CHAPTER L

REVIEW AND ANALYSIS OF APOLLO 13 ACCIDENT




PART 1. INTRODUCTION

It became clear in the course of the Board's review that the acci-
dent during the Apollo 13 mission was initiated in the service module
cryogenic oxygen tank no. 2. Therefore, the following analysis centers
on that tank and its history. In addition, the recovery steps taken in
the period beginning with the accident and continuing to reentry are
discussed.

Two oxygen tanks essentially identical to oxygen tank no. 2 on
Apollo 13, and two hydrogen tanks of similar design, operated satisfac-
torily on several unmanned Apollo flights and on the Apollo T, 8, 9, 10,
11, and 12 manned missions. With this in mind, the Board placed particu-
lar emphasis on each difference in the history of oxygen tank no. 2 from
the history of the earlier tanks, in addition to reviewing the design,
assembly, and test history.




PART 2. OXYGEN TANK NO., 2 HISTORY

DESIGN

On February 26, 1966, the North American Aviation Corporation, now
North American Rockwell (NR), prime contractor for the Apollo command
and service modules (CSM), awarded a subcontract to the Beech Aircraft
Corporation (Beech) to design, develop, fabricate, assemble, test, and
deliver the Block II Apollo cryogenic gas storage subsystem. This was
a follow-on to an earlier subcontract under which the somewhat different
Block I subsystem was procured.

As the simplified drawing in figure L-1 indicates, each oxygen tank
has an outer shell and an inner shell, arranged to provide a vacuum
space to reduce heat leask, and a dome enclosing paths into the tank for
transmission of fluids and electrical power and signals. The space be-
tween the shells and the space in the dome are filled with insulating
materials. Mounted in the tank are two tubular assemblies. One, called
the heater tube, contains two thermostatically protected heater coils
and two small fans driven by 1800 rpm motors to stir the tank contents.
The other, called the gquantity probe, consists of an upper section which
supports a cylindrical capacitance gage used to measure electrically the
quantity of fluid in the tank. The inner cylinder of this probe serves
both as a fill and drain tube and as one plate of the capacitance gage.
In addition, a temperature sensor is mounted on the outside of the quan-
tity probe near the head. Wiring for the gage, the temperature sensor,
the fan motors, and the heaters passes through the head of the quantity
probe to a conduit in the dome. From there the wiring runs to a con-
necter which ties it electrically to the appropriate external circuits
in the CSM. The routing of wiring and lines from the tank through the
dome is shown in figure uU-2.

As shown in figure L4-2, the fill line from the exterior of the SM
enters the oxygen tank and connects to the inner cylinder of the capaci-
tance gage through a coupling of two Teflon adapters or sleeves and a
short length of Inconel tubing. The dimensions and tolerances selected
are such that if "worst case" variations in an actual system were to
occur, the coupling might not reach from the fill line to the gage cylin-
der (fig. 4-3). Thus, the variations might be such that a very loose
fit would result.

The supply line from the tank leads from the head of the quantity
probe to the dome and thence, after passing around the tank between the
inner and outer shells, exits through the dome to supply oxygen to the
fuel cells in the service module (SM) and the environmental control
system (ECS) in the command module (CM). The supply line also connects
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to a relief valve. Under normal conditions, pressure in the tank is
measured by a pressure gage in the supply line and a pressure switch
near this gage is provided to turn on the heaters in the oxygen tank if
the pressure drops below a preselected value. This periodic addition of
heat to the tank maintains the pressure at a sufficient level to satisfy
the demand for oxygen as tank quantity decreases during a flight mission.

The oxygen tank is designed for a capacity of 320 pounds of super-
critical oxygen at pressures ranging between 865 to 935 pounds per
square inch absolute (psia). The tank is initially filled with liquid
oxygen at -297° F and operates over the range from -340° F to +80° F.
The term "supercritical" means that the oxygen is maintained at a temper-
ature and pressure which assures that it is a homogeneous, single-phase
fiuid.

The burst pressure of the oxygen tank is about 2200 psi at -150° F,
over twice the normal operating pressure at that temperature. The relief
valve is designed to relieve pressure in the oxygen tank overboard at a
pressure of approximately 1000 psi. The oxygen tank dome is open to the
vacuum between the inner and outer tank shell and contains a rupture
disc designed to blow out at about T5 psi.

The approximate amounts of principal materials within the oxygen
tank are set forth in table L-I.

TARLE L4-T.~ MATERTALS WITHIN OXYGEN TANK

Approximate Available
Material quantity, 1b energy, Btu
Teflon-wire insulation 1.1 2,400
sleeving and solid
Aluminum (all forms) 0.8 20,500
Stainless steel 2.k 15,000
Inconel alloys 1.7 2,900

Two oxygen tanks are mounted on a shelf in bay L of the SM, as
shown in figure L-L. TFigures L-5 through 4-8 are photographs of portions
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Figure L4-5.- Fuel cells shelf.
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Figure L-6.- Oxygen tank shelf.
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of the Apollo 13 service module (SM 109) at the North American Rockwell
plant prior to shipment to KSC. Figure L-5 shows the fuel cell shelf,
with fuel cell 1 on the right, fuel cell 3 on the left, and fuel cell 2
behind cells 1 and 3. The top of oxygen tank no. 2 can be seen at the
lower left. Figure L-6 shows the oxygen tank shelf, with oxygen tank
no. 2 at left center. Figure 4-7 shows the hydrogen tank shelf with
hydrogen tank no. 1 on top and hydrogen tank no. 2 below. The bottom
of the oxygen shelf shows some of the oxygen system instrumentation and
wiring, largely covered by insulation. Figure 4-8 is a photograph of
the bay U4 panel, which was missing from the service module after the
accident.

A more detailed description of the oxygen tank design is contained
in Appendix D to this report.

MANUFACTURE

The manufacture of oxygen tank no. 2 began in 1966. Under subcon-
tracts with Beech, the inner shell of the tank was manufactured by the
Airite Products Division of Electrada Corporation; the quantity probe
was made by Simmonds Precision Products, Inc.; and the fans and fan
motors were produced by Globe Industries, Inc.

The Beech serial number assigned to the oxygen tank no. 2 flown
in the Apollo 13 was 1002LXTA0008. It was the eighth Block II oxygen
tank built. Twenty-eight Block I oxygen tanks had previously been built
by Beech.

The design of the oxygen tank is such that once the upper and lower
halves of the inner and outer shells are assembled and welded, the
heater assembly must be inserted in the tank, moved to one side, and
bolted in place. Then the guantity probe is inserted into the tank and
the heater assembly wires (to the heaters, the thermostats, and the fan
motors) must be pulled through the head of the gquantity probe and the
32-inch coiled conduit in the dome. Thus, the design requires during
assenbly a substantial amount of wire movement inside the tank, where
movement cannot be readily observed, and where possible damage to wire
insulation by scraping or flexing cannot be easily detected before the
tank is cepped off and welded closed.

Several minor manufacturing flaws were discovered in oxygen tank
no. 2 in the course of testing. A porosity in a weld on the lower half
of the outer shell necessitated grinding and rewelding. Rewelding was
also required when it was determined that incorrect welding wire had
been inadvertently used for a small weld on a vacuum pump mounted on
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the outside of the tank dome. The upper fan motor originally installed
was noisy and drew excessive current. The tank was disassembled and the
heater assembly, fans, and heaters were replaced with a new assembly
and new fans. The tank was then assembled and sealed for the second
time, and the space between the inner and outer shells was pumped down
over a 28-day period to create the necessary vacuum.

TANK TESTS AT BEECH

Acceptance testing of oxygen tank no. 2 at Beech included extensive
dielectric, insulation, and functional tests of heaters, fans, and vac-
ion pumps. The tank was then leak tested at 500 psi and proof tested
at 1335 psi with helium.

After the helium proof test, the tank was filled with liguid oxygen
and pressurized to a proof pressure of 1335 psi by use of the tank
heaters powered by 65 V ac. Extensive heat-leak tests were run at
900 psi for 25 to 30 hours over a range of ambient conditions and out-
flow rates. At the conclusion of the heat-leak tests, about 100 pounds
of oxygen remained in the tank. About three-fourths of this was released
by venting the tank at a controlled rate through the supply line to
about 20 psi. The tank was then emptied by applying warm gas at about
30 psi to the vent line to force the liquid oxygen (LOX) in the tank out
the fill line (see fig. 4-2). No difficulties were recorded in this
detanking operation.

The acceptance test indicated that the rate of heat leak into the
tank was higher than permitted by the specifications. After some re~
working, the rate improved, but was still somewhat higher than specified.
The tank was accepted with a formal waiver of this condition. Several
other minor discrepancies were also accepted. These included oversized
holes in the support for the electrical plug in the tank dome, and an
oversized rivet hole in the heater assermbly Jjust above the lower fan.
None of these items were serious, and the tank was accepted, filled with
helium at 5 psi, and shipped to NR on May 3, 196T.

ASSEMBLY AND TEST AT NORTH AMERICAN ROCKWELL

The assembly of oxygen shelf serial number 0632AAG3277, with Beech
oxygen tank serial number 10024XTAOO09 as oxygen tank no. 1 and serial
nurber 10024XTAO008 as oxygen tank no. 2, was completed on March 11, 1968.
The shelf was to be installed in SM 106 for flight in the Apollo 10
mission.
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Beginning on April 27, the assembled oxygen shelf underwent stand-
ard proof-pressure, leak, and functional checks. One valve on the shelf
legked and was repaired, but no anomalies were noted with regard to
oxygen tank no. 2, and therefore no rework of oxygen tank no. 2 was
required. None of the oxygen tank testing at NR requires use of LOX
in the tanks.

On June b4, 1968, the shelf was installed in SM 106.

Between August 3 and August 8, 1968, testing of the shelf in the
SM was conducted. No anomalies were noted.

Due to electromagnetic interference problems with the wvac-ion
pumps on cryogenic tank domes in earlier Apollo spacecraft, a modifica-
tion was introduced and a decision was made to replace the complete
oxygen shelf in SM 106. An oxygen shelf with approved modifications was
prepared for installation in SM 106. On October 21, 1968, the oxygen
shelf was removed from SM 106 for the required modification and instal-
lation in a later spacecraft.

The oxygen shelf was removed in the manner shown in figure L-9.
After various lines and wires were disconnected and bolts which hold
the shelf in the SM were removed, a fixture suspended from a crane was
placed under the shelf and used to 1lift the shelf and extract it from
bay 4. One shelf bolt was mistakenly left in place during the initial
attempt to remove the shelf; and as a consequence, after the front of
the shelf was raised about 2 inches, the fixture broke, allowing the
shelf to drop back into place. Photographs of the underside of the
fuel cell shelf in SM 106 indicate that the closeout cap on the dome
of oxygen tank no. 2 may have struck the underside of that shelf during
this incident. At the time, however, it was believed that the oxygen
shelf had simply dropped back into place and an analysis was performed
to calculate the forces resulting from a drop of 2 inches. It now
seems likely that the shelf was first accelerated upward and then
dropped.

The remaining bolt was then removed, the incident recorded, and
the oxygen shelf was removed without further difficulty. Following
removal, the oxygen shelf was retested to check shelf integrity, in-
cluding proof-pressure tests, leak tests, and functional tests of
pressure transducers and switches, thermal switches, and vac-ion pumps.
No cryogenic testing was conducted. Visual inspection revealed no
problem. These tests would have disclosed external leakage or serious
internal malfunctions of most types, but would not disclose fill line
leakage within oxygen tank no. 2. Further calculations and tests con-
ducted during this investigation, however, have indicated that the
forces experienced by the shelf were probably close to those originally
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calculated assuming a 2-inch drop only. The probability of tank damage
from this incident, therefore, is now considered to be rather low,
although it is possible that a loosely fitting fill tube could have
been displaced by the event.

The shelf passed these tests and was installed in SM 109 on
November 22, 1968. The shelf tests accomplished earlier in SM 106
were repeated in SM 109 in late December and early January, with no
significant problems, and SM 109 was shipped to Kennedy Space Center
(KSC) in June of 1969 for further testing, assembly on the launch
vehicle, and launch.

TESTING AT KSC

At the Kennedy Space Center the CM and the SM were mated, checked,
assembled on the Saturn V launch vehicle, and the total vehicle was
moved to the launch pad.

The countdown demonstration test (CDDT) began on March 16, 1970.
Up to this point, nothing unusual about oxygen tank no. 2 had been
noted during the extensive testing at KSC. The oxygen tanks were
evacuated to 5mm Hg followed by an oxygen pressure of about 80 psi.
After the cooling of the fuel cells, cryogenic oxygen loading and tank
pressurization to 331 psi were completed without abnormalities. At the
time during CDDT when the oxygen tanks are normally partially emptied
to about 50 percent of capacity, oxygen tank no. 1 behaved normally,
but oxygen tank no. 2 only went down to 92 percent of its capacity.
The normal procedure during CDDT to reduce the quantity in the tank is
to apply gaseous oxygen at 80 psi through the vent line and to open
the fill line. When this procedure failed, it was decided to proceed
with the CDDT until completion and then look at the oxygen detanking
problem in detail. An Interim Discrepancy Report was written and
transferred to a Ground Support Equipment (GSE) Discrepancy Report,
since a GSE filter was suspected.

On Friday, March 27, 1970, detanking operations were resumed, after
discussions of the problem had been held with KSC, MSC, NR, and Beech
personnel participating, either personally or by telephone. As a first
step, oxygen tank no. 2, which had self-pressurized to 178 psi and was
sbout 83 percent full, was vented through its fill line. The quantity
decreased to 65 percent. Further discussions between KSC, MSC, NR,
and Beech personnel considered that the problem might be due to a leak
in the path between the fill line and the quantity probe due to loose
fit in the sleeves and tube. Referring to figure 4-2, it will be noted
that such a leak would allow the gaseous oxygen (GOX) being supplied
to the vent line to leak directly to the fill line without forcing any
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significant amount of LOX out of the tank. At this point, a discrep-
ancy report against the spacecraft system was written.

A "normal"” detanking procedure was then conducted on both oxygen
tanks, pressurizing through the vent line and opening the fill lines.
Tank no. 1 emptied in a few minutes. Tank no. 2 did not. Additional
attempts were made with higher pressures without effect, and a decision
was made to try to "boil off" the remaining oxygen in tank no. 2 by
use of the tank heaters. The heaters were energized with the 65 V dec.
GSE power supply, and, about 1-1/2 hours later, the fans were turned
on to add more heat and mixing. After 6 hours of heater operation,
the quantity had only decreased to 35 percent, and it was decided to
attempt a pressure cycling technique. With the heaters and fans still
energized, the tank was pressurized to about 300 psi, held for a few
minutes, and then vented through the fill line. The first cycle
produced a T-percent quantity decrease, and the process was continued,
with the tank emptied after five pressure/vent cycles. The fans and
heaters were turned off after about 8 hours of heater operation.

Suspecting the lcosely fitting fill line connection to the quantity
probe inner cylinder, KSC personnel consulted with cognizant personnel
at MSC and at NR and decided to test whether the oxygen tank no. 2
could be filled without problems. It was decided that if the tank could
be filled, the leak in the fi11 line would not be a problem in flight,
since it was felt that even a loose tube resulting in an electrical
short between the capacitance plates of the quantity gage would result
in an energy level too low to cause any other damage.

Replacement of the oxygen shelf in the CM would have been difficult
and would have taken at least 45 hours. In addition, shelf replacement
would have had the potential of damaging or degrading other elements of
the SM in the course of replacement activity. Therefore, the decision
was made to test the ability to fill oxygen tank no. 2 on March 30,
1970, twelve days prior to the scheduled Saturday, April 11, launch,
so as to be in a position to decide on shelf replacement well before
the launch date.

Accordingly, flow tests with GOX were run on oxygen tank no. 2
and on oxygen tank no. 1 for comparison. No problems were encountered,
and the flow rates in the two tanks were similar. In addition, Beech
was asked to test the electrical energy level reached in the event of
a short circuit between plates of the quantity probe capacitance gage.
This test showed that very low energy levels would result. On the
" filling test, oxygen tanks no. 1 and no. 2 were filled with LOX to
about 20 percent of capacity on March 30 with no difficulty. Tank no. 1
emptied in the normal manner, but emptying oxygen tank no. 2 again
required pressure cycling with the heaters turned on.
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As the launch date approached, the oxygen tank no. 2 detanking
problem was considered by the Apollo organization. At this point,
the "shelf drop" incident on Octcober 21, 1968, at NR was not considered
and it was felt that the apparently normal detanking which had occurred
in 1967 at Beech was not pertinent because it was believed that a
different procedure was used by Beech. In fact, however, the last
portion of the procedure was quite similar, although a slightly lower
GOX pressure was utilized.

Throughout these considerations, which involved technical and
management personnel of KSC, MSC, NR, Beech, and NASA Headquarters,
emphasis was directed toward the possibility and consequences of a loose
fill tube; very little attention was pald to the extended operation of
heaters and fans except to note that they apparently operated gquring
and after the detanking sequences.

Many of the principals in the discussions were not aware of the
extended heater operations. Those that did know the detalls of the
procedure did not consider the possibility of damage due to excessive
heat within the tank, and therefore did not advise management officials
of any possible consequences of the unusually long heater operstions.

As noted earlier in this chapter, and shown in figure 4-2, each
heater is protected with a thermostatic switch, mounted on the heater
tube, which is intended to open the heater circuit when it senses a
temperature of 80° F. In tests conducted at MSC since the accident,
however, it was found that the switches failed to open when the
heaters were powered from a 65 V dc supply similar to the power used
at KSC during the detanking sequence. Subsequent investigations have
shown that the thermostatic switches used, while rated as satisfactory
for the 28 V dc spacecraft power supply, could not open properly at
65 V de. Qualification and test procedures for the heater assenblies
and switches do not at any time test the capability of the switches
to open while under full current conditions. A review of the voltage
recordings made during the detanking at KSC indicates that, in fact,
the switches did not open when the temperature indication from within
the tank rose past 80° F. Further tests have shown that the tempera-
tures on the heater tube may have reached as much as 1000° F during
the detanking. This temperature will cause serious damage to adjacent
Teflon insulation, and such damage almost certainly occurred.

None of the above, however, was known at the time and, after
extensive consideration was given to all possibilities of damage from
a loose fill tube, it was decided to leave the oxygen shelf and oxygen
tank no. 2 in the SM and to proceed with preparations for the launch
of Apollo 13.
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The manufacture and test history of oxygen tank no. 2 is discussed
in more detail in Appendix C to this report.
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PART 3. THE APOLLO 13 FLIGHT

The Apollo 13 mission was designed to perform the third manned
lunar landing. The selected site was in the hilly uplands of the Fra
Mauro formation. A package of five scientific experiments was planned
for emplacement on the lunar surface near the lunar module (LM) landing
point: (1) a lunar passive seismometer to measure and relay meteoroid
impact and moonguakes and to serve as the second point in a seismic net
begun with the Apollo 12 seismometer; (2) a heat flow device for measur-
ing the heat flux from the lunar interior to the surface and surface
material conductivity to a depth of 3 meters; (3) a charged-particle
lunar environment experiment for measuring solar wind proton and electron
effects on the lunar environment; (4) a cold cathode gage for measuring
density and temperature variations in the lunar atmosphere; and (5) a
dust detector experiment.

Additionally, the Apollo 13 landing crew was to gather the third
set of selenological samples of the lunar surface for return to earth
for extensive scientific analysis. Candidate future landing sites were
scheduled to be photographed from lunar orbit with a high-resolution
topographic camera carried aboard the command module,

During the week prior to launch, backup Lunar Module Pilot Charles
M. Duke, Jr., contracted rubella. Blood tests were performed to deter-
mine prime crew immunity, since Duke had been in close contact with the
prime crew. These tests determined that prime Commander James A, Lovell
and prime Lunar Module Pilot Fred Haise were immune to rubella, but that
prime Command Module Pilot Thomas K. Mattingly IIT did not have immunity.
Consequently, following 2 days of intensive simulator training at the
Kennedy Space Center, backup Command Module Pilot John L., Swigert, Jr.,
was substituted in the prime crew to replace Mattingly. Swigert had
trained for several months with the backup crew, and this additional
work in the simulators was aimed toward integrating him into the prime
crew so that the new combination of crewmen could function as a team
during the mission,

Launch was on time at 2:1% p.m., e.s.t., on April 11, 1970, from the
KSC Launch Complex 39A. The spacecraft was inserted into a 100-nautical-
mile circular earth orbit. The only significant launch phase anomaly was
premature shutdown of the center engine of the S-II second stage. As a
result, the remaining four S-IT engines burned 34 seconds longer than
planned and the S-IVB third stage burned a few seconds longer than plan-
ned. At orbital insertion, the velocity was within 1.2 feet per second
of the planned velocity. Moreover, an adequate propellant margin was
maintained in the S-IVB for the translunar injection burn.
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Orbital insertion was at 00:12:39 ground elapsed time (g.e.t.).
The initial one and one-half earth orbits before translunar injection
(TLI) were spent in spacecraft systems checkout and included television
transmissions as Apollo 13 passed over the Merritt Island Launch Area,
Florida, tracking station.

The S-IVB restarted at 02:35:46 g.e.t. for the translunar injection
burn, with shutdown coming some 5 minutes 51 seconds later. Accuracy of
the Saturn V instrument unit guidance for the TLI burn was such that a
planned midcourse correction maneuver at 11:41:23 g.e.t. was not neces-
sary. After TLI, Apollo 13 was calculated to be on a free-return trajec-
tory with a predicted closest approach to the lunar surface of 210
nautical miles.

The CSM was separated from the S-IVB about 3 hours after launch,
and after a brief pericd of stationkeeping, the crew maneuvered the CSM
to dock with the IM vehicle in the IM adapter atop the S-IVB stage. The
S-IVB stage was separated from the docked CSM and IM shortly after 4
hours into the mission.

In manned lunar missions prior to Apollo 13, the spent S-IVB third
stages were accelerated into solar orbit by a "slingshot" maneuver in
which residual liquid oxygen was dumped through the J-2 engine to pro-
vide propulsive energy. On Apollo 13, the plan was to impact the S-IVB
stage on the lunar surface in proximity to the seismometer emplaced in
the Ocean of Storms by the crew of Apollo 12.

Two hours after TLI, the S-IVB attitude thrusters were ground com-
manded on to adjust the stage's trajectory toward the designated impact
at latitude 3° S. by longitude 30° W. Actual impact was at latitude
2.4° 5. by longitude 27.9° W.—-7k4 nautical miles from the Apollo 12
seismometer and well within the desired range. Impact was at T77:56:40
g.e.t. BSeismic signals relayed by the Apollo 12 seismometer as the
30,700-pound stage hit the Moon lasted almost 4 hours and provided lunar
scientists with additional data on the structure of the Moon.

As in previous lunar missions, the Apollo 13 spacecraft was set up
in the passive thermal control (PTC) mode which calls for a continuous
roll rate of three longitudinal axis revolutions each hour. During crew
rest periods and at other times in translunar and transearth coast when
a stable attitude is not required, the spacecraft 1s placed in PTC to
stabilize the thermal response by spacecraft structures and systems.

At 30:40:49 g.e.t., a midcourse correction maneuver was made using
the service module propulsion system. The crew preparations for the
burn and the burn itself were monitored by the Mission Control Center
(MMC) at MSC by telemetered data and by television from the spacecraft.
This midcourse correction maneuver was a 23.2 feet per second hybrid
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transfer burn which took Apollo 13 off a free-return trajectory and
placed it on a non-free-return trajectory. A similar trajectory had been
flown on Apollo 12. The objective of leaving a free-return trajectory

is to control the arrival time at the Moon to insure the proper lighting
conditions at the landing site. Apollo 8, 10, and 11 flew a pure free-
return trajectory until lunar orbit insertion. The Apollo 13 hybrid
transfer maneuver lowered the predicted closest approach, or pericyn-
thion, altitude at the Moon from 210 to 64 nautical miles.

From launch through the first 46 hours of the mission, the perform-
ance of oxygen tank no. 2 was normal, so far as telemetered data and
crew observations indicate. At L6:L0:02, the crew turned on the fans in
oxygen tank no. 2 as a routine operation. Within 3 seconds, the oxygen
tank no. 2 quantity indication changed from a normal reading of about
82 percent full to an obviously incorrect reading "off-scale high," of
over 100 percent. Analysis of the electrical wiring of the quantity gage
shows that this erroneous reading could be caused by either a short cir-
cuit or an open circult in the gage wiring or a short circuit between
the gage plates. Subsequent events indicated that a short was the more
likely failure mode.

At 47:54:50 and at 51:07:Lk4, the oxygen tank no. 2 fans were turned
on again, with no apparent adverse effects. The quantity gage continued
to read off-scale high.

Following a rest period, the Apollo 13 crew began preparations for
activating and powering up the IM for checkout. At 53:27 g.e.t., the
Commander (CMR) and Lunar Module Pilot (ILMP) were cleared to enter the
IM to commence inflight inspection of the IM. Ground tests before launch
had indicated the possibility of a high heat-leak rate in the IM descent
stage supercritical helium tank. Crew verification of actual pressures
found the helium pressure to be within normal limits. Supercritical
helium is stored in the LM for pressurizing propellant tanks.

The IM was powered down and preparations were underway to close the
IM hatch and run through the presleep checklist when the accident in
oxygen tank no. 2 occurred.

At 55:52:30 g.e.t., a master alarm on the CM caution and warning
system alerted the crew to a low pressure indication in the cryogenic
hydrogen tank no. 1. This tank had reached the low end of its normal
operating pressure range several times previously during the flight.
At 55:52:58, flight controllers in the MCC requested the crevw to turn
on the cryogenic system fans and heaters.

The Command Module Pilot (CMP) acknowledged the fan cycle request
at 55:53:06 g.e.t., and data indicate that current was applied to the
oxygen tank no. 2 fan motors at 55:53:20.
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About 1-1/2 minutes later, at 55:54:53.555, telemetry from the
spacecraft was lost almost totally for 1.8 seconds. During the period
of data loss, the caution and warning system alerted the crew to a low
voltage condition on dec main bus B. At gbout the same time, the crew
heard a loud "bang" and realized that a problem existed in the
spacecraft.

The events between fan turnon at 55:53:20 and the time when the
problem was evident to the crew and Mission Control are covered in some
detail in Part 4 of this chapter, "Summary Analysis of the Accident."
It is now clear that oxygen tank no. 2 or its associated tubing lost
pressure integrity because of combustion within the tank, and that ef-
fects of oxygen escaping from the tank caused the removal of the panel
covering bay U4 and a relatively slow leask in oxygen tank no. 1 or its
lines or valves. Photos of the SM taken by the crew later in the mis-
sion show the panel missing, the fuel cells on the shelf gbove the
oxygen shelf tilted, and the high-gain antenna damaged.

The resultant loss of oxygen made the fuel cells inoperative, leav-
ing the CM with batteries normally used only during reentry as the sole
power source and with only that oxygen contained in a surge tank and
repressurization packages (used to repressurize the CM after cabin vent-
ing). The IM, therefore, became the only source of sufficient electri-
cal power and oxygen to permit safe return of the crew to Earth.

The various telemetered parameters of primary interest are shown
in figure 4-10 and listed in table L-11.
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TABLE L-II.- DETATLED CHRONOLOGY FROM
2.5 MINUTES BEFORE THE ACCIDENT TO 5 MINUTES AFTER THE ACCIDENT

Time, g.e.t. Event

Events During 52 Seconds Prior to First Observed Abnormality

55:52:31 Master caution and warning triggered by low hydrogen
pressure in tank no. 1. Alarm is turned off after
4 seconds.

55:52:58 Ground requests tank stir.

55:53:06 Crew acknowledges tank stir.

55:53:18 Oxygen tank no. 1 fans on.

55:53:19 Oxygen tank no. 1 pressure decreases 8 psi.
55:53:20 Oxygen tank no. 2 fans turned on.

55:53:20 Stabilization control system electrical disturbance

indicates a power transient.

55:53:21 Oxygen tank no. 2 pressure decreases L psi.

Abnormal Events During 90 Seconds Preceding the Accident

55:53:22, 718 Stabilization control system electrical disturbance
indicates a power transient.

55:53:22.757 1.2-volt decrease in ac bus 2 voltage.

55:53:22.772 1l.1-amp rise in fuel cell 3 current for one
sample.

55:53:36 Oxygen tank no. 2 pressure begins rise lasting
for 24 seconds.

55:53:38.057 11-volt decrease in ac bus 2 voltage for one
sample.

55:53:38.085 Stabilization control system electrical disturbance

indicates a power transient.
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TABLE L4-II.- DETAILED CHRONOLOGY FROM
2.5 MINUTES BEFORE THE ACCIDENT TO 5 MINUTES AFTER THE ACCIDENT - Continued

Time, g.e.t. Fvent
55:53:41.172 22.9-amp rise in fuel cell 3 current for one sample.
55:53:41.192 Stabilization control system electrical disturbance

indicates a power transient.

55:54:00 Oxygen tank no. 2 pressure rise ends at a pressure
of 953.8 psia.

55:54:15 Oxygen tank no. 2 pressure begins to rise.

55:54:30 Oxygen tank no. 2 quantity drops from full scale
for 2 seconds and then reads 75.3 percent.

55:5k:31 Oxygen tank no. 2 temperature begins to rise
rapidly.

55:54: 43 Flow rate of oxygen to all three fuel cells begins

to decrease.

55:5h: 45 Oxygen. tank no. 2 pressure reaches maximum value
of 1008.3 psia.

55:5L:48 Oxygen tank no. 2 temperature rises L40° F for one
sample (invalid reading).

55:54:51 Oxygen tank no. 2 gquantity jumps to off-scale high
and then begins to drop until the time of telemetry
loss, indicating failed sensor.

55:54:52 Oxygen tank no. 2 temperature reads -151.3° F.

55:54:52,.703 Oxygen tank no. 2 temperature suddenly goes off-
scale low, indicating failed sensor.

55:54:52.763 Last telemetered pressure from oxygen tank no. 2
before telemetry loss is 995.7 psia.

55:54:53,182 Sudden accelerometer activity on X, Y, and Z axes.

55:5L:53,220 Stabilization control system body rate changes
begin.
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TABLE 4-ITI.- DETAILED CHRONOLOGY FROM
2.5 MINUTES BEFORE THE ACCIDENT TO 5 MINUTES AFTER THE ACCIDENT - Continued

Time, g.e.t. Event

55:54:53,323 Oxygen tank no. 1 pressure drops 4.2 psi.
55:54:53.5 2.8-amp rise in total fuel cell current.
55:54:53,542 X, Y, and Z accelerations in CM indicate 1.17g,

0.65g and 0.65g, respectively.

1.8-Second Data Loss
55:54:53,.555 Loss of telemetry begins.

55:54:53,555+ Master caution and warning triggered by dc main
bus B undervoltage. Alarm is turned off in 6
seconds. All indications are that the cryogenic
oxygen tank no. 2 lost pressure in this time period
and the panel separated.

55:5k:5L, 7h Nitrogen pressure in fuel cell 1 is off-scale low
indicating failed sensor.

55:54:55.35 Recovery of telemetry data.
Events During 5 Minutes Following the Accident

55:54:56 Service propulsion system engine valve body tempera-
ture begins a rise of 1.65° F in 7 seconds.

55:5k4:56 Dec main bus A decreases 0.9 volt to 28.5 volts and
dc main bus B decreases 0.9 volt to 29.0 volts.

55:54:56 Total fuel cell current is 15 amps higher than the
final value before telemetry loss. High current
continues for 19 seconds.

55:54:56 Oxygen tank no. 2 temperature reads off-scale high
after telemetry recovery, probably indicating failed
sensors.

55:54:56 Oxygen tank no. 2 pressure reads off-scale low fol-

lowing telemetry recovery, indicating a broken supply
line, a tank pressure below 19 psi, or a failed sensor.
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TABLE 4-II.- DETAILED CHRONOLOGY FROM
2.5 MINUTES BEFORE THE ACCIDENT TO 5 MINUTES AFTER THE ACCIDENT - Continued

Time, g.e.t. Event

55:54:56 Oxygen tank no. 1 pressure reads 781.9 psia and
begins to drop steadily.

55:54:57 Oxygen tank no. 2 quantity reads off-scale high
following telemetry recovery indicating failed sensor.

55:54:59 The reaction control system helium tank C temperature
begins a 1.66° F increase in 36 seconds.

55:55:01 Oxygen flow rates to fuel cells 1 and 3 approached
zero after decreasing for T seconds.

55:55:02 The surface temperature of the service module oxi-
dizer tank in bay 3 begins a 3.8° F increase in a
15-second period.

55:55:02 The service propulsion system helium tank temperature
begins a 3.8° F increase in a 32-second period.

55:55:09 Dc main bus A voltage recovers to 29.0 volts; dc
main bus B recovers to 28.8 volts.

55:55:20 Crew reports, "I believe we've had a problem here."

55:55:35 Crew reports, "We've had a main B bus undervolt."

55:55:49 Oxygen tank no. 2 temperature begins steady drop

lasting 59 seconds, probably indicating failed sensor.

55:56:10 Crew reports, ''Okay right now, Houston. The voltage
is looking good, and we had a pretty large bang
associated with the caution and warning there. And
as I recall, main B was the one that had had an amp
spike on it once before."

55:56:38 Oxygen tank no. 2 quantity becomes erratic for 69

seconds before assuming an off-scale-low state,
indicating failed sensor.
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TABLE L4-II.- DETAILED CHRONOLOGY FROM
2.5 MINUTES BEFORE THE ACCIDENT TO 5 MINUTES AFTER THE ACCIDENT - Concluded

Time, g.e.t. Event

55:57:0L Crew reports, "That jolt must have rocked the
sensor on--see now--oxygen quantity 2. It was
oscillating down around 20 to 60 percent. Now
it's full-scale high again."

55:57:39 Master caution and warning triggered by dc main
bus B undervoltage. Alarm is turned off in
6 seconds.

55:57:40 Dec main bus B drops below 26.25 volts and continues
to fall rapidly.

55:57: 4h Ac bus 2 fails within 2 seconds

55:57:h45 Fusl cell 3 fails.

55:57:59 Fuel cell 1 current begins to decrease.

55:58:02 Master caution and warning caused by ac bus 2

being reset. Alarm is turned off after 2 seconds.

55:58:06 Master caution and warning triggered by dc main
bus A undervoltage. Alarm is turned off in 13
seconds.

55:58:07 Dc main bus A drops below 26.25 volts and in the
next few seconds levels off at 25.5 volts.

55:58:07 Crew reports, "ac 2 is showing zip."

55:58:25 Crew reports, "Yes, we got a main bus A undervolt

now, too, showing. It's reading asbout 25-1/2.
Main B is reading zip right now."

56:00:06 Master caution and warning triggered by high hydrogen
flow rate to fuel cell 2. Alarm is turned off in
2 seconds.
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PART 4. SUMMARY ANALYSIS OF THE ACCIDENT

Combustion in oxygen tank no. 2 led to failure of that tank, damage
to oxygen tank no. 1 or its lines or valves adjacent to tank no. 2,
removal of the bay 4 panel and, through the resultant loss of all three
fuel cells, to the decision to abort the Apollo 13 mission. In the
attempt to determine the cause of ignition in oxygen tank no. 2, the
course of propagation of the combustion, the mode of tank failure, and
the way in which subsequent damage occurred, the Board has carefully
sifted through all available evidence and examined the results of spe-
cial tests and analyses conducted by the Apcllo organization and by or
for the Board after the accident. (For more information on details of
mission events, design, manufacture and test of the system, and special
tests and analyses conducted in this investigation, refer to Appendices
B, C, D, E, and F of this report.)

Although tests and analyses are continuing, sufficient information
is now available to provide a reasonably clear picture of the nature of
the accident and the events which led up to it. It 1s now apparent that
the extended heater operation at KSC damaged the insulation on wiring
in the tank and thus made the wiring susceptible to the electrical short
circuit which probably initiated combustion within the tank. While the
exact point of initiation of combustion may never be known with cer-
tainty, the nature of the occurrence is sufficiently understood to per-
mit taking corrective steps to prevent its recurrence.

The Board has identified the most probable failure mode.
The following discussion treats the accident in its key phases:

initiation, propagation of combustion, loss of oxygen tank no. 2 system
integrity, and loss of oxygen tank no. 1 system integrity.

INITTATION

Key Data
55:53:20% Oxygen tank no. 2 fans turned on.
55:53:22.757 1.2-volt decrease in ac bus 2 voltage.

*¥In evaluating telemetry data, consideration must be given to the
fact that the Apollo pulse code modulation (PCM) system samples data in
time and quantitizes in amplitude. For further information, reference
may be made to Part B7 of Appendix B.
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55:53:22.772 11,1-ampere "spike" recorded in fuel cell 3 current
followed by drop in current and rise in voltage typ-
ical of removal of power from one fan motor--indicat-
ing opening of motor circuit.

55:53:36 Oxygen tank no. 2 pressure begins to rise.

The evidence points strongly to an electrical short circuit with
arcing as the initiating event. About 2.7 seconds after the fans were
turned on in the SM oxygen tanks, an 11.l-ampere current spike and
simultaneously a voltage-drop spike were recorded in the spacecraft
electrical system. Immediately thereafter, current drawn from the fuel
cells decreased by an amount consistent with the loss of power to one
fan. No other changes in spacecraft power were being made at the time.
No power was on the heaters in the tanks at the time and the quantity
gage and temperature sensor are very low power devices. The next anom-
alous event recorded was the beginning of a pressure rise in oxygen
tank no. 2, 13 seconds later. Such a time lag is possible with low-
level combustion at the time. These facts point to the likelihood that
an electrical short circuit with arcing occurred in the fan motor or its
leads to initiate the accident sequence. The energy available from the
short circuit was probably 10 to 20 joules. Tests conducted during
this investigation have shown that this energy is more than ade-
gquate to ignite Teflon of the type contained within the tank. (The
quantity gage in oxygen tank no. 2 had failed at 46:40 g.e.t. There
is no evidence tying the quantity gage failure directly to accident
initiation, particularly in view of the very low energy available
from the gage.)

This likelihood of electrical initiation is enhanced by the high
probability that the electrical wires within the tank were damaged dur-
ing the abnormal detanking operation at KSC prior to launch.

Furthermore, there is no evidence pointing to any other mechanism
of initiation.

PROPAGATION OF COMBUSTION

Key Data

55:53:36 Oxygen tank no. 2 pressure begins rise (same event
noted previously).

55:53:38.057 11-volt decrease recorded in ac bus 2 voltage.
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