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PART Fl

INTRODUCTION

An integral part of the Apollo 13 Review Board's effort included
an extensive test and analysis program to evaluate in detail postulated
modeg of failure. The majority of these tests and analyses were con-
ducted at the Manned Spacecraft Center (MSC) and five other NASA cen-
ters--Langley Research Center (IRC), Ames Research Center (ARC), Lewis
Research Center (LeRC), Marshall Space Flight Center (MSFC), and Kennedy
Space Center (KSC). Some tests at White Sands Test Facility (WSTF),
North American Rockwell, Beech Aircraft, Parker Aircraft, and Boeing
were also conducted. The results of this intensive test and analysis
program formed, to a large extent, the basis for the development of many
of the Board's findings, determinations, and recommendations.

During the review, the requests for tests and analyses were chan-
neled through the MSC Apocllo Program Office, which maintained a master
file. The selection of individual tests and analyses was made after a
preliminary study by Review Board specialists. In each case the request
was approved by the Board Chairman or a specially designated Board moni-
tor. In many instances the preparation and execution of tests were
observed by Apollo 13 Review Board representatives.

Nearly a hundred separate tests and analyses have been conducted.
The level of effort expended on this test and analysis program included
a total of several hundred people over a period of about 6 weeks.

The first portion of this Appendix is a summary of those tests and
analyses which most precisely support the sequence of events during this
accident. This is followed by a more detailed description of these tests
and analyses. This Appendix concludes with a test and analyses master
list and a fault tree analysis.

It should be noted that an attempt has been made to include all
tests that have been carried out in support of this review in the master
list. As a result, the list includes a number of early tests which were
exploratory, and in some cases inconclusive, and may not appear to lend
substantive information. For each effort, there is summary information
which includes identification, a statement of the objective, and a brief
statement of results. More complete data on studies and tests can be
found in the official files of the Apollo 13 Review Board.
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PART F2

SUMMARY OF TESTS AND ANAT/3ES

To assist the reader, a summary of the most significant tests and
analyses is included in this part. The summary consists of a series of
concise statements which are based on the results from one or more test
or analysis., The summaries are presented in chronological order of the
cvents as they occurred in the spacecraft.

DETANKING AT KENNEDY SPACE CENTER

A test simulating the conditions of the special detanking opera-
tions during the countdown demonstration test (CDDT) revealed that the
thermal switches were overloaded and failed in the "closed" position.
The failure of the thermostats caused very high temperatures (700° to
1000° F) inside the heater tubes. Damage to the wire insultation re-
sulted from this overheating. Subsequent tests showed that under the
conditions existing in the tank, the wire insulation would seriously
degrade at temperatures between 700° F and 1000° F, thus exposing bare
wire,

QUANTITY GAGE DROPOUT

Tests to determine the signal characteristics of the quantity
probe under various fault conditions showed that a short between the
concentric tubes would cause an off-scale high reading which would then
70 to zero when the short is removed, remain there for about 1/2 second,
and then returr to the correct indication in about 1-1/2 seconds. These
are the characteristics that were observed in flight. It is not estab-
lished that the failure of the quantity gage was related to the combus-
tion that occurred in the oxygen tank no. 2.

IGNITION AND COMBUSTTION PROPAGATTON

The energy required to achieve the pressure rise from 887 psia to
1008 psia observed in oxyzen tank no. 2 (10 to 130 Btu) can be supplied
by the combustion of the Teflon wire insulation in the tank and conduit
(260 Btu). Tests have also indicated that other Teflon elements and
certain aluminum components inside the tank may also be ignited and
thus contribute to the available energy.
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Experiments show that the Teflon insulation cn the actual wires
in oxygen tank no. 2 can be ignited by an energy pulse which is less
tran the energy estimated to be available from the observed flight

data.

Tegst of fuses in the motor power leads showed that sufficient
enerzy to ignite Teflon insulation could be drawn through the fuses
before they would blow,.

The {lame provagation rate experiments in supercritical oxygen
indicate a rather slow burning rate along Teflon wire insulation (about
0.25 in/sec downward in one-g). Propagation rates as low as 0.12 in/sec
were measured under zero-g conditions. These measurements are consist-
ent with the slow rate of pressure rise observed in the spacecraft.

Under one-g conditions, Teflon wire insulation flames will propa-
sate along the wire through apertures fitted with Teflon grommets.

TANK FATLURE

Several combusticn tests confirmed that burning of Teflon and pos-
sibly aluminum could reach high enough temperatures to cause either the
tank or the conduits into the tank to fail. Oxygen pressure was very
1ikely lost due to the failure of the conduit.

A test in one-g in which the actual bundled Teflon insulated wire
was ignited within the conduit leading from an oxygen tank and filled
with supercritical oxygen resulted in bursting the heat-weakened con-
duit wall,

A test which contained an upper portion of the quantity probe and
conduit showed that ignition of the motor lead bundle in supercritical
oxygen results in flame propagation through the quantity probe insula-
tor and intc the conduit. Posttest examination showed an approximately
o_inch diameter hole had been burned out of a 3/8-inch thick stainless
steel simulated tank closure plate.

PANEL LOSS

Tests with l/2-sca1e honeycomb panel models in vacuum produced
conplete panel separation with a rapid band loaded pressure pulse in the
oxygen tank shelf space. Peak pressures in the simulated tunnel volume
with scaled venting were considerably lower (about 1/5) than that of the
oxygen tank shelf space. These tests are consistent with the informa-
tion obtained from the photographs of the service module taken by the
Apollo 13 crew.

F-b
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PART F35.1

THERMAL SWITCH TESTS

Objective

Determine the behavior of the thermostatic switches in the oxygen
tank no. 2 under the conditions experienced during the abnormal detank-
ing experienced at KSC. During the KSC tests, heater currents of
6.5 amperes at 65 V dc were used.

Approach and Results

Subsequent to discovering that the heater thermostatic switches
most likely fused in the closed position during the KSC detanking pro-
cedures, tests were conducted to determine the power handling capabili-
ties of these switches.

Batteries were used as a power source to test the switches. They
were initially supplied with 31 V dc at currents up to 3.5 amperes. No
contact degradation was observed under these conditions. When the volt-
age was raised to 65 V dc, some increase in contact resistance (up to
about 3 ohms from a few milliohms) was noted at 1.25 amperes, although
the switch continued to operate. The current was then increased to
1.5 amperes at 65 V dey and when the switch attempted to open, it fused
closed. The body of the switch was removed and the condition of the
contact can be seen in figure F3.1-1.

Conclusions
Thermostatic switches similar to those in oxygen tank no. 2 will

fuse closed when they attempt to open with a 65 V dc potential and
currents in excess of 1.5 ampere.
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PART F3.2

TEFLON INSULATICN DAMAGE DUE TO OVERHEATING

Objective

These tests were conducted to determine the damage that could have
been done to the Teflon wire insulation during the sbnormal detanking
operation at Cape Kennedy.

Approach and Results

The likelihood that the equipment inside the oxygen tank was
subjected to high temperatures for several hours prompted tests to
reveal any changes in the thermochemistry of the remaining material.
Four samples were treated in a heated oxygen flow system. The flow rate
was 259 cc/sec. These samples were compared with an unbaked control
sample. A typical sample of wire is shown in figure F3.2-1. The mass-
loss results are given in table F3.2-I.

The relative values of heats of reaction in subsequent DTA tests
in oxygen show that the degraded material is slightly more energetic
per unit mass than the virgin material when oxidized.

Conclusions
The tests reveal that severe damage could have resulted to the
wire insulation during the abnormal detanking procedure. In several

places along the leads, bare wire was exposed which could have led to
the short circuits that initiated the accident.

F-9
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TABLE F3.2-I.- INSULATION DEGRADATION TESTS

Baking
Sample
Temperature, °F Time, hr Weight loss, percent
insulation
1 T7 0
2 572 2.75 +0.15
3 52 1.0 -0.08
LL 860 0-5 "31“'-
L5 932 0.5 -102.
L
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PART F3.3

THERMODYNAMICS AND COMBUSTION ANALYSIS OF OXYGEN TANK PROCESSES

Since there 1s strong evidence that the failure centered around an
abnormal energy addition to oxygen tank no. 2, it seems appropriate to
include a special discussion of the analysis of the thermodynamics and
combustion processes that may have occurred in this tank. Consilderation
is given here to (1) the energy required to account for the measured
pressure rise, (2) the energy available in potentially combustible mate-
rials in the tank, and {3) potential ignition energy.

Energy Required to Account for Measured Pressure Rise

The measured abnormal pressure rise in oxygen tank no. 2 1s pre-
sented in figure B5-3 of Appendix B. Calculations can be made for two
limiting thermodynamic processes to account for this pressure rise. One
process assumes that the pressure rise results from an isentropic com-
pression of the supercritical oxygen by an expanding "bubble" of com-
bustion products. This corresponds to the minimum amount of energy re-
quired to achieve the measured pressure rise. Another limiting process
asgumes that the energy addition is accompanied by complete mixing which
results in homogeneous fluid properties.

Figure F3.%-1 is a pressure-enthalpy diagram for oxygen whereon
point "A" is the thermodynamic state just prior to the abnormal energy
addition, approximately -190° F and 887 psia. The path of the isentropic
compression (minimum energy) from this state to the maximum pressure
measured of 1008 psia is represented by line AB. Thermodynamic proper-
ties of oxygen presented by Weber (ref. 1) and Steward (ref. 2) were used
to compute the increase in the internal energy of the oxygen. This in-
ternal energy increase of the oxygen (242 lbm) amounts to about 10 Btu.

The temperature increase associated with this process is about 1.8° F.

Pigure F3.3-1 also shows the constant density path along line AC
from 887 psia to 1008 psia. This process could be achieved by complete
mixing of the tank contents. The internal energy increase for this
case (maximum energy) is about 130 Btu. The temperature increase for
this process is 2.6° F. It should be noted that this energy addition is
to the oxygen in the tank. It does not include energy that might be
added to other tank components such as metal parts.

The measured temperature rise of 38° F (indicated by figure B5-3 in
Appendix B) during the pressure rise to 1008 psia cannot be explained by
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either of the above-mentioned thermodynamic processes because they give
a rise of only 1.8° and 2.6° F. As figure B5-3 shows, the measured tem-
perature rise lagged the pressure rise, Both this lag and the magnitude
of the temperature rise can be explained by the passage of a combustion
front near the temperature sensor.

Energy Available in the Potentially Combustible Materials in the Tank

Many materials can of course react with oxygen if an ignition

source is provided. Here only Teflon is considered in any detail while
aluminum is mentioned briefly.

Teflon (polytetrafluoroethylene) can react with oxygen to form
largely a mixture of carbonyl-fluoride, carbon tetrafluoride, carbon
dioxide, and other species in small quantity, such as fluorine, depend-
ing on the stoichometry and flame temperature. The overall chemical
reactions which produce these combustion products include:

1

S(CoF,)  + 0, = 2 COF, ; M, = -1910 Btu/lbm Teflon

1 . _
n(021?4)n + 0, = CO,+ CF) ; AH, = -2130 Btu/lbm Teflon

where the heat of combustion for these reactions is also given. For the
purpose of this discussion, the heat of combustion of Teflon is taken to
be -2000 Btu/lb  ~Teflon. The internal energy of combustion AE, is
about 99 percent of AH,. The amount of Teflon wire insulation in the
system is about 0.13 lbm, so that the energy available from combustion
of Teflon wire insulation alone is about 260 Btu. This amount of energy

is therefore more than sufficient to account for the measured pressure
rise from 887 to 1008 psia.

If aluminum combustion occurs, or other tank components, the quantity
of energy available is many times greater than the energy released by
Teflon combustion. Experiments show that once ignited, aluminum burns
readily with supercritical oxygen.

Potential Ignition Energy

Several experiments have shown that Teflon insulated wire can be ig-
nited under the conditions that existed in the tank. A series of tests

F-1k



has shown that the energy required to ignite Teflon in supercritical
oxygen is 8 joules or less. It was also determined that ignition was
geometry dependant and in one favorable configuration combustion was the
fault initiated with an estimated energy as low as 0.45 joule. In any
case, the value of 8 joules is less than energy deduced from the telem-
etry data, as will be shown below.

The fan motors were turned on just before the event occurred. There
are clear indications of short circuiting in the fan motor circuitry
immediately prior to the observed pressure rise. For the moment, we will
consider ignition mechanisms by electrical arcing originating in the fan
circuits as being the most probable cause of the fire.

An analysis has been made of the telemetry data that permits an es-
timate of the total energy that could have been dissipated in a postu-
lated short circuit which ignited the Teflon. A summary of the analysis
is presented here.

The following telemetry data were used in the analysis:

1. BSCS thrust vector control commands. One hundred samples per
second at 10-millisecond intervals. This channel provides, in effect,
a time differentiated and filtered indication of phase C of ac bus no. 2
voltage.

2. Bus no. 2 ac phase A voltage. Ten samples per second at
100-millisecond intervals.

5. Fuel cell no. 3 dc voltage at 10 samples per second.
L, Total fuel cell current at 10 samples per second.

The 115-volt fan motor circuit is shown in figure D3-5 of Appendix
D. The power for the motor comes from an inverter producing three-
phase, U00-cycle, 115-volt power. The motors are operated in parallel,
each phase to each motor being separately fused with a l-ampere fuse
(there are a total of six fuses in the circuit). The important portions
of the telemetry traces are shown in figure ¥3.3-2. The sequence of
events postulated is as follows:

1. Fan turnon occurs at 55:53:20 g.e.t. and the phase A voltage
drops from 116.3 to 115.7 volts. This is normal. The telemetry granu-
larity is #0.3 volt.

2. At 55:53:23, an ac voltage drop from 115.7 to 114.5 volts is
observed, coincident with a fuel cell current increase of 11 amperes.
This is the first short circuit that occurred after fan turnon. Since
the ac voltage rose from 115.7 to 116.0 volts (as indicated by "toggling"
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between 115.7 and 116.3 volts) after the event, i1t is probable that the
short clrcuit involved phase A of the motor drive circuit, and all power
may have been lost to cne of the two fan motors at this time. This hy-
pothesis ig further supported by the coincident decrease in fuel cell
current of 0.7 ampere, approximately half of the 1.5 amperes drawn by
both motors.

3. At 55:53:38 another short circuit occurred, causing an ac volt-
age rise to 117.5 volts followed by a drop to 105 volts. The voltage
rise indicates a short circuilt in phase B or C as the regulator tries to
bring up the voltage in a nonshorted phase. The 4-ampere dc current
spike that occurs concurrently with this ac voltage rise and fall was
probably much greater at some time between telemetry samples. The re-
sultant decrease in phase A voltage may indicate an open circuit in one
of the other phases of the second motor, causing phase A to draw more
than normal current. The pressure in the tank starts to rise at 55:53:36
so that this short probably occurred after some combustion had commenced.

4. A final short circuit occurs at 55:53:41 as indicated by the
22.9-ampere spike on the de current telemetry. DNo voltage drop is ob-
served on the ac bus, probably because the short was of such short dura-
tion that it was not picked up by the telemetry samples. All the re-
maining fuses are blown (or the leads open-circuited) by this short
circuit since the ac bus voltage and dc current return to the levels
observed priocr to initial energizing of the fans in oxygen tank no. 2.

The approximate total energy in the short circuit (arcing) can be
estimated from the telemetry data. The voltage spikes indicate that the
shorts were less than 100 milliseconds (the telemetry sampling interval)
in duration. The fact that all the voltage and current "glitches" con-
sisted of essentially one data point (sometimes none) means that the time
of the short was very likely 50 milliseconds or less. An independent
piece of evidence that bears on the time interval during which the short
circuit condition exists comes from the signal on the SCS telemetry. A
signal appeared on the SCS telemetry line each time a short circuit
occurred on ac bus no. 2. These signals have a data rate 10 times larger
than the signals from the ac and dc busses. The initial excursion of
each of these S5CS signals was 20 to 40 milliseconds long, and was then
followed by one or two swings which are due to the SCS circuit filter
characteristics. Thus, 30 milliseconds will be taken as an approximate
value for the duration of the short circuits.

The current drawn during the short circuit can be estimated from the
properties of the fuses used to protect the motor fan circuits. From
April 18 to April 20, tests were conducted by MSC personnel to measure
failure currents and failure times of the fuses using the same type in-
verter and fuses that were in the spacecraft. The following are the
results of these measurements for a single-phase short circuit (data
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taken from a preliminary report of table III of the MSC Apcllc 13 In-
vestigation Team):

. Fault
Volts, ac Amperes, ac Duratlion, energy
g ) ’ milliseconds - ’
Jjoules
107 3.0 120 39
105 L.o 31 13
102 5.0 20 10
95 7.0 10 7
5 9.0 8 5

From these results, the most probable range of ac current in the short
circuit that occurred is 3 to 5 amperes. The total energy in the short
circuit is therefore between 10 and 16 joules, since it is considered
unlikely that the fault persisted for more than 50 milliseconds. Thus,
a most probable energy of 13 joules and a most probable ac current of

4 amperes is reasonable for those faults which blew fuses.

These values are applicable to single-phase faults to ground. For
two-phase faults, the current in each phase remains the same, while the
available ignition energy doubles to 26 joules.



PART F3.4

TEFLON INSULATION IGNITION ENERGY TEST

Objective

To determine the energy required to ignite the Teflon insulation
by 115 volt, 60 cycle sparks on flight-qualified wire which had been
subjected to the type of heating which could have occurred during the
KSC detanking procedure. The spark-generating circuit was fused so
that it could deliver no more energy than could have been delivered by
the fan motor circuit.

Approach

Sample sections of Teflon-insulated conductors obtained from Beech
Aircraft Corporation through MSC were baked in oxygen for 5 hours at
572° F, held overnight at room temperature in oxygen, and baked further
for 2 hours at 842° F. The Teflon lost its pliability, cracked, and
flaked off as shown in figure F3.4-1.

The test specimen consisted of four strands of degraded-insulation
wires, as shown schematically below.

e ~ 1 in.—]

Shorting sqrew,, approx. 2 ohm resistance

T > ' ground to
) ) - ,‘-4 ’Mfam”’i

TN
N | /‘ Y
‘,»y')ii 7 % 11

Ground
leg C

”Hot" 'egs [

An adjustable short was provided by a number 80 screw driven be-
tween the strands of the "ground" wire and then adjusted so that a low-
resistance short was established to one of the "hot" legs near some re-
maining Teflon. A replica of the test harness, made of virgin wire, is
also shown in figure F3.4-1. The shorting screw and the standoff loop,
installed to hold the screwhead away from the test-chamber walls, are
seen in this photograph. The low resistance short was installed in
series with a l-ampere slow-blow fuse. In an independent test series,
the current-carrying ability of this fuse was determined by inserting
(in serles) dummy resistors of various values to replace the shorted

Copper clip

to restrain
wire

Copper clip to restrain
wires

Unglazed alumina insulators
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Figure F3.h4-1.- Heat degraded wire and test harness replica.



test harness, and a 0.l-ohm resistor across which the voltage drop was
measured. Repeated tests showed about 3.5 to 7.5 joules were required
to destroy the fuse. Depending on the resistance of the remaining cir-
cuit, 10 to 90 percent of the line voltage might appear across the arc.
The fault energy of the ignition tests, where the arc resistance is less
than 2 ohms, is in the same range (i.e., from 3.5 to 7.5 joules).

The specimen was immersed in liquid oxygen (as before) inside the
stainless steel tubing test rig shown in figure F3.4-2. The initial
pressure was 920 psi.

Results

The test assembly withstood three firing pulses, 115 volts, 60 cy-
cles, before igniting on the fourth., The l-ampere fuse was blown each
time. The short resistance was measured after each trial and was found
to reduce progressively from gbout 5 ohms to 2 ohms, at which level
ignition occurred on the next try. Approximately 1/2 second later the
pressure gage showed the start of a 7-1/2 second pressure rise from 920
to 1300 psi. A thermocouple placed about 1 to 2 inches from the ignition
point showed a small rise about 1 second after ignition and a large rise
about 1/2 second later as the flame swept by. Much of the main conduc-
tor wire was consumed; all of the small thermocouple wire was gone.
Virtually all of the Teflon was burned--Teflon residue was found only in
the upper fitting where the electrical leads are brought into the test
chamber., All but one of the alumina insulators vanished.

Conclusion
From the fuse energy tests and these ignition tests, it is clear
that from 3.5 to 7.5 joules are adequate to initiate combustion of heat-

degraded Teflon insulation. This is essentially the same as is required
for unheated wire.
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PART F3.5

IGNITION AND PROPAGATION THROUGH
QUANTITY PROBE SLEEVE AND CONDUIT#*

Objective

The purpose of this test was to determine if burning wire insula-
tion would propagate through the upper quantity probe insulator. Another
objective was to determine the failure mode of the conduit which results
from the combustion of the polytetrafluorcethylene insulation.

Experimental

The chamber used for this test consisted of a schedule 80 weld-neck
tee equipped with three flanges to provide a viewport, electrical and
hard line feedthroughs, and conduit to quantity probe interface. The
chamber, which is shown in figure F3.5-1, had a volume of approximately
one-third cubic foot. A pressure relief valve was provided to maintain
chamber pressure at 1050 psia during test; and, in addition, the chamber
contained a rupture disc.to prevent chamber failure. Supercritical con-
ditions inside the chamber were obtained by filling with gaseous oxygen
to a pressure of 940 psia and cooling externally with liguid nitrogen,
using insulating foam covered with thermal blankets. Five thermocouple
penetrations were provided through the chamber wall. Chamber pressure
was monitored by a pressure transducer. Color motion pictures were
taken through the chamber viewport at a speed of 24 frames a second. An
additional camera provided external color motion pictures of the conduit-
chamber interface.

The test item consisted of an upper portion of the quantity probe
interfaced with a conduit assembly shown in figure F3.5-2. The quantity
probe used was Block I hardware which had been sectioned for demonstra-
tion purposes. An additional hole was drilled in the probe insulator to
modify it to Block II and wire was routed through it and the conduit
assembly to represent the Apollo 13 configuration. Stainless steel sec-
tions were welded onto the probe to close the demonstration ports. Wiring
with insulation was allowed to extend beyond the Teflon insulator approx-
imately 4 inches. This wiring was also routed through the conduit and
connected to the feedthrough pins through which power, 115 volts at 40O
cycles, was supplied to both fan motor bundles by a system which had been

*Extracted from "Fuel Quantity Probe Sleeve and Conduit Assembly
Flammability Report,”" prepared by the Manned Spacecraft Center for the
Apollo 13 Review Board under TPS 13-T-06, June 5, 1970.
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fused using l-amp fuses. One of the fan motor bundles was allowed to
extend beyond the other wiring inside the test chamber and a nichrome
ignitor was installed on it.

The probe conduit interface consisted of a stainless steel 2-inch
pipe plug machined to the dimensions shown in figure F3.5-2. The inter-
face was mounted on the bottom flange of the chamber so that flame propa-
gation would be downward.

Three thermocouples were located in the region of the quantity probe
as shown in figure F3.5-1. Two thermocouples were installed to measure
internal chamber wall temperatures. Three thermococuples were installed
on the external surface of the conduit as shown in figure F3.5-1.

After filling the chamber to 925 psia with gaseous oxygen, the
chamber was cooled until thermocouple 3 shown on figure F3.5-1 indicated
-138° F. Twenty-eight volts dec was applied at 5 amps to the ignitor for
approximately 3 seconds. The current was increased to 10 amps for
2 seconds at which time fusion of the ignitor occurred.

Resuits

Pressure history of the chamber is shown in figure F3.5-3. The
first relief valve opening occurred at approximately 28 seconds. It
subsequently reopened 15 times before fallure occurred. TFusion of the
ignitor is shown on the graph to indicate ignition of the insulation.

Temperature histories of both internal and external portions of
the test apparatus are shown in figures F3.5-4 and F3.5-5. Thermocouple
placements in each of these areas are included in the legend figures of
each of these graphs. It should be noted that two types of thermo-
couples were used, one with good sensitivity at low temperatures, copper-
constantan, and one with good sensitivity at high temperatures, chromel-
alumel. These two types are also indicated in figures F3.5-4 and F3.5-5.

The propagation cbserved in the color motion picture coverage inter-
nally proceeded from the ignition site (fig. F3.5-6) vertically downward.
Figure F3.5-7 shows burning of the insulation on the fan motor wire bun-
dle Just before reaching the other wire bundles. Figure F3.5-8 shows
the burning of several of the wire bundles. Figure F3.5-9 shows the burn-
ing of the wire bundles Jjust prior to reaching the Teflon insulator, and
figure ¥3.5-10 shows the more subdued fire after the propagation had pro-
gressed further into the upper probe region. Figure F3.5-11 shows the
dense smoke after propagation of the burning into the insulator.

Figure F3.5-12 shows the conduit and chamber interface burnthrough

scenes taken from the external movie coverage. The time for this sequence
(24 frames) is 1 second. The small amount of external burning resulted
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from ignition of the Mylar film used toc insulate the test chamber.

Visual observation of the failure of the condult through a test
cell window revealed that a flame front resulted as far away as 3 or U
feet from the chamber.

After the test, the section of conduit was found approximately
8 feet from the chamber. Several pieces of the Teflon insulator, two
pieces of the conduit swedgelock nut, and one piece of conduit tubing
were gathered from a 20-foot radius around the test area (fig. F3.5-13).
The only item remaining in the test chamber was a portion of the Inconel
section of the capacitance probe (fig. F3.5-1L). The stainless steel
portion was completely gone and a portion of the Inconel was burned. No
remains of the aluminum portion of the probe could be found. The conduit-
chamber interface was torched out to a maximum diameter of 1-7/8 inches
(see figs. F3.5-15 and F3.5-16).

Conclusions

It is quite evident from the results of this test that the insula-
tion burning on the electrical couductors did propagate through the probe
insulator even in downward burning and proceeded into the conduit. It
is difficult to determine if the insulator was ignited and what time
was required for the burning to propagate through the insulstor. How-
ever, failure of the conduit occurred in approximately 10 seconds after
burning had proceeded to the insulator-wire bundle interface. After the
initial failure of the conduit, the contents of the tank (1/3 cubic foot)
were vented in approximately 0.5 second with a major portion of the burn-
ing of metal occurring in 0.25 second. Venting of larger amounts of
oxygen would not necessarily take longer since continued oxygen flow
should produce considerably larger "torched out" sections. In order to
produce the heat necessary for the effects observed here, metal burning
must have occurred.
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Figure F3.5-12.- External views of chamber-conduit
interface at time of failure.



Figure F3.5-13.- Parts of probe insulator and tubing collected
from area around test chamber.
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Figure F3.5-14.- Portion of probe which remained in the test chanber.
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Figure F3.5-15.- External view of chamber flange on which
conduit-quantity probe interface was mounted (after test).
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Figure F3.5-16.- View of chamber flange internal surface after test.
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PART F3.6

ZERO-g TEFLON FLAME PROPAGATION TESTS

Objective

The objective of these tests was to measure the flame propagation
rate along Teflon-insulated wire bundles in oxygen at 900 psia and -180° F
in a zero-g environment. A second objective was to determine whether
flames travelling along the fan motor lead wires would pass through the
aperture in the motor case. Measurements are to be used to interpret
the pressure and temperature history observed in the oxygen tank during
the accident.

Apparatus

Tests were conducted at the Lewis Research Center's 5-Second Zero
Gravity Facility. An experimental apparatus was designed and constructed
which permitted the tests to be conducted in an oxygen environment of
920 psia * 20 psi and -180° F + 10°. The apparatus was installed on a
standard drop test vehicle capable of providing the necessary supporting
functions. An overall view of the drop vehicle is presented in fig-
ure F3.6-1 and a detailed photograph of the experimental apparatus is
shown in figure F3.6-2. The basic components of the experimental appara-
tus are the combustion chamber with a sapphire window to permit high-
speed photography, and an expansion tank as a safety feature in the event
an excessive pressure rise were to occur. The apparatus was equipped
with a fill and vent system, pressure relief system, and ligquid nitrogen
cooling coils. The test specimen was installed in the combustion chamber
in a horizontal position as is shown in figure F3.6-3. This figure is
typical of all installations. Ignition was caused by heating a 26-gage
nichrome wire which was wrapped around the specimen. Chamber pressure
and temperature were monitored throughout the test. High-speed photo-
graphic data (400 frames per second) were obtained using a register
pin Milliken camera.

Approach
A total of eight tests were conducted on three test specimens. Each
specimen was run in a one-g and a zero-g environment, and a one-g and
zero-g test was repeated on two specimens to examine repeatability of the

data. The three specimens were the following:

Type 1 - Fan motor conductor bundle - four wires and white sleeving
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Type 2 - Fan motor conductor bundle - four wires and clear shrink
sleeving

Type 3 - Aluminum Teflon feed-through assembly - four wires and no
sleeving

The aluminum plate thickness for the Type 3 tests equaled that of
the fan motor case. This specimen was used to determine whether a flame
burning along the lead wires would continue through the aperture in a
simulated motor case, and whether the aluminum would ignite.

Results

The zero-g linear propagation rate for fan motor wires in white
pigmented Teflon sleeving (Type 1) was measured as 0.12 in/sec, and for
the same wires in clear Teflon sleeving (Type 2), the rates in two sep-
arate tests were 0.16 and 0.32 in/sec. The corresponding flame propaga-
tion rate at one-g for both types of wire bundles was 0.55 in/sec meas-~
ured in three tests. These results are listed in table F3.6-I. The
flame in both zero-g and one-g tests pulsed as it spread along the wire
bundles with the flame markedly more vigorous in the one-g cases. 1In
all cases the Teflon was completely burned with little visible residue.

The flame propagation tests through an aluminum plate (Type 3)
showed that the flame did not appear to have propagated through the Tef-
lon grommeted aperture under zero-g conditions, but did pass through at
one-g. Unfortunately, the pictures of the flames under zero-g were not
clear enough to be certain that the flame failed to propagate through
the aperture. Because the zero-g period lasts for less than 5 seconds
following ignition, it is possible that flame propagation through the
aperture would have been observed if more time at zero-g were available.
These results are also listed in table F3.6-I.

Conclusions

The flame propagation rate along Teflon insulation in zero-g is
reduced by about a factor of two from that observed in one-g. The
propagation rate alcong the fan motor lead bundle in zero-g is in the
range of 0.12 to 0.32 in/sec. These flame propagation rates are of a
magnitude which is consistent with the time required to account for the
duration of the pressure rise in the spacecraft oxygen tank.
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Figure F3.6-1.- 5-second drop vehicle.
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PART F3.7

FULL-SCALE SIMULATED OXYGEN TANK FIRE

Objectives

The purpose of this test was to simulate as closely as possible, in
a one-g environment, the processes that occurred during the failure of
oxygen tank no. 2 of Apollo 13, The data to be obtained include the
pressure and temperature history which results from the combustion of
Teflon wire insulation beginning at one of three likely ignition loca-
tions, as well as observing the manner in which the tank or conduit fails
and vents its contents.

Apparatus

A Block I oxygen tank was modified to Block II configuration. The
vacuum dome was removed and the tank was mounted in a vacuum sphere with
the appropriate size and length of tubing connected. The heaters were
disconnected and three hot-wire ignitors were installed. One ignitor was
located on the bottom fan motor leads, one on the top fan motor leads,
and another on the wire loop between the quantity probe and the heater-
fan suppcrt. The connecting tubing, filter, pressure transducer and
switch, relief valve, and regulator were flight-qualified hardware. The
tank was mounted so that the long axis of the quantity probe was hori-
zontal. Figure F3.7-1 shows the tank mounted in the chamber. Two tele-
vision cameras and four motion picture cameras were mounted in the vacuum
chamber. One camera operates at 64 frames/sec, two at 250 frames/sec,
and another at 400 frames/sec. The two 250 frames/sec cameras were
operated in sequence,

Results

The nichrome wire ignitor on the bottom fan motor leads was ignited.
The tank pressure rose from an initial value of 9215 psia to 990 psia in
48 seconds after ignition. The temperature measured by the flight-type
resistance thermometer, mounted on quantity gage, rose 3° F from an
initial value of -202° to -199° F in this 48-second period. The tank
pressure reached approximately 1200 psia at 56 seconds after ignition and
apparently the flight pressure relief valve which was set to open at
1005 psia could not vent rapidly enough to check the tank pressure rise.
Two GSE pressure relief valves, set at higher pressures, apparently
helped to limit the tank pressure to 1200 psia. The tank temperature
rose abruptly after 48 seconds, following ignition, from -199° to -170° F
in 3 seconds. After this time the temperature read off-scale above
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2000° F. Failure of the temperature measuring wiring is indicated by
the erratic readings that followed. These data are shown in figure
F3.7-2. The pressure data shown beyond 56 seconds represent the vent-
ing of the tank contents. These pressure and temperature histories are
qualitatively similar to the measured flight data but occur more rapidly
than observed in flight.

The conduit failed close to where it attaches to the tank closure
plate about 57 seconds after ignition (fig. F3.7-3). The two 250-frame/
sec cameras and the 64-frame/sec camera failed to operate during this
test. However, the LOO-frame/sec camera suggests that the first mater-
ial to issue from the ruptured conduit was accompanied by bright flame.
The tank pressure declined from 1175 psia to 725 psia in 1 second fol-
lowing conduit rupture. High oxygen flow rates were observed from the
conduit breach for about 15 seconds. A posttest examination of the rup-
tured conduit showed that the expulsion of the tank contents was limited
by the 1/2-inch-diameter aperture in the tank closure plate. An exami-
nation of the internal components of the tank showed complete combustion
of the Teflon insulation on the motor lead wires as well as almost com-
plete combustion of the glass-filled Teflon sleeve. This is shown in
figure F3.7-k.

Conclusions

The qualitative features of the pressure and temperature rises in
oxygen tank no. 2 have been simulated by initiating Teflon wire insula-
tion combustion on the lower fan motor lead wire bundle. The time from
ignition of the total combustion process in the simulated tank fire is
about three-fourths to one-half the time realized in the spacecraft
accident. The conduit housing the electrical leads failed near the
weld and resulted in a limiting exit area from the tank of about
1/2 inch diameter. The venting history is characteristic of the expul-
sion of liquid for the first 1-1/2 seconds. This was followed by a
two-phase flow process.
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Figure F3.7-1.- Posttest oxygen tank setup.
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(b) Closeup view.

Figure F3.7-3.- Concluded.






PART F3.8

ANALYSIS OF FLOW FROM RUPTURED OXYGEN TANK

Objective

The objective of this analysis was to compute the real gas discharge
rate from the cryogenic oxygen tank no. 2 and provide the subsequent pres-
sure history of various service module volumes.

Assumptions

1. Oxygen remains in equilibrium at all times. The oxygen prop-
erties were obtained from the tabulations and plots of references 2 and

3.

2. All orifice coefficients were taken to be unity and the orifices
assumed to be choked.

3. All volumes and areas are invariant with time.

4. The effective volume of the oxygen tank is 4.7 ft3 and is not
changed by combustion processes.

5. All processes are isentropic both inside the oxygen tank and
also between the oxygen tank and its discharge orifice.

6. Oxygen thermodynamic properties (o, p, h) are uniform through~
out any given individual volume at any time.

7. The processes in volumes external to the oxygen tank are adia-
batic. The total enthalpy in these volumes is equal to the average en-
thalpy of all prior discharged oxygen. Each volume acts as a plenum
chamber for its respective vent orifice.

8. The initial tank conditions at t = O are p = 900 psi;
P = L47.4 1b/rt3;, T = -190° F.
Method
Computations were based on several manually generated cross plots

of the thermodynamic properties, correlations of intermediate computed
results; and analytical and numerical integrations involving these
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correlations. Choked orifice states were obtained by maximizing pu
for a given entropy.

Results

Figure F3.8-1 shows the mass flow rate per unit of effective orifice
area plotted as a function of time. The two time scales shown are appli-
cable to effective orifice diametersgs of 0.5 inch and 2.0 inches.

Figure F3.8-2 plots the total mass discharged from the oxygen tank
against the same two time scales.

Figures F3.8-3 and F3.8-k are plots of pressure time histories for
various combinations of secondary volumes and orifices. The time scale
in this case is only applicable to the 2-inch diameter exit orifice in
the oxygen tank. The combinations of V and A¥ shown in figure F3.8-3
were chosen to roughly simulate the components of the SM as follows:

_ 3 2 . 2 -

1. V=25 7ft°, A*¥ = 2.08 £t~ (300 in" ). Simulates net volume

of the oxygen shelf in bay 4 with effective venting of 300 in“.

2. V= 67 ft3, A¥ = 2,08 ft2 (300 ine), Simulates the bay L o
oxygen shelf and fuel cell shelf combined volume with venting of 300 in .

3. V=67 ft3, A¥ = 1.39 ft2 (200 ing). Same as case 2 but

reduced venting area to rest of service module.

L., v =100 ft3, A¥ = U3 ft2 (62-1/2 inz). Simulates entire
bay 4 with small venting.

5. V = 200 ft3, A¥ = 143 ft2 (62-1/2 ing). Simulates combined

bay L4 and tunnel volumes with venting past rocket nozzle only.

Also plotted are reference curves for each of the above volumes
without any venting (A* = 0).

Case 1 has a very rapid initial pressure rise with time due to the
small volume (25 ft3) of the oxygen shelf. However, the mass efflux from
this volume also increases rapidly with time so that it equals the influx
at t = 0.18 second and the pressure peaks at approximately 8.8 psia.

#¥Tf the tank were initially at p = 1000 psi and the same entropy,
then with a 2-inch diameter orifice the pressure would drop to 900 psi
in 0.00L4 second with the discharge of 1 lbm oxygen.
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Figure F3.8-1.- Mass flow per unit area against time
for 2 inch and 0.5 inch orifices.
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The pressure of case 2, with V = 67 ft3, rises less rapidly and
consequently peaks at a later time (t = 0.32 sec) and a lower peak
pressure (p = 7.2 psi).

When the vent area for V = 67 ft3 is decreased from 300 in2 to
200 in (case 3), the pressure rises more rapidly, pesks at a longer
time (t =~ 0..45 sec), and has a higher peak pressure (p =~ 9.8 psia).

The large volume solutions with minimum vent areas (cases 4 and 5)
have higher peak pressures (p =& 18 and 12 psia) occurring at much larger
times (t = 1.1 and 1.5 sec).

Discussion and Conclusions

These "quasi~steady" two-volume, two-orifice, adiabatic calcula-
tions do not predict pressures in excess of 20 psia for a 2-inch diameter
effective orifice in the oxygen tank. In fact, if the two larger volume
simulations (cases 4 and 5) are excluded due to unrealistically low vent-
ing areas and/or the long time rise, then the maximum predicted pressure
is below 10 psia. The smaller volumes representative of the oxygen shelf,
or the oxygen shelf plus fuel cell shelf (which is fairly well inter-
vented to the oxygen shelf) have shorter rise times which are more rep-
resentative of the implied "time to panel failure" of Apollo 13. The
effective venting area of these volumes is also more realistic.

On the basis of these approximate calculations, the following
alternative possibilities might be considered:

1. The panel failure pressure is below 10 psi. Other experiments
show this low failure pressure level to be unlikely.

2. The dynamic unsteady pressures exceed the computed quasi-steady
pressures. A non-uniform pressure distribution with internal moving
pressure waves is considered very probable with their importance being
larger for the smaller times and volumes.

3. The oxygen tank orifice had an effective diameter greater than
2 inches. During the discharge of the first 9 pounds of oxygen, the
orifice was choked with nearly saturated liquid oxygen and the coeffi-
cient was probably nearer 0.6 than 1. Thus an effective 2-inch diameter
would require an even larger physical hole during this time.
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4, The processes in the oxygen tank were not isentropic in a
fixed volume, Either continued combustion inside the oxygen tank or
the presence of a bubble of combustion products at the time of initial
gas release could prevent the computed rapid decrease in mass flow with
time (fig. F3.8-1) and therby increase the pressure rise rate and the
peak pressure.

5. The processes in the external volume (V) are not adiabatic.
Combustion of the Mylar insulation has been estimated to produce large
pressures (several atmospheres) if the combustion process is rapid
enough.

6. The oxygen processes are not in equilibrium. The possibility

of super-satruation of the oxygen discharged into the bay and subse-
quent flashing to vapor might produce a strong pressure pulse,
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PART F3.9

MYLAR-~INSULATION COMBUSTION TEST

Objective

The purpose of this test was to determine the ignition properties
and measure the rate of combustlion of Mylar insulation in an initially
evacuated simulated oxygen shelf space. The conditions of this test
are achieved by ejection of oxygen from a 1000 psia/—l90° F oxygen sup-
ply with ignition by pyrofuses placed on the Mylar blanket at several
locations.

Apparatus

The basic dimensions and arrangement of the apparatus are shown in
figure F3.9-1. An end view of the apparatus is shown in figure F3.9-2.
Mylar blank material is placed on the bottom shelf. Oxygen is supplied
through a regulator into a simulated tank dome volume. The dome contains
a 2-inch diameter rupture disc which is designed to open at 80 psi.
Pressures are measured during the course of combustion process. High-
speed motion pictures are obtained through window ports in the chamber.
The chamber volume and vent area simulate the oxygen tank shelf space.

Approach

Oxygen is supplied from a cryogenic source which is initially at
1000 psia/-l90° F, Oxygen flows for a controlled time into the dome
volume. The 2-inch disc ruptures at 80 psi. This exposes the initially
evacuated chamber and its contents to a mixture of liquid and gaseous
oxygen. A series of pyrofuses are then ignited in sequence. The data
include high-speed motion pictures and pressure-time histories.

Results

A test in which oxygen was allowed to flow for 3 seconds from an
initially 1000 psia/-l90° F source resulted in complete combustion of a

14.5 ft2 Mylar blanket sample. Five pyrofuses located at various loca-
tions on the Mylar blanket were sequentially activated at times ranging
between 0.3 and 1.4 seconds after the disc ruptured. Examination of the
chamber after this run showed that all of the Mylar blanket was consumed.
The pressure rise rate with the addition of oxygen but before ignition
was approximately 6 psi/sec. Ignition occurs when the pressure rises to
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about 10 psi with subsequent combustion which causes a sharp increase in
the pressure rise rate. The rate of pressure rise during the combustion
process reaches approximately L2 psi/sec. The initial pressure rise rate
of 6 psi/sec also corresponds to a measured rise rate obtained in an
earlier test in which combustion did not occur. The pressure data are
shown in figure F3.9-3. The conditions in the chamber before the test
are shown in figure F3.9-4, Figure F3.9-5 shows the chamber just after
the test.

Conclusion

The Mylar insulation blanket burns completely when ignited locally
and exposed simultaneously to oxygen from a 1000 psi/—l90° F source.
The pressure rise rate increases from 6 psi/sec without combustion to
about 42 psi/sec with the combustion of Mylar. A substantial increase
in the pressure rise rate in the oxygen tank shelf space due to Mylar
combustion might therefore be expected. From tests conducted elsewhere,
it is further concluded that an ignition source is required to achieve
Mylar/oxygen combustion.
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Figure F3.9-2.- Section through test fixture.
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PART F3.10

PANEL SEPARATION TESTS

Objectives

The objective of these tests was to demonstrate complete separation
of the SM bay 4 cover panel in a manner that could be correlated with
flight conditions. The panel failure mechanism and the pressure distri-
bution that resulted in separation were alsc to be determined.

Approach

An experimental and analytical program utilizing one-half scale dynamic
models of the SM bay 4 cover panel was conducted. Panels were attached
through replica-scaled joints to a test fixture that simulated pertinent SM
geometry and volume. Venting was provided between compartments and to
space. A high-pressure gas system was used to rapidly build up pressure
behind the cover panel as the input force leading to failure.

Size of the dynamic models (one-half scale) was determined primarily
by material availability. The use of full-scale materials and fabrication
technigues in the model was dictated by the need to duplicate a failure
mechanism. Therefore, similarity laws for the response of structures led
to scale factors of one-half for model time and one-eighth (one-half cubed)
for model mass. From these scale factors for the fundamental units, some
of the derived model to full-scale ratiocs are as follows:

Displacement = 1/2 Force = 1/h
Velocity =1 Pressure =1
Acceleration = 2 Stress =1
Area = 1/4 Energy = 1/8
Volume =1/8 Momentum = 1/8

A step-by-step approach to testing led to rapid learning as new factors
were introduced. Initial tests were conducted on isotropic panels that
scaled only membrane properties while more completely scaled sandwich
panels were being fabricated. Testing started in atmosphere while prepara-
tions for vacuum testing were underway. In a similar manner, first tests
concentrated on determining the pressure input required for separation and
deferred the simulation of internal flow reguired to produce these distri-
butions to later tests.

Analysis of the one-half scale bay 4 cover panel models used twoc com-

puter programs. Initial dynamic response calculations using a nonlinear
elastic finite difference program indicated that panel response was
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essentially static for the class of pressure loadings expected in the
tests. Subsequent calculations used static loadings with a nonlinear
elastic finite element representation and the NASTRAN computer program.

Apparatus

Models.- Figure F3.10-1 shows the full-scale and model panel cross
sections.

7178-T6

. . 7075-T6
0.010 in. 0.030 in. 0.006 in. 0,016 in.

7075~ 7075-T6
0.0650 Tr? 0.032 in,

4 . -

+—y— 11—

- I

0,020 in. 0,010 in, 0.016 in, 0.012 in, 0,006 in,
2024-T81  7178-Té6 2024-T3 2024-T3 7075-T6
Alclad
3/16 in, X 0,0015 in, core 1/8 in, X 0,008 in, core
(a) Full scale. {b) DM model. (c) HS model,

Figure ¥3.10-1.- Panel designs.

The full-scale panel is a honeycomb sandwich structure with a z-bar edge
closeout attached to the SM by l/h-inch bolts around the edges and to each
of the bay 4 shelves. The first one-half scale panel models, designated
DM and shown in figure F3.10-1(b), scaled membrane properties of the
full-scale sandwich panel inner and outer face sheets with a single iso-
tropic panel having the correct nominal ultimate tensile strength. The
z-bar was simulated by a flat bar that represented the shear area of the
outer z-bar flange. Fastener sizes, bolt patterns, and bonding material
were duplicated from full scale.

One-half size honeycomb sandwich panels, designated HS and shown in
figure F3.10-1(c), scaled both bending stiffness and membrane stiffness.
Although core density of the sandwich models is slightly high, the dimen-
sions, materials, bonding, and z-bar closeout are scaled. Some alloy
substitutions were made but nominal strength requirements were met.



Test fixture.- The test fixture shown schematically in figure F3.10-2
and in the photographs of figure F5.10-3 is a one-half size boilerplate
mockup of the SM bay 4 and central tunnel. Vent areas connect the bay U4
shelf spaces to the central tunnel and to each other. The tunnel also has

Volume Description
4 — 5 ] 1 Pressurization tank
2 Fuel cell space
r 6 3 02 Tank space
4 Upper H2 tank space
5 Lower H2 tank space
6 Tunnel
7 Other SM free volume

Figure F3.10-2.- Schematic of test fixture.

vents to space and to a large tank simulating the remaining free volume

of the SM. Vent areas were adjusted in initial tests to obtain desired

pressure distributions but were scaled from the best available data for

final testing. The fixture also holds the pressurization system and in=-
strumentation. True free volume was approached by adding several wooden
mockups of equipment.

Pressurization system.- The pressurization system can also be seen in
the photographs of figure F3.10-3. A 3000-psi accumulator is discharged
on command through an orifice by mechanically rupturing a diaphragm. The
gas expands into the oxygen shelf space of bay 4 through a perforated
diffuser. In order to obtain uniform pressure over the entire panel for
some tests, the diffuser was lowered so that it discharged intoc both the
oxygen and hydrogen shelf spaces. For these particular tests, extra vent
area was provided between all shelves to insure uniform pressure throughout
bay 4. TFor most tests, a shield was placed between the diffuser and panel

to minimize direct impingement.

Other.- Instrumentation consisted of strain gages, fast response
pressure sensors, and high-speed motion picture cameras. Atmospheric
tests were conducted in the Rocket Test Cell and vacuum tests at 1lmm Hg
pressure in the 60-Foot Vacuum Sphere at Langley Research Center.
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Figure F3.10-3.- One-half size boilerplate mockup
of the SM bay U4 and central tunnel.
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Results and Discussion

Presentation of results.~ The test program is summarized in
table F3.10-I. Typical failures and pressure~time histories are illus-
trated in figure F3.10-4. Figure F3.10-5 is a sequence of prints from
high-speed movie cameras that demonstrate separation of the sandwich
panel models. Results of NASTRAN calculations on the one-half scale
models are presented in figures F3.10-6 and F3.10-7T.

Demonstration of panel separation.- Panel separation has been demon-
strated with both membrane and sandwich panels. Two sandwich panels
separated completely from the test fixture during vacuum tests. Two
membrane panels, although less representative of flight conditions, also
separated completely in vacuum tests. However, similar tests with mem~
brane panels in atmosphere left portions of panels attached to the test
fixture as illustrated in figures F3.10-4(b) and (c). Complete separa-
tion in atmesphere could not be achieved due to mass and drag of the
air.

Pressure distributions.- Complete membrane panel separation was
achieved only with nearly uniform pressure distribution over the entire
bay 4 panel cover, shown in figure F3.10-4(d). When just the oxygen
shelf space experienced high pressures, membrane panel separation was
localized to the area of the panel over the oxygen shelf space as shown
in figure F3.10-2(a). This type of local failure occurred in both at-
mosphere and vacuum. When scaled internal venting was introduced,
model DM-10 lost a slightly larger portion of panel due to high pressure
experienced by both the oxygen shelf and fuel cell shelf spaces while
the rest of bay U4t was at low pressure.
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Figure F3.10-6.- Maximum edge load on half-scale honeycomb panel
as predicted by NASTRAN.
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F-78



*omTY 98Ta ST aanssaad
yead 04 sseaTed sansssad wodg oWL] ‘poreotpul sT oovds JToys ueSAxo syj ul seanssead yead Jo sFumyy

auoN 020°0 H-0< - PSPTATUS | JTOUS UsBAxQ paTeOg H~SH

T'30% 020°0 L9-0¢ - PAPIATUS | JToUs UdSAxQ paTeog ¢-SH

8307, 06T°0 2s-ge - PIPTITUS | JTaUSs UaBAxQ pPaTeOg 2-SH

SuoN - - - POPTRTUS | JTAUS U8BAXQ DaTEYg T1~SH

Teued jo ¢/ xoddp 0L0°0 6¢-12 - PIPTATUS | JToUS UBAXQ PoTBOg 0T-Wa
oUON 0h0°0 ¢e-gT pueg | PSPTSTUS | JTAUS UsBAXQ | PoTeOS 30N |  6-WA

BaLE JTOUS usFLxQ 210’0 LE-02 pueq POPTATUS | JT3Us waBAxp | paTeos joN 8-Wa
®BaIE® JT8US UaBAXQ 60070 of-Ge pueg uadp JTaUs usFAx) | paTeos joON L-Na
Te30% gT0°0 lg-6T | wxogrtun | papTeTys 1 Leg paTeOs 30N 9-Ha

8307 9100 R2-02 | wmwrogTun | PePTLTUS f Leg PaTBOS 30N | 2~G-Wa

SuoN - 02-#T | WIoJTUn | POPTATUS 7 Leg Pa1eOs 30N | T~G~Wd

S1597 UWNNOBA

(se8ps 239T) T30} ATgesy 910°0 92-0¢ | mIoyTUn | POPTATUS # feq PaTBOS jON H-Wa
(stoeq POPTOF) T®I0} ATIRaN 6¢10°0 G¢-GT | mWIoJFTUn uadp t Leg PaTeas 30N ¢-Wa
BOIE JTOUS UdBAXQ 900°0 24a-4¢ pueg uadp JTous uslLxQ | paTBOS 30N 2-Wa

BOI® JTOUS ua8Ax) G00°0 86-0¢ pued uadp J1oUs ueBLxQ | PaTeOS 30N | 2-T-Wd

suoN 020°0 0¢-He pueg uadp JToys uaBLxp | poTeOS JON | T-T-Wd

§95893 axsyudsowqy

BT 1sd 151581800 poztanssaxd .
sanred ‘awry ISty | ‘yead * 1 zesugyiq ISITT 3 TSPOR
PeOT Teux2qUT
xaanssaad SWNTOA

XOVWANS ISAT NOITVAVIHS TaENYd - I-0T'¢d TTIVL

F-79



Complete separation of sandwich panels has been obtained with both
uniform and nonuniform pressure distributions. Figure F3.10-8 shows the
type of pressure time histories experienced by various sections of the
panels. The pressure predictions are based on the internal flow model

Oxygen shelf space

Pressure =" ‘\_

- - ~7 Fuel cell shelf space

-7 Rest of Bay 4
ol - .
~.02 ~.20

Time, sec

Figure F3.10-8.- Pressure build-up in bay k4.

of the Apollo 13 SM shown in figure F3.10-2 and have been verified in
these experiments. Peak pressure levels were varied from test to test
but the curve shape was always similar. One sandwich panel separated
after about 0.02 second during the initial pressure rise in the oxygen
shelf space, while overall panel loading was highly nonuniform as shown
in figure F3.10-4(b). The other sandwich panel 4id not separate until
about 0.19 second after all bay 4 compartments had time to fill with gas
and arrive at a much more uniform loading, as shown in figure F3.10-4(e).

The effect of pressure distribution on peak pressures required for
failure is shown by the NASTRAN calculation in figure F3%.10-6. Included
for reference is the linear membrane result, N = pR. The load required
for edge failure was determined from tensile tests on specimens of the
DM model joints. The peak uniform pressure at failure initiation is only
75 percent of peak pressure at the failure locad with just the oxygen
shelf space pressurized.

Failure mechanism.- The failure mechanism for complete separation of
a membrane panel is demonstrated by the photographic sequence in
figure F3.10-5(a). Failure is probably initiated by a localized high
pressure near the edge of the oxygen shelf space. A crack formed where
a shelf bolt head pulled through and rapidly propagated through the
panel. Expansion of the pressurizing gas through the openings accelerated
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panel fragments to very high velocities. Inertia loads from the high
acceleration completed the separation. Membrane panels were observed to
separate in three pieces--one large and two small fragments.

The failure of a sandwich panel under uniform loading in vacuum is
shown in the picture sequence of figure F5.10-5(c). Failure started at
the edge of the oxygen shelf space by pull-through of the edge bolts
through the upper sandwich face sheet. Very rapid tearout along three
edges followed, primarily by tension in the face sheets and tearing of
the core material from the z-bar at the edge. The panel then rotated
like a door and separated from the test fixture in one piece.

Nonuniform loading of a sandwich panel led to the failure shown in
figure F3.10-5(b). Initial failure was at the panel edge near the fuel
cell shelf. Tearout along one edge and the top rapidly followed, similar
to the previous failure. However, the edge tear stopped before reaching
the bottom and became a diagonal rip that left the lower third of the
panel attached to the fixture. The upper two-thirds of the panel then
rotated door-like and separated. Finally, a vertical tear propagated
through the center of the remaining fragment, the bottom tore out, and
rapid rotation separated the remnants in two pieces.

Figure F3.10-7 relates NASTRAN calculations to the observed failures.
Predicted edge load direction and magnitude are illustrated for two
pressure distributions. In figure F3.10-7, parts A-1 and B-1, panel edges
are assumed fixed, while in figure F3.10-7, parts A-2 and B-2, the panel
edge joint along the oxygen shelf space is assumed to have failed. Also
shown in figure F3.10-7, parts A-2 and B-2, are typical observed failure
patterns for these types of loadings on membrane panels. An enlargement
of the dotted section of figure F3.10-7, part A-2, is shown in part C of
the figure to indicate the type of edge failure observed. Arrows indicate
the direction of force required to cause the pullout failures. The NASTRAN
edge force patterns are consistent with these failures. In addition,
figure F3.10-7, parts A-2 and B-2, indicates that tears into the membrane
panels tend to remain normal to the direction of the edge forces.

Correlation with flight.- Tests with sandwich panels more closely
similate flight conditions than tests with membrane panels due to initial
failure characteristics and post-failure separation behavior. The separa-
tion behavior of sandwich model HS-3, figures F3.10-4(f) and F3.10-5(b),
is also believed to be more representative of flight than the separation
behavior of model HS-2, figures F3.10-4(e) and F3.10-5(c), for two
reasons. First, although model HS-2 was tested with scaled internal
venting between the compartments of bay L and the SM tunnel, the rest of
the SM free volume had been closed. In the HS-3 model test, this vent
area had been opened to a realistic value of 60 square inches. Second,
the slow pressure buildup before separation of model HS-2 allowed SM
tunnel pressure to rise well above the 10-psi limitation required to
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prevent CM-SM separation. Pressurization leading to model HS-5 separation
was so rapid (20 milliseconds) that SM tunnel pressure remained below the
10-psi limit. The time to failure would scale up to 40 milliseconds for
the flight configuration.

Tests with models HS-3 and HS-U4 have bracketed the most likely separa-
tion conditions. For both tests, internal venting was scaled and diffuser
configuration and accumulator pressure were identical. Model HS-3 sep-
arated due to an initial air flow of 190 1b/sec through an orifice of
2.85 square inches. Separation was not achieved on model HS-4 when initial
air flow was 135 1b/sec through a 2.0-square inch orifice, even though peak
pressures of over 35 psi occurred in the oxygen shelf space after 20 milli-
seconds.

As a part of this study, an analysis has alsc been carried out at the
Langley Research Center to estimate the distribution and time history of
pressures within the Apollo 13 service module. Based on these calculations
and the experimental results on panel separation, it appears that ad-
ditional combustion outside the oxygen tank or rapid flashing of ejected
liquid oxygen may have occurred to produce panel separation. A report of
this analysis can be found in the official file of the Review Board.

Conclusions

Complete separation of one-half scale honeycomb sandwich models of
the bay 4 cover panel in vacuum has been demonstrated. Separation was
achieved by rapid air pressurization of the oxygen shelf space. Internal
volumes and vent areas of the SM were scaled. Separations were obtained
with both uniform and nonuniform pressure distributions. The separation
resulting from a nonuniform loading that peaks 20 milliseconds after start
of pressurization (4O milliseconds full scale) correlates best with hypo-
theses and data from flight. This particular panel separated in three
pieces after an initial tear along the sides that allowed it to open like
a door. Inertial loads are a major factor in obtaining complete separa-
tion after initial failure.
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PART Fh4

MASTER LIST OF TESTS AND ANALYSES

This part presents a listing of tests and analyses grouped according
to the following event categories:

Shelf Drop

Detanking

Quantity Gage Dropout
Short Generation

Ignition

Propagation of Combustion
Pressure Rise

Temperature Rise

Pressure Drop

Final Instrument Loss
Telemetry Loss

Tank Failure

Oxygen Tank No. 1 Pressure Loss
Panel Loss

Side Effects

Miscellaneous
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PART F5

FAULT TREE ANALYSIS - APOLLO 15 ACCIDENT*

INTRODUCTION

This report contains a fault tree analysis of the applicable por-
tions of the electrical power and cryogenic systems involved in the
Apolleo 13 incident. It was prepared by the Boeing Company under the
direction of MSC and at the request of the Apollo 1% Review Board.

PURPOSE

The purpose of this analysis is to identify potential causes that
could lead to the loss of the SM main bus power, to show their logical
associations, and to categorize them as being true or false for the
Apollo 15 incident based upon available data, analyses, and tests. The
prime emphasis is to identify the initiating cause, and secondarily,
the sequence of events leading to the loss of SM main bus power.

SCOPE

This fault tree identified the applicable ECS/cryogenic system
hardware and potential causes, down to the component or groups of com-
ponents level, The logical association of the pctential causes is shown
graphically and is developed tracing the system functions backwards.
Each potential cause 1s categorized as being true or false where flight
data, ground tests, technical analyses, and/or engineering Jjudgment pro-
vide sufficient rationale., The main thread to determine the initiating
cause is identified in the Tfault tree. The tree does nct include unre-
lated or secondary effects of the failure (i.e., quantity gage malfunc-
tion, panel blow-off, fire in the service module).

Pages F-108 through F-11L provide information on symbology, termi-
nology, abtreviations, references, and schematics for reference during
review of the fault tree. Page F-111 identifies what pages of the fault
tree are associated with the various segments of the system. Page F-115
pictorially depicts the required layout of the pages of the fault tree
to provide an overview of the complete system.

*Extracted from "Fault Tree Analysis - Apollo 15 Incident,” dated
June 5, 1970, under Contract NAS 9-10364 - Task Item 9.0, for MSC
Apollo 13 Review Board, Action Item 35.
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DESCRIPTION OF FAULT TREE DEVELOPMENT PROCESS:

BEGINNING FROM THE DEFINED UNDESIRED EVENT, "FUEL CELL POWER
NOT AVAILABLE ON SM BUSES", THE CAUSATIVE FACTORS HAVE BEEN
SHOWN BY MEANS OF LOGIC DIAGRAMMING. GIVEN THAT A SPECIFIED
EVENT CAN OCCUR, ALL POSSIBLE CAUSES FOR THAT EVENT ARE ARRAYED
UNDER IT. IT IS IMPORTANT TO NOTE THAT THIS LISTING INCLUDES ALL
POSSIBLE WAYS IN WHICH THE EVENT CAN OCCUR. NEXT, THE RELATION-
SHIP OF THESE CAUSATIVE FACTORS TO ONE ANOTHER AND TO THE
ULTIMATE EVENT IS EVALUATED AND A DETERMINATION AS TO WHETHER
THE DEFINED CAUSES ARE MUTUALLY INDEPENDENT, OR ARE REQUIRED TO
COEXIST, IS MADE. THE SYMBOLOGY EMPLOYED TO ILLUSTRATE THE
THOUGHT PROCESS IS AS FOLLOWS:

FAILURE/CAUSE STATEMENT - FAILURES ARE
SHOWN WITHIN THE LOGIC BLOCKS - TRUE AND
FALSE STATEMENTS AND RATIONALE ARE
ADJACENT TO THE APPLICABLE BLOCKS.

"OR" GATE - THOSE CAUSES WHICH ARE CAPABLE,
INDEPENDENTLY, OF BRINGING ABOUT THE
UNDESIRED EVENT ARE ARRAYED HORIZONTALLY
BELOW THE "OR" SYMBOLS.

COEXIST ARE ARRAYED HORIZONTALLY BELOW
THE "AND" SYMBOLS.

(::] "AND" GATE - THOSE CAUSES WHICH MUST

“"INHIBIT" GATE - THOSE FACTORS WHICH
INTRODUCE ELEMENTS OF CONDITIONAL
PROBABILITY, AND WHICH ARE REQUIRED TO
COEXIST WITH OTHER CAUSES, ARE DEFINED
AS “INHIBIT" FUNCTIONS.

[j::i:] "HOUSE" - THOSE CAUSATIVE FACTORS WHICH

ARE NORMALLY EXPECTED TO EXIST, OR TO
OCCUR, ARE SHOWN AS "HOUSES".

"DIAMOND" - TERMINATED FOR THIS SUB-BRANCH;
FURTHER DEVELOPMENT NOT REQUIRED FOR THIS
ANALYSIS.

"CUT CORNER" - INDICATES THIS IS A KEY OR

NODAL BLOCK. ANALYSIS OF THESE BLOCKS
<:::;;:::> WAS PERFORMED IN GREATER DEPTH SINCE

THEY "“CONTROL" SIGNIFICANT PORTIONS OF

THE FAULT TREE.
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TRUTH STATEMENT CATEGORIZATION:

EACH FAILURE STATEMENT IS REVIEWED TO DETERMINE WHETHER IT IS
TRUE OR FALSE. THE TYPE DATA USED TO SUPPORT A STATEMENT BEING
TRUE OR FALSE IS IDENTIFIED. IN ADDITION, THE SUPPORTING DATA
SOURCES ARE REFERENCED.

1.

CODE KEY
CATEGORY DATA TYPE
F = FALSE FD = PER FLIGHT DATA
T = TRUE A = PER ANALYSIS
GD = PER GROUND DATA
EJ = PER ENGINEERING JUDGEMENT
TE = PER TEST
Sl. = SUBORDINATE LOGIC
(SUPPORTED BY SUB-TIER
LOGIC.)
EXAMPLE: F - FD = FALSE PER FLIGHT DATA
REFERENCES :

MSC APOLLO INVESTIGATION TEAM PANEL 1, PRELIMINARY REPORT,
DATED APRIL 1970

APOLLO 13 UNPUBLISHED FLIGHT DATA, AVAILABLE AT NASA/MSC
BUILDING 45, 3RD FLOOR, DATA ROOM

NASA/MSC TPS 13-T-58, IGNITION OF DESTRATIFICATION MOTOR TEST

MSC APOLLO INVESTIGATION TEAM PANEL 1, APOLLO 13 CRYOGENIC
OXYGEN TANK 2 ANOMALY REPORT (INTERIM DRAFT), DATED MAY 22, 1970

NASA/MSC TPS 13-T-53, HEATER ASSEMBLY TEMPERATURE PROFILE
NASA/MSC TPS 13-T-59, OXYGEN TANK IGNITION SIMULATION
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LIST OF ABBREVIATIONS

AL. - ALUMINUM

ASsY - ASSEMBLY

CAP - CAPABILITY

CRYO - CRYDGENIC

cu - COPPER

ECS - ENVIRONMENTAL CONTROL SYSTEM
ELEC - ELECTRICAL

EOI -  EARTH ORBIT INSERTION
EPS - ELECTRICAL POWER SYSTEM
FAB -  FABRICATION

FC - FUEL CELL

FIG. - FIGURE

GEN - GENERATE OR GENERATED

H2 - HYDROGEN

H20 - WATER

MECH - MECHANICAL

MSC - MANNED SPACECRAFT CENTER
NASA - NATIONAL AERONAUTICS AND SPACE ADMINISTRATION
NEG. - NEGATIVE

NO. - NUMBER

02 - OXYGEN

0S-X - OXYGEN SUPPLY CONNECTION 1, 2 OR 3
PARA. - PARAGRAPH

PRELIM. -  PRELIMINARY

PRESS - PRESSURE OR PRESSURIZED
qQry -~ QUANTITY

REF. - REFERENCE

RF - RADIO FREQUENCY

S/C - SPACECRAFT

SM - SERVICE MODULE

STRUCT - STRUCTURE OR STRUCTURAL
SYS - SYSTEM

TEMP - TEMPERATURE

F-110



193NNO2S 10 XDIND ..D wvasna Y

HILIMS 3¥NSSIYd 0 ¥

YIINASNYYL JUNSSTUd ° JAWA NIIHD m
18 4NV

N39AXO

1INGNGD
J01IINNDD

(GAIVA IV 0 ONTI0s) X

¥ILWMOT1 NIOAXO @

NOI1DINNOD ATddiK NIDAXD g

)
TINGOW IATYA 1132 14 8
e L -
i r H €50 H
4 | | 7
| [ | € 11301304
| “ N
NN i r {
o
INIA " e — 6139v4 - 1 19¥ drs M
i i L]
]
i
\ -
)
1 z50
NN i o~
Y — I x @) _MIIL FIRIERRENT)
NI9AXO ! N~
7 RENLIZ | |
S319vd 81 YKL § 2 19vd T T 130vd —w v
€839V ] N
| n
] ! 9
wmo— o &S oo . “ ' .
INIA i [ 1-S0 )
1
523 “ — < L@H@”ﬂ TR IFaREN M
[}
nn oL
| \
hi b x_ﬂl — & 30vd -1 GtLL
11NANOD
¥010INNOD
m. NV W3L1SAS NIOAXO JINIO0AUD ANV
29AX0

$d340 J11YWIHIS a3ld11dWIS

F-111



JILYW3IHIS TWIIY¥LI313 2 °ON ANYL N3IDAXO

sﬂum (8 NIVW 0L 0ILIINNOD)
2 YILWIANI WOH4
0A 82 v ¥3043AN0D | pp [ difd Sd2 007 VA SLL <
8 NIVW A82 Vil 1 NOT- VA
dWNd NOT-IYA L; F
—y = siwn st [o1
d 0 N¥NLIY 20
1 t—s
A 2 uin | [T uH
A =
i
o \r
+ -1 N O NO
UM 1 ALisnao L so0u H __ 10— Llo— 204 8
J0A §-0 Aﬁ:zgo I q_ﬂ?l_ ¥3LVIH 20 NIWW
4 ) ° (WLoL) (7 R ulH
0¥ Q¥ p—rl Y828 - W\
~ 00t M (W1dAL)
+ v L AGLL Rt
| dAL
wir | *dWiL + J e 1M AWy L NO , 4
A §-0 i q - y AL
- a S WyinaN —oLo— 0Ly
OSNIS N S woo 5l
¥ANOTLIGND) VN X \ WIW HoLow Wy
WNOIS Lr/d Le/d

2 "ON MNVL N3IDAXO

F-112



NOT431 Q37714-SSV19 %62

INISNOH
TINOONI

SAY3T dOSNIS FANLYY3IdW3L

LLA

ATEWISSY 3804d ONV ¥3LV3H ¥3ddn

SAv3IT 3908d ALILNYND

~ N\
NIVL¥IOND | r HOLOW
oo n
oo A L
OO0 ” O
looo ,OO
joooo AO
Tooo ”
0000 .
booo m
lboco :
vooo _
. Lo | | Fe———ss3N1VLS 3901
2€0 o : ¥3L1Y3IH
0L T 0
haco 1V1SOWYIHL ¥ILYIH
YOSNIS TUNLYYIdHIL =~
W NY4
TV 40L0W
] NER
N\ (b) SSINYVH N4
aNY ¥3L1Y3IH
1InanNol

TINOONI

F-113



— Tt

SSIINIVLS
AT9W3SSY
d31V3IH

LELA
ATGWISSY 390¥d ONY ¥ILVIH ¥IMOT

ATAW3SSY

431v3H 40 7Iviia

O
O
)

J
(D

\
N\

W YOLOW NY4 —]

2€0’
JanL W

Y3 TT3dWI
dIT) Y¥3dd0d Q3NNIL

avya
JOLOW Nvd

390dd 9NI9IV9
JONVLIJVdY)

1INANOD

7
—\-—

N e e e —

F-114



XL

JA08Y NMOHS SNOILISOd JHL NI S39¥d LNOAV1 ‘3341 1INV4 319WISSY OL

6T
£
ve
A A Ll
8l
4l el
9l gL
1T R
cl 6 R
V 02 ¢ v 9
o¢ €
rA
6l
—. 1NOAVT 133HS 3341 11NV

*

*

F-115



139vd

2 39vd 335

LA RE:UR €
S107d MOY4 ¥ SS3d
0+l

2 'ON 130 1304 01
Q343A1130 10N
10 TywHoN

T3 1303 wWod4

2
5107d MOV 3 mmuuuw“
[E 2]

NDBAIQL
Q3¥3AIN H

suwn .
v ol 2192’ [
TIVLIIOY NIHLIM ;
sse Tom 5101 dwal NOILYINO3N TWHINL ER A 730 1304
044 LYINIYW OL 3801 Y4 #o 01 034IAIX0
Akl ¥ 5534 ON STIYWNSNOD
arl

. 130134 0f
RS NN (Y] SERRE D] STI0 1304 14 WHEIIN
SI01d MO14T ‘SS A 01 IVNEX mxg:u“ muw_«w (%
1] sisnvooume Werteidy
AYHINI 0L
S1IV3 1130 1304
E. “ON T30 G
SY S
RIHUBR R [ SHONYHE AYOLNAIYINGD eoeeee
]
a3
[ Ta0NVIOD ﬁu 1 n_ﬂgm_ﬁ.h QYIYHL NIvW i
AUYHINIIOL STiVY ﬁ(g.!uc 01 STivd
€'0NTI30 104 20N TIO 13

ST130 13n4 ONvV S3sng
SN T 3N
SUUIYAVI Jd
V4
o1 3vd B .
ROUDN o
(£33 030NYWWO D
NIRW 9304
2UVYINIO 01 S)V4
1°0N 130 BN4
H ¢
LT
1 39vd

ST130 13n4 ANV S3sng

seeseeccnssscassesisee

1119034 0¥01

$3SN3 01 GRIAINN0
10N ¥3M0d GHVIINID

siovs eany | ' wasid | % e
W2 | sonvwod Hum o

M0

UvENIO 0L

¥4 STI3D AN

$1Md 39V110A sne
SI01d INIMEND 04
¥

2 0131 ] g}
yuNd SIsnd
$100¢ 3 a+1| WS NIVW NO
IRVIIVAY 10N
YN0 N3) 134

0L61 ‘s aun(
SISATYNY 13¥1 11nv4

F-116



£ 30¥d 335

oo H
2 39vd M
H
.
. . . - - .
NOILId3a 1Y [1- 2 i [ SOy SO T N
: o_w__w» son |1 P '$3d 50 SI0d af $309 4 s309 INYL ONY
: o%mmxﬂ [ WILSAS SIAN) 5384 MVIAX3 :i_,ém,ﬂu 1) 3984 0 ATVLINL 103 g9, 1Nyw NIIMLTE
. 10N 304 v- § AVIVINLNY SSHId
0 30V 73 2 "N VL 2NNy 054 a#4
:
.
.
.
013133 [prz NOIIa3 iy [ETg
NnaL
e ] awawwort on 091 grojinvw ot 2 oN
<1014 Alp | WAISAS JOVHOLS po¥S WALSAS 30YHOLS WOU4
7 55344 A¥3AI130 €0 ON A¥3AI130 %0 ON
0+4

R 753U (717 LA ] %275 913143 P
ld
$107d w013 ey S o Q0N T ON Wilsas %
7 5534 GI03INYW 0L INYIOV3S NI 1401 104NV WOED
P e [ 12V34 Nt XvI1 38 d1s o
A¥IAN0 20 ON j34nLANY i}

<mﬁ<

5914153 [gg w117 - ) o141
2°9l41 434 RISOIT'IN 2R AU TR
S0 mmnw:_ IAWA $107d MOY3 Q35012 $101d M4 S101d MO14
+L INVIOV3H 0 033 VA % 534 % 5534
A¥3IAIN €0 ON INY1OV3H (] P

PN w57 WOl 22 a1
S107d WO V3200 $101d W14 T 1d MOU
033 YNNI 01 U3LIWNOL, OL O Crmmots NamLe 04

SYH ¥31WM0 14 AYIAIIN0 ON 39vX2018

8
LA ELE [{3
SI01d MO14 2 SSR 2°0N 1132 1304
g 0403¥3A1130
2 39vd e

W3LSAS L1O3NNOJYIINI 2 "ON 1130 1304
1 39vd Woas

P-117



£39vd
2 "ONINVL D

976 'vivd

17338 9-¢

¥-1

£ 39vd
Z "ONDINVL &0

£39vd 335

139¥d 33§
! H
[ i
$5304 MY 7wt 3193443 1194 NS5
d HLUVIH LSV
108s30g [ TVNBAINI SINI va| MveINgoLsUw
V-4 0334 4340079 WILSAS T04INOD
233
SYILMYEYE D3 §-€ w w.;ohwmd%m (X3
: v INNI0A GIOYO1
NOILYNIWYINO)
aY01Z ‘ON INVL :S%% w.“bﬂﬂ_
v [z-¢ NOILIId30 1¥
SHIUMYEVA 23 41 S309
- JAVNOIOWNI
5140 10 ALITYNO
L
I
NOILIVd30 1Y [o1-2
nul 5309 20 w3130
0L STIv4
ZON MNYL

7 39vd Wodd

¥ 39vd 33S

Lt WMy
IVANLINBLS

01 300 IWNSSI¥d
AN 20 §501

97 "Yyvd
w6t
¥-4

WNIOA 33d0dd
0v0101 34nTv4

SINIT0L
% ¥3nn 9t
3UNT1¥3 INYL O

F-118



¥ 30vd

11 19vd 33§
12 394 33 z 93
YAVO $03
0+l
€1-y
i 3 WNSSIHNIND
S534dUIA0 ON NSS4 135340 OL ATINFIDH440S
V-3 - ¥3A0 IAIN13Y Q3ISVIIONE LION SILv
0L S1Y4 W3LSAS NOILdWNSNOD 2g
21 39vd 335 131134 ANVL
it {33
Ss34d hﬂﬁﬁﬁﬂ 03A3113Y 10N
v NSSIUA YINO
ANYL 3
I |
LEECN oy

vI¥0 SS3¥d
¥4

(3¥NSSIYd- ¥IA0)
4 d SOWLY
QISOION3

AB QI0VWYQ INYL

L

NI NOTLOV3IY NIDAXO
01 300 039¥WYQ INYL

WANLINYLS AR
QISNYD NIV ANYL

IYNHE3LX3 A8 43SNYD
34NV IVENLONYLS

1t 39¥d 33§ O JOVd 338 639vd 33§ 8 J9vd 315
v
350vy
widd LON ¥ 0 W 1
¥-4 15-4 154 15-4
&V (X v bad
ALIAYD WINOYA NOILYOYH930 SNYIW IVIINYHO M SNYIW IWIIWIHO
WNYILXT A8 83SNYD

JNTIY3 IVANLIMYLS

¥ 30vd
S3YNTIV4 VENLONYLS Z INVL 20

L

2 NYHL

8t 9)41743y
S1074 iN38aN3
¥-3

v -
SNY W I¥D14L073

TYNYLX3 A8 03SNYD
3401 Y4 IVHNLONYLS

2 X{ON3dd¥ 1",
15-3

9 39vd 335
$39v4 135
13¥
5-3 y3
[
T winionuts vl wamouim | |27 suwnnoisx ! N
40 SLIWIN9ISIA NN 3EXT 133W 0L NIV A¥VTIIONY 90
$0330X3 CLENV) 01300 N1V ¥N1IV3 0L
INIWNOYI AN3 TYNEIINI NS IWHNLONELS WARINYLS INVL 30 €0 10 $507
| I

(33
340THV4 TYNLONALS
01 3n0 3WNSSINd
aINn1d 10 S0

€ 39vd WOd4

F-119



S 39vd

ANV NI AYVTTIINY
SO ST 4 ST I
$10Vd §S3ud S10%d §534d S101d SSHd
0F4 [Eg] L)

o1-§ &<

1I3NNODSH QI
01 19vwvq aRNLINY W iﬂ,mww__w
IVIINVHOM,

INWJ0IIA0 AVHWIS
304 01 %2019 335

AJ¥MI
ANJIDHAN SN
T34

2 39vd OL

1161

IIvWYq
NOHLOYIY T¥OIWIHI

AU
INHOLENSNI
(k2]

$7O14 143y § I TIW 4143
5101d SSRd $i01d $S38d Py
S101d SSH
0f4 0+ 4 (Y]
93
ERYS

1J3NNOJSI
0l 39vwvQ
I¥IINYHIW

QUINNODSHD

QI¥NLdNY NN ONLLLIANIT

oy |es
]! d
sl seme NI INIA INYL
N¥HL I9VIVT O

sonraw | €6
siola s M INYL
N1 39vivT o
§ 39vd

RNV INIT AYVTTIINY

P smn anvniony

20 3N
01300% 0 5501

¥ 39¥d WOl

\/

LINGNGD NY
S¥N220 TI0H

(21

11NaNoJ
HOLOINNOD NUHL
9vvN %

F-120



9 39vd
SLIWITNDISIG 2 "ON MNvL 2o

ALFTIRYAYD
TRINLINELS ON{LNIWOD
NI 30333 G3LIILION

-9

NYOM
ALIIVND MOT

103430 0L ¢1Ivd
NOILI3dSN

J0UINOD
$5300¥d
UYNDIAYNI

HLONI¥LS
Y1 4UYW
ItvNDIAYNI

SHWI IS
13w 0L 11v4 §35570
-0dd ONY STYIHILvwW

€9 -9 9
AN3ID1430 4 IHSNYWXUOM
w4 | N21S30.01300 MNTIv4 ¥4 | ¥00d 0L M0 TMIVI 3
WANLONALS ANYL THOLINELS WNYL
a " ¥
8 XIONIadY 1 134 3Ty
¥4
SLIWH N9ISXD LTM 0L
VY4 01 300 Y
WANLONULS ANYL
9 39vd

SUWITN9ISIO 2 "ON MNVL S0

¥ 39Vd WOd4

J

r-121



139vd
2 "ON JNVL €0  SIN3NOJWOD

23N
S¥ILINvEYd I9
V-4

shwn
NOISX IAIHDY
01 NIY.

TYNHAINI ‘N29

NI INWNOYIAN3 01 1VNIWYINO.

Q1 43504X

LERLIZREE: ]
094

ETRET o < 013133 (7]
1014 JWIL ONY SS384 NOLLILENGT TS AR (aDN0078) MO
[£9] MO 80 INIAINd "S10d dWAL ONY S534d 2
s3Iy 34 0 SINIATSd
WANLINYLS NOLLYNIWYINOD
) ! |

(5]
S10d e
$53d NIV1dXD anvi oL

tons30 IWNEIINE SINY
4 0334 QN0

£ 39vd

A ]

A\ NsSSd
UVYNIO 01 STUYS
“ON ¥LY:

€L

RNSSId
UVENID
01 S11v4
‘ON H3L

243 AL (77

XD VUV LSV
Vi WNSS]Ud
AVANI9 0L
SV ¥2UVH

M FL
SHUYH IS
Q31Nb3 10N

WNSSRd
AUVANIY
01 SHV4 NV4

L

2N
JAILDHA NAD
HUVH ISV
\Z

2 "ON MNV1 20 : SININOJWO)D

£ 30¥d WO¥d

3
NS
UYYNID 01 SHYS
WISAS W0YNOD

£ 39Yd Wou3

F-122



839vd
NO1S0Yd00 TViNLINYLS

IX TV S3M
SA¥II ON
V-1

WLy
NO 30N1 dW|

SINYNIWYINGD
Gallz

JOVWYG
IVANLNAELS
INYOIJINDIS 3SNYD Ol
INIIDHIANS ALIINYND
NI 1S1X3 SINVNIWYINOD
NAYTIVAY

e B 1Y swouvas0 s €8 LiGuorvas
v WHNLINHLS INVL OO o ki
%9 35AYD WS NIHLIM WYINOD
INVNIWYINGD
AISO¥U0D T
L K
SNYIW TYOIWHD
TN3IX3 AG 03SNYD
MV WHNLINALS
8 39vd
NOISOHY¥0I VaNLINALS

¥ 39vd WOu4

43HI0 e
NOISO4H0) @
10Vdwi e
ONIDEY @
INIGENI NYd @
‘A8 0INOWIY ONILVOD
301X0 1V JA1133403d

2-8

SWSINYOY0 042 IW
S13vd WIINYLIL
30 NOILNLILSENS @

NYILYIW0ING

4041
1¥ IN3S34d
SIVIH3LYW

Y¥YIONN e
JIWS00 e
e
A0HM3
NI IIIMEN

)

NOILYIavY
A8 G3LYLLING
NOILOVIY

1HO114 9N 140G
¢3504X3
SIVIYILYW
TIEILYAWO NI
91 .39vd 23S £139vd 335 I
L 1
s &8 ¥ Ao1Lsnawon
AOYINI WDIX103T3
A8 ATLDFHION 55‘“% ﬁuwu_ucﬁ wwoﬂgmﬂw
QLVILING NOI1YIY
QILVILING NOILOYIY NOILOVIY
| ¢ ]
"
238
QHVILING S)
NOILOVIY
WOIWHD

NOILOV3Y
QaLVILINI
NIYLSAS 01
NAVINIVAY
510

€<

I9vWva
NO1LO¥3IN WOIWHD

S 39vd WOd4

F-123



6 39vd
WIINVHIIW T¥NA3IX3

¥-4

NOISO14X3
A8 ¥V WOu4
UEINEE (R

1X 8L 1743y 1A 8V
10VIN) SISSIN 6, 13 ¥
SSd Y

15008 TYWHON

Q311dd¥ 32504 ON
"S13390 304v1 ON

'S0L0Hd 11035013
1 0L TYNy3IX3
X 318vl ,IWSS TYNYILXI WOU e
I 0 10VdWI WOINYHOIW
v Clovaw aiosoum vi ¥20HS A8 Q3NN 01310 24N v4 N S
TYTIYA WHALONYLS IVANLONALS YNYOVN
85-3 [Tb 9 XIONIddY 1434 [ -4
1HOIY3 ONIEN0 308N0S v-i KO3 0L YOI ¥d
WIINVHOM 334005 TYIINVHOMW
AR 03S0¥D A8 G35NYD
34N ¥4 WWANIONALS 4IHV4 YHNLONALS
L . |
A B
SNVIW TYOINVHIIW
¥N¥2IX3 A8 035NV
¥4 WHNLANALS
6 30Vd
TVIINVHIIW TYNY3LX3 ¥ 30Vd WON4 —

F-124



01 39vd

NO11YQv393a TVUNLINYULS INYL TYNYZINI

€€ Vivd Al TIBVE 113
STNOFTIW SE L ASYINI
bl

¥)

2rol

1100412
SAS 39nvO "ALONM
LH0HS 0 5103443 LOIG
8 03SNYD WNTIY5

2UYIIONI 5107d

$130vd 33
PU'C VUYd AL IRV 1438
TINOTONIIW ¥ ASYINI
1+l IN3I31 305N
@ nug L1IN0HID YUY ] 34
4143 NI 180HS 30 §103413 15-4 LIN281D NY4

133410 AQ Q35NV)
UMY INYL

NI LHOHS 30 S10H4]
1O3IC A8 Q3sNYD

6-01

1INJUIZ ONISNIS
JUNIVIIIWIL NI LIOHS
40 S133443 L3W10 A8
g3snyd MIyy,

2R ERIRE 1) LMOYD MV3:
¥ AS 035NY)
JuNTIv4 INY,

TIEYIVAY
ASYNI
AN3IDHIINSNI
T34

e U1V INYL
¥
8-01

4 SLUOHS

WOIBL0313 30 193433

133410 A8 03SAYD

INIWAO1IAN NIV ANYL
UYUWIS 804 £-€1
%2078 335

S133r80
TYNEIINI 35007
A8 1ovaw(

153

01 39vd

19NV
IVIINVHOW
AB Q3sNVYD
ANV ANV

NOLLYDIugY4
JONLS
ANYLNI INISINd
SINYNIWVINOD
JAISOUN0D

HIIH 01 v
13580

NO1503402
A8 Q3SNVD
NIV AINYL

NOI1vaV3930 TVANLONYLS ANVL TYNYIINI

14| ¥ noizvovaoi
WHNLNNLS
A9.Q3S0VD
NTIv4 INVL

¥ 39¥d WO¥4

F-125



11 39vd
ALIAVD 13X2¥T WANDYA 2 "ON YNY120

&
SIYINOIM
ISITROMITY

SININOS
L10v4 INIFND NOILINOI ¥3H10
WORIWNTY ®
YW @
NOWAN @
WIINYLIL ®
SYIXig @
NOLdVN @

NISRY
Y31SIAT0d JA[SHAY @

&

INISHG St S¥NII0 NOLLINSI
TVIA3YW T18YWWY 14

|

Lal}

= 9t 39vd 33§

ALIAYD WNNJYA

(31

91 39vd 13S

€I

ALAYD
NIHLIM IWEYILYW ALIAYY 2:3«% ALIAYD WONJVA NI
TI8VWWYJ 40 NOLLINOI NTINISHYd SI “0 IN3SIYd S
L ] A |
& A iavo wnnava T ALIAYD WARVA
NI WINIVW Tievw IRLNIHLIM STVIY
~WY14 0 NOLLSRBNOD -20vW 31841439SNS ONY
01 310 J9VWY INVL NIOAXO NIMITE SHND20
NOLLOVEN DLLAYIVD
| o= —
L ¢: ]
ISV s
Wiad JON ALIAYD WONOYA
v-3 NI NOSLOYIH NIDAXO
043N Q39YWVD INVL
11 39vd

ALIAVD 13XOVT WANDYA Z “ON YNVL 2

¥ 39vd WOd4

F-126



21 39vd
JUNSSIAd Y3A0 INVL

91 39vd 335
o-21
INIAIAYIS 0194 "33y INIWNOSIANT WS wn v (5
03504%3 ONY 13NYd WS 1H9113 34d 404 TYAOW3Y ¥-4 Y201 H1iM 03211003 NI NS
30 SSO1 GISNVD ¥ ¥0LI3S ¥3L3¥ 0IYNIIS LON SYM JINSSIAd ALIAYD ONY 3 ALIAYD WNRDYA
WS NI 3SY3HONI 11 350¥238 1501 TIVM ¥31N0 N1 NE IN3S3¥S §1 %0
NSSRd
| |
VI LV : -
8-21 EIE i
Eu_u_aawv:“ 1V NI SINSR STIVM YNV 43410 ONY
TIVM JINVL ¥3ino ANNI NIIMLIE WANOVA
NO NOILYIgVY 40 §507035AVD WA
A4VI0S 1D I
1-€ I8V ONY
£1-€ 914Y IR
- AD¥NI
£1-€ %0018 JUETRIEE SIS )
WA Ly 3 v Notloms B
wainsn | *4 40 NOISHIANOD N lSuIN0D A
33 NOLLYINSNI 40 SSO1 A9 Q3SNYJ ISYYONI 1103810 GISNYI ISYIRONL
A8 G3SNVD ISYION) 3YN Y 33dW3L JANIVH3IW3L
JUNLYYHIWIL IVNYINI JYNJUNI IVNHIIN]
324105 ON
3]

21 39vd
JUNSSI¥d ¥IA0 MNVL

. ALISNIO
NI 3S¥33)30 30
IWMIOA Ni 3SYIAONI
JUNSS - 43N0
A8 g3SNY2
3owva

¥ I
VU niveaawal
¥iva S
s NN
NI ISVRUONI A8
NS5 42A0)
03SAVD I9VWVD
i |
L F
wassel auvanagsi
JNSSIIARIN0
AL

¥ 39vd wou3

F-127



STIVAS ¥0L0W | P-€1
4

€1 39vd
2 INVL %0 NI'1V3H S3LV3¥D
AQYINI WIINVHIIW
STIVLS H010W
33 1V QR0
N30 O WL a
yNITERS] JUETRTEY) T T
WLINYLS NV ONY 34 ONLINIOW
ONY NV NI3ML38 4110 80 SSIMHVH 1M ONY ASSY NYJ4ILYH
SH120 NOJLDHYS NIIWLIE SHN20 NIIML3E SHND20
NOILD1Y NOILDH Y4
el
ANYL
NIHLIM S103790 NIIML
-38 SHND0 NOLLDIYS
1139vd 11§ I

ANV ¥0103 NvJ
NIIML 1 S3nJ%0

BOL0W NV4 NIHLIM
SH¥NI20 NOLIDIZS

-

0 vawi wous
1¥34 0 G1NIAND
A9HIN3 WIINYHIM

IN3IOIINSNT AOUIN]
TIINVHIIW )

NOILY¥8)A ON
X T4 40 WNLIVYI
NOILD134 WO¥4 'GT31A HONOWHL LV3H 0L
1¥3H 01 QUYIANOD Q3LYIANOD AYIN]
A¥NI WIINYHIIW J¥YJINYHIII

€1 39vd
ZINVL 20 NI LY3H SILVID ASYIND TYOINVHIIW

[33
AO¥NI WHNVHOMW

A€ AULI3HIANI
O3UVILINI
NOILIVIY

£ 39vd Wod4

F-128



vt 39vd
Z 'ON YNVL20 NI L¥3H SILVIYD ADY¥INI TWOI4L0313

WILINIIIEIINSNI

340 SHIUVH SAINIW 2 Inf
S107d INRHUND NO R SNY3
¥4 Vi

SNYJ
0AdD 1Y
IN3SRd ¥IMOd
SNONNILNOGD

89l

SHILYH
ANV LY
INISI¥d ¥IMOd
SNOAN}INOD,

2 39v4 335 JuvHD

ABLONI0RIL ¢

ADHINI 44 o
o ) TEVIvAY

YOI 01 914 1438 [gp1 on
No shvs | 7 ATYWONY i waaans | NOILY¥3d0 AU RO,
Helth 30108103 | 11n2¥10 ¥3w0d 01 Y11 SnONNIINOD 01 300 ULUYIANOD AYMN
1] Lvwor naeanod 1¥3H 01 GLI¥IANOD WOILII
A¥INI WOIULIN ADHNI WOI¥L93 AVALS

3

AQHIN3 1¥2I410713
A ATLO3YIONI

Q3UVILING NOLLOVIY

8 39vd Wodd

P 39vd
Z "ON JNVLZD NI 1V3H SILYIUD ADY3N3 T¥21410713

F-129



133443 HOYOL- LYOHS JOLOW SNV

61 39vd

$2 39V v¥ 135

L] (A3034WIND
303 01 5300V}
N2zIaIN0

JQ1AO¥A SINAINOD NYL

[CH]

1313 ‘N0
"WRNIWNTY) 1303
IUNLILSNOD
SININOIWOD
YOLOW NVS -8

01-S1 3340105 NOILINOY NY
ONILYI¥D RALNYLS ONY
S3SVH 4O "WHLNIN ONY
SIS¥HA “SISVHA NIIMLIE
3120 LINONID LIOHS

81 39vd 33§
TIVM NVL
Q¥YMOL Q3SYNIY
38 NOILSNEWOD
b 40 S191Q0¥d
A9 o €434 (-8
E_u_%wz \ LW 04 IALYON 123443 HOYOL
-3 ONIBML HO TIVM NNV S1IAS3Y 1S NI ONILINSIY
ONI SO SSINYYH BOL0W Wid SUNII0 LUOHS
NY4 N) SHNID0 L¥OHS -4
| |
JUNLONNLS NNV, NOHLONYLS30 ISNYD
NO LNIWIIN! W 01 INJIDI40S SI
Q3ISYTIIH ADHNI
YOuIT a3

$180434

M3AD ONY Y1v0

40 NO1LYI3¥44Y3INI
¥-1

-5 vauy N1 0321201
0L AD¥IN3 IAILINKLSH

12

LINJYUID Nv4

I-8 0L 318YHYAY S| 0 INIWIINIdW)
AD¥NI ¥O4¥10TI NIONILINSHY SINMWTT
NIIMLIE SHNJI0 LIVINOD|

) |

] z
TIN2UID NV 40T NI 1102410 Nvd ¥3dd) NI
LHOHS 10 193443 13OHS 40 19344
193410 A8 4350VD 19310 AQ 0350¥D
TNV INVL 3UM1IVA NV
- ~
! foro LNoR1
S139vd NY4 NI LIOHS 20
- $193443 110 AQ
123443 HOYOL- 1HOHS ¥O10W SNY4 Q280VD S v

01 39v¢ WouJ

139}

SHNI0 LHOHS

103143 HO¥OL
NI ONELINS3Y

J

F-130



91 39vd
ALTAYD WARDYA NI 20

oL OF
01 ¥d
430n0041N &

Ol-9 3 §-%°1-¥ $33078 230N
AVHL 01 ¥¥TiW1S 38 QINOM
INIWAOI3AI0 3AHLYSNYD

191

2041 NS
IN3S38d 0

AHBI NI SAVTT
13$S3A WSS

| |

-2
ALIAYD WINOVA
NI INISRHd §1 S0

217 H S319vd WodJ

91 39vd
ALIAVD WRNDVA NI €0

F-131



11 39vd
LY3H SILVIUD JNVL 20 NIHLIM LOVAWI

YHI0 ®

S48VE WIINYIL JO NOTINLIASENS @

SNOZYVIOUUAH @

ONIY,.0.N WNNE @

24l

1S31 30 NOHLYDIHEVS
ONIANA WNVLOINT
GIXNTOYING 103780

-2

ni
N39AXO0 HLIm
G3XNQ0UINI
103780,

UMI0 @

330708 35001 @
M ALIYS @
43I NJ-AINNIL @
SONIHSNE 331 @
SLIALY @

I-a o4

JNVL NIRLIM S1SDG
ANYL NIHLIA SISt ININOIWOD 35001

123780 N913¥04 35001

Nv4
DYLS MM
INWNOAWO LYHL
ALI18Y80dd

NYd
INNALS TTIM
10380 tvrs
ALI1EY80¥d

*u
Y] [
NY3 Y4 SINIALS
SINIULS WNYLE NNV NIHLIM SHVIYE ONIINNOW ¥0
NIHLIM LDI 80 ININOGNOD 35001 SUYINE NYy
NOIN03 35007
7
TYNIWON
JAD
YIUYM ISV
V-1 N
&L -1y Nvano | L oaro
SSULS W01 WO
NV4 IN1HLS Nvd DAL 7 N1 w0 JMNLONYLS
SID¥EQ N9I O3 SININOGWO) 35001 SIAIYULS NY4
- N
o _
X1
LOVdWI WOU4
1v3H 01 GILY3IANOD
11 39vd AQWINT TYIINVHOIN
V3 SALVIHD INVL 20 NIHLIM 1OVAWI

€1 30¥d won3

F-132



81 39vd
133443 HO¥O01 - 1INJ¥1J NV4

81 39vd
123443 HO¥OL - 1INJY1D N4

¥2 39vd vv 33§

S3lvivdiIs
ATIYOISAHd
QvT) ¥010W
N¥4

ASSY NY4 ONY
Y3LV3H HINO SIWY1D
ML ONY ASSY 38044
JHLNIIMLIE SAVTT
3344 NI SANJI0 LAOHS

8t
S8
TIvm IvD
TIvM LIDONODD H01INNOD 40 SID¥INGD Q¥R
SLOVINOD O3t NOLLVINSNI 10 HOLOW Nv4
NOILYQYY93d Y0 SSO1 35001
i |
2-81 8l
HOLOINOD H0
1INANOD NHHLIM
QVT1 NI SA1D0 JUOHS
i
AN (57
NI OHHN SN \ﬂus 01 9NGMNL 40
Y1 ¥ 1ivm INVL ONISOYD
SSINHVH HOLOW NY3
NI SHMIJ0 LYOHS
S1 39¥d WONd

F-133



61 30vd

92913143 1133 1304 1)) 92014 1Al 52913143y

107d MO 2 04 143 435010 ALIYTIWIS ALIYIIWIS

P vl IATVA NOTLVANYLS NOLLYANYLS
INVIOY3Y e

$107d MO
¥-4

92 9i4 13

%°013 1134
0i-61 9779141713
ALIVIWIS 20V)001d $107d HOT4 ALYIIWIS
S:i«wa TYNNIINT SYH 0+l HILIWMOM OL NOILYAHYIS 92 9111 1M
] o, AHIALTI0 20 ON 133 1074 WO

113014 17434 33 134 WOu4

SLWE THYL4I00V %928 s 95 1M [
SHLMYAYd 3 O%H ¥ 535¥0 SI101d dwil NIHLIM NOLLYTNO3 stotd wons | ¢ N30 1304
SS3%3 LSNVHX 044 TWHHL WNELG ¥ sswa 01 0343AIT20
oL NN NIVINIYW O1 ar1
it LON STIFYWIISNOD

a4

AN
SI0Td MO13 ¥ SSIU9

N

ari] ! ‘ON T2 1304 04

6l

YO0 1733

61 39vd

[A0IERRSt |
0+l

NO 27434 510 %&ud 1139 7304 Q1
A3¥3A1130 10N 7 'SS34d °H
IVWHON LES] Q3N3IAIA0 LON °H

$2°$914 U4J¥ (570 758 130 130 ST 1304 1 438
S107d MOT1 ¥ SS3ud <0 oL WN¥ILG SHILMYYY¥d I9 $350¥3 01 @
ol $350Y3 04 300 v UvENI0 01
2UVINI9 0L v 1130 1304
T4 133 1304

i 00NYWWO)
NHM UIM0d
AUVAMNIVOL STV
1°0N 130 71304

F-134

NOILVYINIO ¥3IMOd €31 "ON 1130 T3N3

essene
139vd Woud




02 39vd
1'0N WILSAS 39vd0L5%0

®© 39vd
1 "ON WILSAS 39V¥01S %0

V02 39vd 335

NOLNAG 1y [21-02
NYL 5309 Wi

SIUNLINYG INIT
13IN1 ¥O ¥31314

LN ¥ 01
4104405 F0 ON

NEY Q334 503

anxotg NN
13IN1 Y31

L
602 NOUIT1430 1v [
5209 | %
¥aLysol aINI0N8 ¥3LTH4
4311ddN S0 ON
90 NOVG30 Ly [TG7
Et $309 INT WL .
s3uNLdNY JAIVA X339 0L 4343078 N
LI IAVA 03114405 20 0N 13N1 3ATVA
NOMHI AIHY
0 NOVTA by (702 IV
STunidny Wl Hihad BT AL
13100 4O INTVA 144n5%0 ON
i a311ddns
R o
915 40 $501 .
M il ea0]  GOHINVWOLT TON
$107d "ALD | WILSAS IOVYOLS WOdS
¥ S53ud AY3AI30 “0 ON
Q44
R ¢

I I I I O I I o oIy rereyy

2 30¥d wWoy4

F-135



Y02 39vd

INIWAOTIAD 6 V0L
YYTUWIS 304
X074 B

SN
AYVTHONY
J0 Mivy

K630 L¥ s9u

anu sws [ L YR ToN m_mw
um_u_u:ﬁ_zzw NV 20 WO4 ssiud? amaoe w !
B 0311ddns 20 ON o N 0333 0

TINGOW
JAIVA 39VH0)S OL
0311ddNS “0 ON

a3N0018 S|
JINGOW JAIVA
JOV¥01S

T ON dNVL 3
T°ON WILSAS 39V¥015%0
NOILYNIWYINOD @
RNSSRINING @
A0HS &
(3577
35070 04 S71¥4 ANV
SN3JO JATVA 43113
¥02 39vd
1°ON YNVL %

1 'ON W3LSAS 39v¥015%0

G :

NN
13INI ¥317)4 0L
@317ddNS “0 ON

NOUTIIN 1Y (3702
N4 5309

02 39vd WO

F-136



12 39v4
431738 WNSSIVd 2 "ON INVL 0

12 39vd
43113y 3UNSSI¥ Z ON NNVL 2o

R
INTIDINSNI
ALITIBVAYD 43173y
JUERESL]]

R

HOIH 1V JAIITY OF
TIAVNR WILSAS JATVA

01 LN LAY NG D
01318 Y140
01 SHYIINY

03ddvI S|
1804 IN3A

§-1
31¥¥3d0 01 STl
WSINVHIW
WA
L
§ DT 43 4313 UYIIANE [473
S107d §53¥d 0 £
31¥4 HONON3 IAINR 01
S11¥3 WILSAS
INWA
L ]
el
SSR4NA0 OV JANSSIAAHINO
¥ TR
0L STHV4 WILSAS
ST INYL
¥ 39vd WO¥4

F-137



22 39vd
1¥3H 01 NOISY3IANOD A9Y3INI T¥D1¥19313

2 39¥d 335 92 39vd 338
=) W7
vauy
SNVA NI
LiNONOD ¥31VH
NI SH1990 11nY4 SHM330 NAv4

S4NJ20 1INV4

S¥NJ0 1INVy

vZ 39vd
w335
ANLINONTD
INIDYIOV HONOUHL
ONNONO 01 ISVHd @ NOILYNIWYINGD ®
GNNO¥D 01 I5VHY @ ¥3dd0D @
WWAININ O ISVHA @ HINIS @
I5¥Hd 01 ISWHd @ NI @
vz oz
$3N230 1INGNOD Nt
12819 TAVIVAY S1 T304
LHOHS
2aovans [ m
FZ, 42,
SQVTI 3383 NI 1INANOD NI

S¥NJ00 11NV4

A¥OHS QVT1 d3UVIH ¢
LHOHS INIWTI YLV H +
ONIJYY HOLIMS TYWHIHL «
43 340 SUUYH

1014 IN3¥NND

¥-3
22

1nv4
Linduio
¥V 0L Ing LYH OL
JILYIANGD AN
\BLLTRELE

AOY¥INI INIIDI4INSNI T ONINUOM

HOSNIS “dWil
0F4
3279

1nvy
1INJ¥1D MNISNI
N1YYI4WIL 01 INQ 1!

Q3LYIANOD ADYNI

AQUINI IN3ID144NSN)
¥-2
-

S
¥3H O

11n2419 38044
ALLINYND 01 300 LV3H 01
QILHIANGD ADIINI
¥21410313

€2 19v4 338 9

3224

YOLDINNOT 1V
SUND0 1wy

& 1ny4
12812

NYi 0Ll N0

Y3 0L GAUHIANOD
ASYIND WOIH1DIN

22 39vd
1V3H O NOISY3ANOD A9Y3N3 TvI1410713

LEEELY ree)

NO SNY4 HiIM ATYWONY
ANINIOI SHIII | 11319 yIM0d 01 M
a1 1V 01 G3LY3ANOD

A3 I¥OIUIOTT

¥ 30¥d Wou4

F-138



€2 39vd
SNO112V34 1InJY10 14OHS

€2 39vd
SNOILIV3Y LINJY1D LYOHS

¥2 39¥4 NO YV 335

ONNOYO Y¥3LYIH 0L ISVHd &
Y3LY3IH HONOUHL ANNOEI 0L ISYHd &

¥239¥d NOVV 33§
AZLINDYIY INIOYIQY HONOUHL

NOTLYNIWYINOD ©

38N1 ¥3UN0
3908d ALLINVID 01 35¥Hd ® UNNOAD 0L ISVHd @ 3005 »
(GNNO¥) IUNLONALS 0L ISVHY ® NOLLYNIWYINGD & ONNO¥S OL IS¥Hd @ ¥3dd00
WAL O1 IS¥Hd » NOT43L OTT115 SSVI9 @ VHINN OL 3S¥Hd @ YIS e
3SYH 01 ISVHd » NOYiLl @ 35VHd 01 ISYHd @ NOT4L ®
(27 73 2 =73
SAN: SOV 33N
:Szu_w TavnvAY unay _wﬁwww e
LHOHS $11304 NAYNYAY S§ 103
L | | = | |
(X3 Y
SQY3IT M4 ¥OL1D3NNOD
NI S3N220 £1NV4 ¥ SH0020 110v4
& 39vd WY

F-139



(INILYD $$3003d

NIHNLIVIINYW ALTNYS §2 39v4 325
SSIULS GWVID ®
¥2 39vd SISSILS
IYWHHL 0L 30 NOISHALX @
SNOILIV3IY LINJYUID LHOHS 1¥dwi N3
30 "$133r80 15007 A8 4IOVWYQ @ (INIYD) 5530044
1531 ONY ONIUNLOVINNYIW ALINYS & (INILVT $5300¥4
NOHLVY340 ON1ANG NOILYYSIA @ 39V 01 N0 IIVHOLS ONTHNLOYINNYW ALINV) &
AIBWISSY ININDISENS ONY IYWION ONYISHLIM 0L Q3t1ddV IOVLIOA JAISS3IIX3 e
NOILYDIH8YS INIENTG INITONYHSIW @ NOLIVINSNE 50 ALITIBYNI @ G3SANOLLVINSNI JIH03dWi &
-9 -2 &y (X33
Q3LVIOIA
_é_mwﬂﬁm HITATHS zo_#«mw&wmw ALLIBYAYD
k E ONLLYVINSNI
r 1i
vy
v nmogyvade
NOILYINSNI

40 NS v Sy
HNJJ0 NYI SIYOHS

H_:_________::===_=:===_==___:___======_=__==_:_____:_______:__:_:m

NOIIYNIWVINGD &

= d170 434403 AMNIL @
= Pl #0138 VY 335
= MOT3E VY 33§ 43005 o AULIN2YID NOILVNIWYINOD ®
= mougwals SSV19 ¥3AH IN3OVFOY NOL3 0TI SSY19 @
= NLINYLS INIDVIQY HONOYHE 3LYNOTHINT NOTSL @ HONOUHL ONIONS OL ISYHA © Gls e
ANNOYI0LISYHd ® = NOILYNIWYINOD ® GNNOYY 0L 3SVHd ® SONIUYIE Vi, NOTNY @ GNNOYUD 01 3SVHA ® WINIWNTY @
WINNOLISVHd® = SLIWWOUO NOT41L & WALNIN OL ISVHY ® ONISAOH NY3 WINIWRTY ® WAL 01 ISVHd ¥4d02 @
IVHAOLISVHI® = NOILLYINSN! NOT43 @ 3SVHd OL ISVHd ® NOWLL @ 3S¥H 0L ISVHd ® NOVL e
R (=73 (X33 =7 I e wH
NY4 NI 3004d NI
SHN920 V34 LINANOD NI SN0 SUNDI0
102819 LHoHS TIRVIIVAY §1 1304 LINJHID 1HOKS neviivay LINDY1D 1¥OHS naviivar
i
nz "z %
yIY
SNV3 NI QVH 3804d NI
LINONOD ¥3LY3H NI
S¥N220 11nv4 SHN20 L1NV4 SHND20 LINv4
Z 39¥d WOMd
92 39Vd 2 39¥d WOdA
SNOILIVIY 1INJY 1D LYOHS

Z 39vd Woud

F-140



40u¥3 1531 e

¥oyuI gV @

NOILYNIWVINOD @

NOISI0

AMOLOVSSILYS  21-62

Sy 119

JOVSN d0idd 09-1
2 39vd 4 ¥3d0HdWI
NOI1vavy93d T¥OIW3IHO 19¥110A
NOILVINSNI 03ddv

[1%3 LELER: L E
1110 031¥0HS

LYLSOWH3HL

1NHS 430 13M
LYLSOWY 3HL

HOLINOW
I IVRY
N NOI Y340 E
1ViSOWY3HL 40 £
INIJOLINOW A WWONY
IVNDIAYNI 1YLSOWYIHL

AGOLIVISILYS g ADYIND  BS
39VSN Y01 dd AN DHNSNI
[EY) 34,7
151 [73 ¥0Y¥3 NO1SK 40 'SOSNIS ALD
SHILYIH 01 300 INIWNON AN YOSNIS dWil "SNV4
N INON 1 AN3 WYKL 01 3N0 INIWNOYIAN3
IVWaIH
bt TYWHON 3H1 IYWHONS
IYWHONSY
unos on OS2 358005 o 12
() 34 $53208d
AN = NOILVINIWOId ¥0 INIANLIVINNYW
NOILYNIWYINGD ALINY4 30 INVNIWYINOD
:ﬁ;% mwuuu 01 300 HLvd JAISOYY0D A8 QINOVilY
IAILINANOD NOMLYMSNI
WIIWIH ins
Sl rew
NOILYQYY 930
62 39vd WIUWMHD
NOILY@VY¥930 TVIIWIHI NOELVINSNI

#2 30¥d W03

F-141



bt

)

REFERENCES

Weber, Laurence A.: Thermodynamic and Related Properties of Oxygen
from the Triple Point to 300° K at Pressures to 230 Atmospheres.
Supplement A (British Units), NBS Report 9710A, August 29, 1968.

Stewart, Richard B.: The Thermodynamic Properties of Oxygen. FPH.D.
Thesis, Dept. of Mechanical Engineering, University of Iowa,

June 196,

Weter, Laurence A.: P-V-T, Thermodynamic and Related Properties o
of Oxy:ien from the Triple Point to 300 K at Pressures to 33 MN/m .
Journal of Research of the National Bureau of Standards - A.
Physics and Chemistry, Vol. ThA, No. 1, January-February 1970,
pp. 93-129.

F-142





