
compatible with their respective fluid environments. TFor the single
point failure modes, there are instances where internal structural
failures can expose non-compatible materials to the fluid environment.
The primary source of such an occurrence is in transducers. However,
records have shown that such a fallure mode has never occurred on the LM

program in any of the transducers used in the oxygen and propellant systems.
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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 non-compatible materials, but also exposed them
in areas that contained electrical components. A short circuit could then
be theorized t0 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
materials at elevated temperatures, and impact sensitivity of CNR, EPR,
and Bubtyl rubber in oxidizer or fuel, it is concluded that no substantive
data are available on either subject. Neither combustion nor impact
problems have been encountered in 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 assumes that the initial single-point failure leak path
i1s 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.

e, Based on a review of the normal operating modes of the various
high-pressure systems, it is concluded that the IM 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.
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7 cont’'d

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 hours)
to obtain a hazardous pressure and temperature increase in the gaseous He
tenks. All other tanks remaln 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
I 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 LM 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 LM exterior materials i1s 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. The entire IM has not been designed to be compatible with N2Oh 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.



T cont'd

i. The study of KOH spillage 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 pressure vessel, such as a gaseous
helium bottle. No information is available on this subject. Addition of
an H~film wrap around the tank would preclude this possibility.

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 batteriles
would relieve through the gasket cover whereas the pyro battery cases
would split. In either case there is little possibility of an explosive
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 IM against a framentary failure.



8 RECOMMENDATIONS

Based on the results of the IM systems evaluation summarized in Section 2

through 6 and the conclusions presented in Section T, the following

recommendations are submitted for consideration:

o]

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

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

Burst tests of all batteries should be conducted

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

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 o system impact applications
including consideration of single point failures.

b. Combustion and ignition tests of appropriate LM materials
in Ngoh 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.

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

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

margins and circult protection.
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