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1.0 SCOFE

This document presents the report of the CSM Corrective Action Study =nd
Implementation Panel (Panel 5A) of the Apollo 13 Investigestion Team. The
material presented hLerein covers the three areas of activity which were the
responsibility of Panel 5A:

1. Study and implementation of corrective action sssociated with the
cryogenic oxygen system failure which occurred on Apollo 13. ’

2. Establishment of the as-flown configuration of SM 109 B=y IV and
identification of differences within the bay between SM 108, SM 109, and
SM 110,

3. Assessment of the feasibility and implementation of corrective
action for potential problems identified by the Related Systems Evaluation
Panel (Panel 6).



2.0 INTRODUCTION

Panel 5A activities were initiated immedlastely after complietion of the
Apollo 13 flight. The initial =ffort was aligned towards alternate design
epproaches which would circumvent the loss of the No. 2 oxygen tsnk as well
as the secondary anomaly relative to the inadvertent closure of two of the
three fuel cell oxygen shut-off valves. By April 19, 1970, the Spacecraft
Incident Investigation Panel (Panel 1) had identified the cause for the loss
of tank No. 2 as combustion which resulted in overpressurizing and/or over~
heating of the tank and related components. Design festures of existing tank
internal components are shown for reference in Figure 1,

A second issue under the purview of Panel 5A wes the establishment of the con-
figuration of the hardware in bay IV of the service module SN 109, and the
assessment of the significance of any differences among service modules SN's
108 (Apollo 12), 109 (Apoilo 13), and 110 (Apollo k). This review effort
was performed by elements of MSC and the spacecraft contrector, North Ameri-
can Rockwell (NR).

Subsequently, a third issue was edded to the scope of this panel when Panel 6
identified a potential problem with the oxygen fuel cell shut-off valves. The
coils and associated teflon coated wiring are exposed to the supply oxygen
which is normally at 900 psie and essentially at ambient temperature.

Due to the fact that Panel 5A was operating in parallel with Panel 1, the
initial design approach for corrective action had to be broad to insure
encompassing the final determinations of the investigation. This approach
was updated and modified as warranted.
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(D QUANTITY GAUGING PROBE

THE QUANTI:' GAUGING PROBE CONSISTS OF TWO CONCENTRIC TUBES WHICH
SERVE AS CAPACITOR PLATES, WITH THE QPERATING MEDIA ACTING AS THE
DIELECTRIC BETWEEN THE TWO. THE DENSITY OF THE FLUID IS DIRECTLY
PROPORTIONAL TO THE DIELECTRIC CONSTANT AND THEREFORE PROBE CAPA-

CITANCE.
RANGE 0-100% FULL
{1.39-69.5 LB/FT°)
ACCURACY +2.68% FULL RANGE
QUTPUT VOLTAGE T-5 v OC
QUTPUT IMPEDANCE 500 QHMS
POWER

2-1/2 WATTS 115 V
400 CPS

@ TEMPERATU®E SENSOR

THE TEMPERATURE SENSOR IS A FOUR-WIRE PLATINUM RESISTANCE SENSING ELEMENT
MOUNTED ON THE QUANTITY GAUGING PROBE.
IN AN INCONEL SHEATH WHICH ONLY DISSIPATCS 3.5 MILLIVOLTS OF POWER PER
SQUARE INCH TO MINIMIZE SELF-HEATING ERRORS.

RANGE -320% 10 +80°F
ACCURACY +2.63% FULL RANGE
QUTPUT VOLTAGE 0-5 V DC
QUTPUT IMPEDANCE 5000 OHMS
POWER 1.25 WATTS 115 V
400 CPS
GLASS SEAL
BASE ASSEMBLY
INSULATOR
THRUST PIN CcAP

WAVZ WASHER:

(D THERMOSTAT

THE THERMOSTATS ARE A BIMETAL TYPE UNIT DEVELOPED FOR CRYOGERIC SERVICE.
THEY ARE IN SERIES WITH THE HEATERS AND MOUNTED INSIDE THE HEATER TURE
WITH A HiGH CONDUCTING MOUNTING BRACKET ARRANGED SO THAT THE TERMIN@LS
PROTRUDE THROUGH THE TUBE WALL. WHEN THE THERMOSTATS REACH 80 . 10° F,
THE THERMOSTATS OPEN CUTTING POWER TO THE HEATERS TO PREVENT OVER HEAT-
ING OF THE PRESSURE VESSEL. WHEN THE TUBE REACHES -75°F IN THE OXYGEN
TANK THE THERMOSTATS CLOSE ALLOWING POWER TO BE SUPPLIED TO THE HEATERS.

FIGURE 1.

1T IS A SINGLE POINT SENSOR ENCASEU

ENCASED
INTERNALLY

% .£A MOTOR ©®

INLE™ PORT

FAN MOTOR ®
ENCASED
INTERNALLY

EXISTING TANK INTERNAL COMPONENTS

YOKE RING:

(@ PRESSURIZATION AND DESTRATIFICATION UNIT

EACH OF THE STORAGE TANKS CONTAINS A FORCED CONVECTION PRESSURIZATION AND DESTRATI-
FICATION UNIT. EACH UNIT CONSISTS OF THE FOLLOWING:

a. A 2.0 INCH DIAMETER SUPPORT TUBE APPROXIMATELY 3/4 THE TANK DIAMETER
IN LENGTH,

b. THD HEATERS.
c. TWO FAN MOTORS.
d. TWO THERMOSTATS.

THE TUBE PROVIDES A LARGF SURFACE AREA FOR EFFICIENT HEAT TRANSFER, AND IS SMALL
ENOUGH TO BE INSTALLED :n™UGH THE PRESSURE VESSEL NECK. THE HEATERS ARE PLACED
ALONG THE TUBE'S OUTER SURFACE AND BRAZED IN PLACE. A MOTOR-FAN IS MOUNTED AT
THE UPPER AND LOWER ENDS OF THE TUBE, WHICK ORAW FLUID THROUGH THE INLET PORTS
LOCATED ALONG THE TUBE, FORCE IT ACROS> THE HEAT TRANSFER SURFACE AND EXPEL IT
NEAR THE TOP AND BOTTOM OF THE VESSEL.

BLOCK I1 TANKS UTILIZE SEPARATE SETS OF LEAD WIRES FOR EACH HEATER ELEMENT AND
FOR EACH MOTOR FAN THROUGH THE ELECTRICAL C NHECTOR INTERFACE.

@ HEATERS

THE HEATERS ARE A NICHROME RESISTANCE TYPE, EACH CONTAINED IN A THIN STAINLESS
STEEL TUBE INSULATED WITH POWDERTD MAGNESIUM OXIDE. THE HEATERS ARE DESIGNED
FOR OPERATION AT 28 VOLTS DC DURING IN-FLIGHT OPERATION, OR 65 VOLTS DC FOR
GSE OPERATION TO PROVIDE PRESSURIZATION WITHIN THE SPECIFIED TIME. THE HEATERS
ARE SPIRALLED AND BRAZED ALONG THE QUTER SURFACE OF THE TUBE. THE HEATERS ARE
WIRED IN PARALLEL TO PROVIDE HEATER REDUNDANCY AT HALF POWER. IHE HEATER§
HAVE SMALL RESISTANCE VARIATION OVER A TEMPERATURE RANGE OF +80°F TO -420°F
HEATER POWER IS 114 WATTS BASED ON 28 VDC AT CM MAIN BUSES.

(® FAN MOTORS

THE MOTORS ARE THREE PHASE, FOUR WIRE, 200 VOLTS A.C. LINE TO LINE, 400 CYCLES
MINIATURE INDUCTION TYPE WITH A CENTRIFUGAL FLOW IMPELLER. THE MINIMUM IMPELLER
SPEED OF THE OXYGEN UNIT IN FLUID IS 1800 RPM WITH A TORQUE OF 0.90 IN. 0Z. TWO ,
FANS AND MOTORS ARE USED IN EACH VESSEL.

FIELD WINDING BUSHING

STATOR STACK

BEARING _J

ROTOR

IMPELLER



3.0 CONCLUSIONS AND RECOMMENDATIONS

3.1 CONCLUSIONS

It was concluded by Panel S5A that:

1. Either a capacitance probe for direct quantity measurement must be
retained or additional oxygen must be provided.

2. Retention of a fan may be required based on a potentisl high flow
requirement at low quantity levels.

3. The cryogenic oxygen tank heater control system should be revised
to enhance redundancy.

4. A sensor is required to monitor the heater assembly temperature
during flight. )

5. The following design options are worthy of further investigastion.

a, A modified existing configuration which allows encasement of
electrical leads in metal sheaths near the pressure vessel wall. This
design also requires modificetion of the tank closeout plug to elimi-
nate the need for turning the quantity geauging probe during assembly.

b. A single probe incorporating the gauging probe and heaters on
a tandem design.

c. A configuration utilizing an internal gauge, an external hester.
and an external pump.

d. A configuraticn utilizing an internal gauge, an internal heater,
and an external pump.

e. A configuration utilizing an internsl gauge and an internsl
radiation device.

f., A configuration utilizing an internal geuge, an internal heater,
and an external gaseous cxygen pressure system for destrastification.

g. A configuration utilizing an internal gauge, an internsl heater,
and an internal bimetallic fan.

h. A configuration utilizing an internal gauge, an internal heatér,
and vehicle movement for destratification.

6. Inadvertent closure of the fuel cell reactant valve was a resultant
effect of the oxygen tank failure and was probably caused by structursl shock.
Thus, a feature is required in the caution and werning system to alert the
crew to inadvertent closure of individual fuel cell reactant valves.



7. There were no significant configuration differences in bay IV herd-
ware of service modules SN's 108, 109, and 110,

8. The existence of uninspectable Teflon-covered wiring next to the
pressure vessel and Kel-F czposed to high pressure oxygen within the fuel
cell reactant valve poses a potential failure point, and resolution of this
point is required.

3.2 RECOMMENDATIONS

Panel 5A recommends that:

1. If redesign to correct the cause of the Apollo 13 failure is required,
the design option to be incorporated should be based upon modifying the exist-
ing configuration. A design with metal sheathed wires near the pressure ves-
sel wall and en improved assembly technique is feasible. This approach is
most suitable since it preserves the configuration which has a significent
background of flight experience. It also meets the criterion of lowering the
ignition and fuel sources within the oxygen tank to an acceptable level.

This design mmst be demonstrated safe for flight by test.

2. If destratification fans a~e eliminated, changes should be implemented
to the spacecraft wiring to enhance redundancy.

3. Changes should be implemented to eliminate the potential problem
associgted with oxyegen exposure of uninspectable Teflon-covered wires nesr
the pressure vessel wall and Kel-F within the fuel cell reactant valves.

i, Changes should be implemented to the spacecreft wiring for the cau-
tion and warning system so as to provide an alert to the crew if one fuel cell
reactant valve inadvertently closes.



4,0 DISCUSSION

4.1 CRYOGENIC OXYGEN TANK NO. 2 FAILURE

The initial effort of Panel 5A was to establish an evalustion of specific
alternate design approaches that would eliminate all ignition and fuel sources,
However, the evaluation waes modified to pursue the aschievement of three

design gosals,

1. Eliminate exposed ignition sources within the cryogenic cxygen tanks.

2. Reducefto an acceptable level the sources of fuel for combustionthin
within the cryogenic oxygen tanks.

3. Maintain existing configuration so as to teke advantage of previous
flight experiences.

Initially, three options were eveluated by the panel.

Option 1 - Disconnect the fan-motors end quantity probe. This required
no modification to the cryogenic dewar but did not meeit design
goals 1 and 2,

Option 2 - Encaese the fan, quantity probe, and heater leads in metal
sheaths. This satisfies the design goals, if adequstely
proven by test.

Option 3 - Disconnect fan-motors, quantity probe and heaters. This
satisfied only goal 1. This approach does require the use
of an external fan-motor or pump.

North American Rockwell concluded that the internal porticns of existing
axygen tanks could be modified., Based on this information and the fact theat
the options not requiring tank refurbishment, Options 1 and 3, did not ede-
guately meet the established criteria, they were dropped from further imme-
diate consideration.

The primery concern with options 1 and 3 was the elimination of the cepeci-
tance type quentity gauging probe which, in spite of extended periods in
flight without fan-motor operation, has prcved to be accurste to within 2 or
3 percent., Alternate methods for determining quantities were evalusted znd
ere discussed in Appendices A =nd B, No suitsble method wes identified that
would not impose an additional redline penalty of approximately 75 pounds per
tank. The resultant conclusion is thet either the capacitence probe must be
retained or additional oxygen must be provided.

A second concern with options 1 and 3 previously outlined is the potencial
thermal stratification of the fluid as e result of heater operetion in a low



gravity environment. Normelly the fans are cycled twice a day, just before
and Just after the rest period; however, on Apol.o 8 the faus were not cycled
for a period of approximately 56 hours during transeartb coast. The analysis
of stratification based on the flight daeta is included in Appendix C and two
significant points are summarized here.

PRESSURE DECAY EFFECTS., - This effect is only possible where the fluid prop-

HEATER SURFACE

erties -differ significantly from an ideal gas. For 900 psia
oxygen, the fluid properties rapidly achieve ideal gas charac-
teristics after the temperature rises above the critical temp-
erature, The fluid temperature does not attain this range
until the quantity remeining is less than 30 percent. The
greatest decays in pressure have been noted with essentially
fu?l tanks and are not present below 60 percent quantity
remaining. The most probable explanation is that the amount
of heat required to maintain a specific mass flow from the tank
is drastically reduced in the mid-quantity rsnge, snd heater
off periods are normally several hours.

A special area of concern is potential residusl stratification
at launch resulting from heating the oxygen from sn initial
subcritical or two-phase condition. Adequsce techniques csn
most likely be devised for assuring s fairly uniform condition
at launch, and & test program is under way in the MSC Thermo-
chemical Test Area to determmine if a problem exists based on
the present launch timelines.

TEMPERATURE, - A secbnd factor to consider relstive to strati-

fication is the possibility of overtemperature of "the electri-
cal heaters. All tanks flown to data have been equipped with
thermel switches to cut off heater power when the thermostat
reaches +80°F, which is the maximum ellowable tank wall tempem -
ture. In no case has an incident of power interruption as @
result of normel thermal switch action been noted in flight.
However, no flight has required extended oxygen flows corre-
sponding to those required for EVA, and more significantly, no
flight experience has been gained with oxyger quantities below
30 percent full., While thermal stratification would not cause
pressure deceys in this region, .ey are expected and will tend
to be increasing in significance with decreasing quantities.

In addition, the bulk temperature of the oxygen at 5.5 percent
remaining reaches +80°F irrespective of stratification.

It is not known if heater overtemperature conditions cen be
overcome with operational procedures coupled with a potentisl
minor adjustment of the mission redlines. For this reason,
canmplete deletion of some mesns of circulating this fluid
past the heater cannot be justified at this time., To date,
retention of an internasl fan appears to be the best solution
to this problem.



As a result of the stratificetion analysis several steps esre being pursued
in paraliel,

1. Both NR ané MSC will : -.ertake an effort to estsblish a reassonsble
heat transfer ghalysis model to better understanc thermal stratification under
actual flight ccenditions.

2. A temperature sensor is planned for any hester configuration con-
sidered. This informetiun is essential in the high flow end/or low density
regions since the thermal switch had previously been deleted effective on
CSM 114. Heater temperature data can be used for verifying the enalysis
model in the normal density and flow regimes. With verification in these
regions, the aaalytical model can be used with better corfidence in the extreme
regions.

3. The MSC Structures and Mechanics Division (SMD) has been requested
to: (1) establish the maximum alloweble temperature gredient to which the
pressure vessel may be subjected, {2) reevaluate the temperesture limitetion
on the pressure vessel, (3) establish an upper tempersture limit on the hester
itself. The heater temperature will be limited to the lowest velue as deter-
mined by these three epproaches.

4. Because of the unc-rtainty due to the pressure decay effects end
heater surface temperature, MSC is performing additionasil conceptual designs
for the following:

a. A configuretion utilizing an internel gauge, an externsl hester,
and an externsl pump.

b. A configuration utilizing an internal geuge and cn internal
radiation device.

c. A& configuration utilizing an internal gauge, an internsl heater,
&nd an external gaseous oxygen pressure system.

d. A configurastion utilizing en internsal gauge, an internal heeter,
and an internal bimetallic fan.

e. A configuration utilizing an internal gauge, an internel hester,
and vehicle moveuant for destratification.

Of the initially considered options, with only that of encaesing the fan,
quantity probe, and heater leads in metal shesths (option 2) remains in
primary consideration. The variations in this option (Figure 2) which remain
under study are:

icn 2A, - Side-by-cide heaters/probe assembly and bottom fan with lesds
encased ir metal sheaths. This requires modification of tke tank closeocut in
order to eliminate the need for turninz the quantity gauging probe (Figure 3).

vption 2B, - Side-by-side Leaters/probe assembly with leads encased in
metal sheath. This requires the same closeout modification as 2A. :

Option 2C. - Single assembly with tande: heater/probe.
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TEMPERATURE PROBE
LEADS (4)

QUANTITY HEATER

PROBE ASSEMBLY ASSEMBLY——

FILTER (FEED LINE)

///r-TEMPERATURE PROBE

COLD HEATER
LEADS

HEATER FINS

LEADS (2)
HEATER LEADS (4)

-.J l —
S QUTER TUBE FILL TUBE !
QUANTITY PROBE /
4 - \
INNER TURE HEATER ASSEMBLY TUBE PRESSURE
QUANTITY PROBE VESSEL
HOT HEATER ELEMENT COILS

—PRESSURE (BRAZED TO INSIDE OF FIN TUBE)

VESSEL

FIGURE 2. (OPTION 2C TANDEM CONFIGURATION) QUANITY PROBE/HEATER DESIGN OPTION.



11

SHEATHED i

LEADS
PRESSURIZED
CONDUIT
\
|
I
FIGURE 3. OPTIONS 2A AND 2B.

QUANTITY GAUGING PROBE

WELD

COLLAR (CLOSEOUT PLUG)

TANK CAP

Q_

- - HEATER
PROBE

MODIFIED TANK CLOSEOUT PLUG.



Option 2C meets the criberion and overcomes the fabrication concerns;
however, any configuration other than the side-by-side compromises the
usefulness of previous flizht data.

As the design efforts have matured, several specific design issues related to
these options have been identified. These areas which require further anslysis
and/or development before implementation are discussed in the following pars-

graph. '

1. What is the heater capacity requirement? - ¥R has determined that the
available heater lead wire at the heater vendor's plant is not suitsble for
carrying more than 1.7 amps. As a result, NR has proposed that the oxygen
tank be equipped with three heater elements with two elements in parsllel on
one of the two independent heater circuits. Since the third heater sznd asso-
ciated leads through the annulus and tank penetration constitutes added com-
vlexity, the panel undertook a study to reevaluate the flow requirements for
all missions.

With the calculated system resistance exclusive of the heaters of
1.7 chms, the 1.7-ampere limitation results in a net of 42.5 watts per hester.
An analysis was made using one, two, and three heaters per tank, as presented
in Appendix D. The results of this analysis indicate that a two heaster con-
figuration will satisfy all normal and contingency requirements as well as
the three heater configuration; however, there are some extreme cases in which
the pressure will decay during short term, high flow rate periods. In all
cases these were deemed acceptable from a system operational standpoint.

At the low density or low quantity region the limited heater surface
area will override the amount of energy dissipation required. Therefore,
the third heater will not be effective in this region. As a result, it is
not expected that the detailed low gravity heat transfer analysis mentioned
previously will show any advantage for the third heater in the low density
region.

The two heater configuration is a reasonable option if the installa-
tion of the third heater element constitutes a major design problem.

2. Which configuration will provide the best combination of gauging
accuracy and maintenance of pressure? - Tests will be performed at Beech
Aircraft Compeny to determine heater performsnce and gauging accurecy differ-
eaces between the configurations of Options 2b and 2c,

3. What ground servicing procedures are required to prevent severe
stratification during ground operations? - Procedures will be developed
through testing in the MSC Thermochemical Test Aree (Reference Appendix E).

L, What is the possibility of excessive heater tempersture due to
stratification and elimination of the hegter thermoswitch? - North American
Rockwell (NR) will provide & heater temperature sensor and MSC will establish
the temperature gredient limits for the oxygen tank materisl to provide a
reference for defining probe operating temperature limits.
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5. What are the heater fin configuration requirements for the tendem
probe design? - NR will evaluate the use of radisl versus verticel fins.

6. What is the effect on insulation resistance of the heater element and
sheathed leads caused by the smell radius bends arocund the heater body and
through the conduit from the tank cap to the external connector? - This issue
will be evaluated through testing by the heater vendor.

7. Is the glass. impregnated teflon insuletor material used in the quan-
tity gauging probe assembly suitable tor retention in the final design? - MSC
will complete an evaluation including strength of the materisl at cryogenic
temperatures, oxygen compatibility, and potential for igniting smell chips of
the material versus potential for igniting quantities represented by the act-
ual probe components. Pending resolution of this issue, NR wes directed to
proceed with design using the teflon material.

8. Can the incorporation and use of the fan in the cryogenic oxygen
system be accomplished safely? A detailed test and evaluation program hss
been initiated to answer this question.

Design features for either probe configuration ere the folilowing:

1. Use of Inconel instead of aluminum in the body of the quantity
gauging probe to eliminate a potential fuel source. This festure was veri-
fied as an acceptable step by the probe vendor.

2. Use of twc independent heater circuits wired and controlled as shown
in figure 4 to replace the redundancy lost if the fans are eliminated.

3. Use of a pressurized conduit to route the electrical leads from the
tank cap to the external connector (see figure 5).

4.2 INADVERTENT FUEL CELL REACTANT VAILVE CLOSURE.

One of the associated effects of the incident to the spacecraft was the clos-
ing of two of the three fuel cell reactant valves in the fuel cell valve module.
It was determined that the reactant valve closure was a resultant effect of

the oxygen tank failure and was probably caused by structural shock. This
effect of inadvertent valve closure is significant since a decay of either
reactant regulated pressure of eight psi (pounds per square inch) or more in
the stack causes failure of the fuel cell.

The fuel cell reactant supply valves are operated by solenoids with mechanicsl
latching mechanisms. The present spacecraft installation includes a holding
circuit on the battery relay bus which is energized during high 'g' periods,
such as launch vibration, to prevent inadvertent valve closure. Also, the
crew 'talkback' for valve positions are wired with hydrogen and oxygen valves
in series such that both reactant supply valves to a specific fuel cell must
close in order for the crew to get a 'barberpole' indication. This defi-
ciency could be eliminated by a minor wiring change which would give the crew
a ‘'barberpole' if either valve closed.

13
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Corrective action recommended by Panel 5A consists of modifyirg the spececraft
wiring which will provide 'barberpole' indicetion for either H, or O, reactant
valve closure for each fuel cell, and tie this warning into the audigle cau-
tion and warning signel. Because of this signel alert capability, the crew
will have sufficient time to menually switch the affected valve to the open

position.,

16



4,3 ASSESSMENT OF CONFIGURATION DIFFERENCES AMONG CSM's 108, 109, AND 110,

Utilizing a detsiled examination of the contractors indentured psrits list,
system drawings, and a compuler printout of all CSM 108, CSM 109, and CSM 110
engineering order d’fferences, it was concluded that no significant configurs-
tion differences existed between the vehicles surveyed. (Reference report =
Appendix G). Based on this conclusion, no further consideration of configu-
ration differences was made by the Panel.

17



L. L FUEL CELL O, REACTANT SHUTOFF VAIVE ELECTRICAL DESIGN,

The fuel cell reactant shutoff valve module contains two check valves and three
isolation valves in one housing (Figure 6). The valve design is such that the
wiring (lead in wires, valve coils, and position indicators) are exposed to

the 9C0 psi oxygen. All wires, including the coil wires are coated with Teflon
and the operating mechanism for the position indicators contains significant
quantities of I'el~F, Also, since all three valves are in a single housing,

a failure of one valve due to combustion of these materials msy result in
feilure of the entire oxygen system or failure of all three fuel cells,

There are two basic approaches to alleviate these problems:
8. Modify the existing valve
b. Use some other Apollo valve
c. Use existing valves after extensive screening

The first alternative requires rework of the velve body to isolate the coils
and the use of an externally mounted position indicator switch. These changes
can be made without changing the basic configuration of the valve. The only
functional change would be the switcii and possibly some restructuring of the
internal load sensitive members. ILittle or no spacecrzft change would be
required.

The second alternative is possible using the SM~RCS helium isolation velve and
check valves, The SM RCS valves have all the features required, except the
qualification for low temperature. The valves are Eresently qualified for
-60°F and would have to be requalified down to -300 F. The existing valves
were not cleaned for use in oxygen. Velves cleaned for use in oxygen would
have to be procured. The majority of the problems associated with the use

of these valves would be in packaging for the fuel cell aspplication.

A simple vubing manifold can be arranged with the slternate valves to achieve
a flow schematic identical to the existing configuration (figuve 7a). However,
tubing wauld be used instead of the single forged housing current’y used.
The other possible consideration is a complete redesign of the system wherein
only & pertion of the working fluid is lost in the event of a lesk (figure Tb).
NR has been requested to evaluate these two approaches. The issues relative
to the modified existing valve are whether a satisfactory redesign can be
implemented, and whether a suitable valve position indicator switch csen be
incorporated. The “ssues relative to the alternate RCS valve are as follows:
a. The need to eliminate the possibility of single point failure.
b. The extent of spacecraft wiring and switching modification required.
c¢. The adequacy of the valve for the intended service.

d, The evallability of oxygen compatible valves.
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QUANTITY GAGING EVALUATION

An aaalysis was made for the purpose of determining capabilities of
various methods of determining the inflight quantities of oxygen in

the cryo *tanks. The methods evaluated were as follows and are discussed
in separate subsections of this report:

1. Pressure-temperature analysis

2. Heater cycle period

3. Totsl energy

k, Flow integration

5. Capacitance probe

1. Pressure-temperature (P-T) analysis. The specification accuracy
of the temperature probe is +2.60% of full scale or approximately
+10°F. The resulting lnaccuracy in computing the quantity rises from
+5% with the tank full to +25% with the tank 40% full. The mid range

inaccuracy results from the thermodynemic characteristics of oxygen
in the vicinity of the critical pressure-temperature point.

The known quantities, as determined by the existing capacitance probe
and backed by consumption anslysis, are consistently different than
the quantities as determined by the P-T method. The P-T data is more
consisteut with the observed data and relatively linear if a -17°F bias
is used throughout the quantity range. Apollo 12 quantity gaglng data
and P-T quantity determination both with and without the -~17 OF bias

are shown in figure 1. There is no explanatlon for the existence of
the bias. Figure 2 shows the error band (+10 F) associated with the
temperature probe but based on the bias compensated nominal velue.

2. Heater cycle rates. The system heater cycle rates as a function
of tank quantity and flow rate are shown in figure 3. As can be seen
in this figure, large changes in cycle rates are observed with relatively
small changes in flow or quantity, especially iu the region where P-T
is most insensitive. The effect of the parameter during a mission is
illustrated in figure 4. Various but constant flow rates are assumed,
and the cycle rates shown for the ground elepsed *imes that correspond
to the quantity that would occur. Also the Apo’ .0 12 data is super-
imposed on the ~urve for correlation purposes. As can be seen, the
flow rate .omi-=usates for the varying cycle rate and the curves for
all the flows considered are essentially identical. No indication of
a leak can be seen until the minimvam specific heat input point (min
dq/dm) is reached. As seen on figure 3, this occurs at a quantity of
37%. The cycle rates are not considered to be a useful tool for prime
gaging purposes, but may offer some backup capability for confirming
leakage where leakage initiates a finite time into the missioa.
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5. Total energy. This method requires an accurate determination
of The quantity at lift-off or subsequent to servicing and an accurate
determination of' the total electrical energy applied to the tank from
that point forward. The primary problem associated with this method
is that small errors in determining the initial quantity are amplified
later in flight. As an example, an error in quantity at lift-off will
be amplified by a factor of over 4, at the point at which 30 percent of
the oxygen actually remains in the tank. This phenomena results from
the fact that higher energy is required to expel the oxygen at the high
density range as compared to the mid range or at temperature. near the
critical temperature. Another factor which seriocusly compromises the
accuracy of this system is the tank to tank variation in the heat
leak. For instance, if the heat leak was twice the nominal level the
resultant electrical energy demand through 70 percent depletion would
be reduced approximately 40 percent. Assuming the heat leak to be
nominal would result in the interpretation of only 20 percent of the
fluid depleted.

4k, Flow integration. This gaging concept would require the
accumulative suming of the three fuel cell flow meters and the one
envirommental control system flow meter to determine the total usage
from the oxygen tanks. This system could not detect any leakage up-
stream of the flow meters. Also no flow meter location is possible
where there could be no leak between the meter and the tank. An
additional disadvantage is that flow meters will not indicate the
relative usage from the two tanks.

5. Capacitance sage. The capacitance gage currently in use has a
specification accuracy of +2.68% of full range when used in conjunction
with the fan-motors. The final location of the probe relative to the
heater, and the degree of stratification present will determine the
accuracy that can be obtained. It should be noted that the probe will
read low if its sample is hotter than the bulk fluid and high if its
sample is colder. Which of these will occur is not predictable.
Figure 5 shows the observed changes of probe readings resulting from
fan-motor cycles for Apollo 8, 9, 10, 11, and 12. The random nature
of these samples is evident in this figure; however, some improvement
is observed as the minimum dq/dm range is approached. This is to be
expected since the effect of stratification seems to decrease as this
region is approached and since this condition is influenced by the
decreased thermal demand in this region.

Finally, it should be noted that the capacitance probe is presently
used to provide loading information. This is a key consideration since
all red lines are based to lift-off comnditioms.

CONCLUSIONS:

1. It is concluded that the capacitance gage is the only alternative
suitable for the Apolloc missions using two tanks.
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2. If the capacitance gege is not used, & third tank will be
needed to supply the additional margins for the H missions.

3. The effects of stratification on the gage accuracy in the
current configuration is tolerable.
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NATIONAL AERONAUTICS AND SPACE ADMINISTRATION
MANNED SPACECRAFT CENTER

Har i 7 538 ,Ioﬂousron. Texas 77058

IN REPLY REFER TO:

:‘“I:\I/ - Ll

MEMORANDUM TO: PF/Panel 5.a. Leader

FROM FC32/Panel S.a. Member

SUBJECT

Methods of Oxygen Quantity Determination

The proposal that the oxygen quantity probe be removed from the oxygen

tanks prompted an investigation to sscertain the quantity determination capa-
bility by alternate techniques. The alternate techniques considered are
based on the following methods:

ae Using pressure and temperature in conjunction with tables of
oxygen properties.

b. Using time between heater on cycles or using pressure decay rate.
c. Using a heat balance of the tank.
Discussion of the three methods follow:

a. Pressure/Temperature Method: Quantity variation with pressure
within the nominal operating range of the 02 tanks is slight; therefore,
the degree of success of this methcd rests solely on how well the temperature
can be determined and how well it represents the average temperature of the
fluid. Physical characteristices of oxygen operating in the pressure/tempera-
ture/density range that is employed by the cryogenic storage system produce
a temperature/quantity relationship that is approximately linear for quanti-
ties above T0 percent and below 20 percent. In the intermediate range, the
relationship is such that small changes in temnerature are reflected by
massive changes in density (thus quantity)(e.g., a change in temperature of
5 degrees will indicate 50 pounds change in quantity).

The temperature measuring device, being immersed in the fluid, should
closely reflect the temperature; however, empirical data shows that it
gererates a signal, on the overage, about 15 degrees higher than the tenpera-
ture which would correlate with the observed pressures and quantities.
Exactly what causes this is not certain but the temperature sensor must be
mounted. on something (i.e., the probe) and it has wires leading from it out
of the tank. The mount and the wires provide a direct heat path from the
tank exterior to the sensorﬁ‘,wyatever the cause, experience has shown that

" :”3010

SLOFIAeS
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a bias must be determined and applied to the temperature to achieve correlation.
The bias has been determined for the present tank internal configuration

(see Figure l); however, it appears very probable that the internal tank con-
figuration will be significantly changed thus changing the temperature sensor
enviromment and requiring a new bias determination which cannot be done with-

out a quantity probe.

The temperature measuring device has an accuracy of + 2.68 percent and a
range of 400 degrees. The accuracy ir degrees 1is : 10 degrees.

With the fans removed the effect of stratification on the accuracy of the tem-
perature sensor must be considered. The guantitative effect of stratifica-
tion is not known and is difficult to determine becasuse each occurrence is
somewhat unioue and not necessarily repeatable.

The maximum quantity variation which could have occurred on Apollo 12 due to
temperature sensor tolerance alone was approx.asately 27 percent of full scale.
(Figure 2 shows the variation possible due to temperature instrumentation
error. Plotted are indicated quantities from Apollo 12 and the expected
nominal. Apcllo 12 oxygen usage wés 0.16 Lb/hr Ficher than could be explained.
An average temperature bias was determined by using Figure 1. This average
vias was reapplied to Apollo 12 pressure temperature aand this data was plotted
showing good correlation with the indicated quantity. Then the variation in
quantity with +10° F and -10°F temperature instrumeuntation error was plotted.
The other two lines show effect of two leak rates wnich could deplete the oxygen
supply ana not be readily detected. This number ‘:as arbitrarily reduced to 15
percent to cover a fairly wide operating region. An additional 10 percent was
added to cover the uncertainty of the temperature bias and *the uncertainty due
to stratification with a total uncertainty of 25 percent, the Apollo mission
could not have been flown with the electrical power configuration used (i.e.,
powered up all the way) and a 40 amp return capability on one tank. Hence,
missions with only P/T gauging for 02 would have to be limited to 9 days or
less. It is not certain that this 25 percent accuracy can actually be attained,
but it is certain that no bpetter accuracy can be guaranteed.

b. Pressure Cycle Frequency/Pressure Decline Rate Method: There are
several undesirable possibilities associated with this method but one parti-
cular aspect renders this method totally useless. As the tank quantities
decrease toward the Min DQ/DM region, the peri.d betucen heater cycles
nominally become longer. A leak in the tank would cause more frequent heater
cycles for a given quantity but would also cauvse the quantity to decrease
faster which tends to decrease heater cycle frequency. For leak rates up to
three pounds per hour, these effects oppose each cther one-for-one until the
quantity has decreased to 30 percent. The eftect is total masking of a leak
until it is too late to perform corrective action.
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¢+ Heat Balance Method: This method requires integration of heat input
into the tank. The uncertainty is cumulative. That is, the error begins with
the loading uncertainty. All subsequent periods without data where heater
cycles occur, add to the uncertainty. Variations in the heat leak (heat leak
apparently varies during flight and a fixed number must be assumed for this
method) further compounds the uncertainty. Heat leak variations could either
give the appearance of a leak or mask a leak, and a failed hesater elemeant
would also give the appearance of a leak.

d. These methods plus integration of a fuel cell and ECS oxygen flows
are adequate for oxygen management but provide littlie leak protection against
anything except the grossest leaks. They just will not provide sufficient
quantity determination capability to allow mission durations of the length
of Apollo 14, not to mention J-series missions, and yet, guarantee that the
oxygen supply will not be depleted prior to entry interface. (See Figure 3
which shous Apollo 12 and 14 nominal Op quantity remaining profile with 25
percent quantity uncertainty.) It is therefore mandatory that a direct means
of quantity determination be provided.

C. L. Dunis
cc.
FA/S. J. Sjoberg
mﬁhF.Mmm
FC3/A. D. Aldrich

FC3:CIDumis:elr
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Appendix C

STRATIFICATION ANALYSIS

Stratification is a phenomenon common to all fluidsz subjected to heat transfer.
The density layers (strata) are caused by the temperature differences that must
accompany heat transfer. In a one "g" environment these layers will segregate
according to weight, but in a zero "g" environment they will remain static
unless disturbed by some internal or external force.

If a high density supercritical fluid is stratified, and then mixed a pressure
decay will normally result. This pressure decay can be explained by the fol-
lowing: heat energy is distributed heterogeneously to a portion of the fluigd,
and this heated portion, in turn, pressurizes the total contents of the
vessels. The resulbting pressure is not an equilibrium condition since an
equilibrium condition is theoretically achieved by the homogeneous distribution
of heat energy. If an unequilibrium condition is forced to an equilibrium
condition by the redistribution of the total available energy a change in
mwessure can be expected because the fluid properties do not follow ideal gas
laws in the area of concern.

The pressure decays that have been observed on the Apolle T, 8, 9, 10, 11,

and 12 flights are shown in figure 1. A drop of 145 psi om Apollo 12 is

the highest drop that has been seen and all major drops have occurred before
GET*'s of 100 hours. Figure 2 shows this same data superimposed on a pressure-
quantity plot. The normal operating range, caution and warning limits and

the minimum supply pressure are shown for reference. As can be seen all the
drops occurred prior to the 60 percent quantity peint. This does not neces-
sarily imply that the temperature gradients are less but it does show that

the effect on pressure contrcl lsssens as the critical temperature is approached

and is probably influenced to a large extent by the reduced heat input in this
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region.
No flight data is available at low densities but the reversel in required
heat inputs might bé expected to reintroduce significant stratification.
The mixing from this low density stratified condition should not have any
significant effect on the pressure however since the fluid obeys the ideal
gas laws in this region. A more significant effect in the low density region
is the effect of stratification on thé heater temperature. The low density
(low quantity) fluid will not be as effective in dissipating heat from the
heater unit as the colder high density fluid at the near filled condition.
The problem of hiéh flow rates from the system without the fan-motors has
also been analyzed to some degree. The capability for supporting the flow
rates in excess of 2.0 1b/hr or 1 1b/hr per tank without the fans has not
been demonstrated in flight. The major concern that occurs due to these
flows is that of heater temperature, and not the flow supporting capability
or avoidance of two phase fluid conditions.
CONCLUSIONS:

1. The pressure drops caused by stratification and subsequent mixing
can be tolerated,

2. The effect of stratification on the heater temperature is not known.
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HEATER ANALYSIS

APPENDIX D

Heater Requireuments -~ In conjunction with the redesign of the
oxygen tank, & reassessment was made of flow requirements. Heater
lead constraints, as discussed undexr dezign issues, limit the power
dissipetion per heater element to 42.5 watts. The existing two
heater elements irn :ach tank dissipate 57 watts each. Therefore,
if the existing capability was a firm requirement, three elements
would be need :d in each tauk. The Tlow capabilities of one, two,
and three elements are shown in Figure 1. 'Me effect of limiting
the heater surfaces to +80°F during passive thermal control flight
modes is also superimposed on the Figure. The actual limitation
has not been determined, and the curve on the Pigure is shown pri-
marily to indicate that there is such a limit.

For the remaining two H missions, the nominal axygen flow will be
ise same as experienced on previous flights or 1.€ to 2.0 pounds
rer howr. This flow is required at all times in the mission from
either tank,

During the first twelve hours of the mission, a demand of 2.85
pounds per nour will continue to be a requirement for enrichment of
the cabin atmosphere. Since this function is in preparation for
centinuation of the mission, one tank inoperative is not a consid-
eration.

The 1M repressurization following separation from the S-IVB also
remains a requirement. The repressurization is accomplished from
the gaseous oxygen tanks in the Command Module which are subseguentiy
replenished from the cryogenic storage supply.

The H missior requirements are summarized in the tabtle below:

FLIGHT EVENTS

Nominal O, Enrichment IM Repress.
O enrichment —_—— 0.70 1b/br  ----
Tuel cel’. demand 1.43 + 0.12 1b/hr  1.65 1.65 1b/hx
Crew consumption 0.30 0.30 0.30
Cabin/suit leakage 0.20 0.20 0.20
Cabin/IM pressurization  ---- ———- {5.70
Total 1.93 + 0.12 1b/hr  2.85 1b/kr {7-85 1b/hr
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J Mission

The nominal level of ox;  n demand will be increased by that required
to support approximately 5C0 watts of experimental load or approximately
0.37 pourds per nmour increased fuel cell demand.

Additional requirements are associated with the EVA operations and
resui.ing Command Module cabin repressurization. The maximum flow
requized during EVA will be 12.95 pounds per hour with a peak require-
ment of 8.49 pounds per hiour during the subsequent CM repressurization.

The J mission requirements are summarized in the following table:

FLIGHT EVENTS

Function Mominal G, Enrich. IM Repress. EVA CM ERepress.
0, enrichment - 0.70 1b/hr  ---- ——— ——
Fuel cell dermnd 1.8040.12 1t/hr 2.02 2.02 1b/hr  1.65 1b/hr 1.65 1b/hr
Crev consusption 0.3 C.30 0.3 0.20 0.30
EVA unbilical —— —— —— 11.00+1.00 —
Cabin/suit leaekage 0.20 0.20 0.20 0.10 0.1k
Cabin/IN press. ———— ——— <5.70 ——aa 6.%
Total 2.30+0,12 1b/hr  3.22 1b/hr {8.22 Ib/br 12,95¢1.00 1b/hr  B.49 1b/hr

Heater Capabilities - Nominal flows can be met with two heater elements
regardless of whether one tank has two active elements or two tanks have
one, Exception to this occursearly in the J ziission where a third active
heater is required. The other exception occurs when the tanks are nearly
depleted. As shown in figure 2, the flow capability will probably be
governed by heater surface arez and not by the number of active elements
in each tank.

The oxygen enrichment requires three active heaters and there is no
restriction on whether this is the sum total of active heaters ir one;
two, or three tanks because the event occurs early in the mission where
fluid temperatures are low. Missica rules would in all probability
prohibit continuvaticn of the mission if one tank was inoperative so a
third heater element in one tank does not contribute to mission success
in this region.
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c.

H=-Series Transients

An analysis was performed for high environmental control system (ECS)
flow rates. Various flow rates were assumed for heater power o’ 39,
i0Q and 150 watts per tank. For the maximum possible flow to the ECS
system (6.4 1b/ur) a decay of 487 psi was calculated at a quantity of
100% using two 35 watt heaters (i.e., 2 - 42.5 watt heater eclements)
in each of two tanks. This constitutes the maximum possible require-
ment for IM repressurization. The resultant pressure 422 psia is well
above the minimm allowsble (150 psia) and the fluid remains well into
the single phase regioas a: shown in figure 2.

J-Series Trans.ents

For the worst case during an EVA a two tank configuration case was
analyzed. Assuming the third tank which has the greatest flow capa-
bility at this point is lost. This flow as assumed to be 13.40 pouncs
per hour. Since the EVA is planned for a 3ET of 271 hours the minimum
quantity possitle in the two full tanks is 65% as shown in figure 2,
this results in a maximum pressure drop of only 100 psia which is still
270 psi above the two phase region. Under the above extreme case only
a slight further decay would be expected during the CM repressurization.

Heater Design Issues

Temperature Probe

There are no developed methods for determining the heater temperature
under various modes of coperation during a mission. The tanks flown to
date have bSen equipped with thermal switches which are designed to
open at +80 F, This level was set to coincide with the maximum
allowable temperature of the pressure vessels. No indication of a
thermal switch activation to the open position has been experienced

in the flight programs to date. The flow demands, however, have been
low as compared to the potential requirements and the densities
experienced have not been less than those corresponding to the eritical
temperature. An area of specific concern is flow management below 20
percent quantity remaining where the bulk temperature rapidly increases
and is +80°F with 5.5 percent remaining as shown in figure 3. The heat
required per unit mass flow is also increasing rapidly in this region.
A secornd area of concern is with high flow rates which have not been
experienced in flights to date except for short duration and with the
tanks essentially full.

A vigorous analyses is reyuired of the heat transfer phenomena in the
low gravity conditions as experienced in flight. Coupled with this is
a requirement for naraging the energy input in order to stay within
heater temperature limitalions. A reasonable approach would hte the
incorporation of a temperature sensor directly on the heater.
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#in Effectiveness and Orientatioua

The tandem probe depends on extended surfaces of fins to achieve the
equivalent heater area as the present heater assembly. Preliminary
analysis indicates that the nassive thermal control roll is a signifi-
icant factor and that fins should be oriented to take maximum advantage
of the flow pattern. With the heater probe in the X-axis of the space-
craft, the fins should be normal to the probe.
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Development of service Procedures for Apollo 14
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NATIONAL AERONAUTICS AND SPACE ADMINISTRATION
MSC APOLLO 13 INVESTIGATION TEALﬂ

MANNED SPACECRAFT CENTER
HousToN, TexAas 77058

ATTN OF May 1, 1970

MEMORANDUM TO: A. Cohen/Leader, CSM Corrective Action Study & Implemen=-
tation Panel (Panel 5.a)

FROM : R. Bobola/Configuration Assessment, Panel 5.a

SUBJECT ¢ CSM 108, 109, & 110 Configuration Review Activity

The following summary is presented in response to the Apollo 13 investi=-
gation team leader's request to identily corfiguration differences among
CsM's 108, 109, & 110.

A. A Systems Engineering Division (PD) review of the subject CSM
fuel cell and eryogenic subsystems, uslug the NR identured parts
list (IFL) and system drawings, revealed no design differences.
The review did identify some drawing/accounting differences
attributed to error, and known differences between certification
hardware and flight hardware. (These are presented in detail in
PD nemo's PD5/M217, dated April 23, 1970, subject: Configuration
differences in fuel cell and cryogenic subsystem; and PD5/M230,
dated May 1, 1970, same subject - fnclosures 1 and 2.)

B. A4 NR review of a computer printout of all CSM 108, 109, & 110
engineering order (EO) differences, using the EO-saccounting systems
(EOAS) computer tape containing a1l Apcllo hardware/software uO's
released by NR, has identified some minor as-built configuration
differences such ss: an in line pressure transducer added to the
CsM 109 hydrogen tank No. 2 as a replacement for the failed trans-
ducer internal to the tank and inaccessible, the deletion of a
wire clamp bracket on CSM 109 fuel cell No. 2; the new s:. vice
module jettison controller (SMJC) on CSM 109 and subsequ it (25
sec. translation, 2 sec. roll); ana transducer mounting/location
variations among all CSM's. “he nature of the EQ differences
substantiates the PD findings for fuel cel]/cryogenic systems and
holds true for all SM systems from s signiticant ditference aspect.
The MR review included CSM 11l and encompassed sll SM system and
component differences. Subcontractor support was utilized to
assess componert differences.

C. An expanded assessment of the complete Block II fuel cell/cryo-
g nic systems configuration revealed that the only significant
design change occurred on CSM 13 and subsequent. Thermoswitches,
controlling cryogenic tank heaters, were replaced with straigh.
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heater circuits on CSM 113 and subseguent for Hp tanks and CSM
114 and subsequent for Oo tanks. The GSE fuel cell and cryogenic
heater power supply was also modified to limit the duration of
heater power application.

In summary, no design differences exist in the fuel cell and cryogenic

systems for CSM's through 113; and no significant as-built total SM
differences exist among CSM's 108, 109, 110, & 111.

R. E. Bobola

PF2:REBobola:drc  5-1-T0
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7N NATIONAL AERONAUTICS AND SPACE ADMINISTRATION
B )z MSC APOLLO 13 INVESTIGATION TEAM|
EAN . FX
e S MANNED SPACECRAFT CENTER

HousTON, Texas 77058

PD5 /1217 - APR 23 1pp

MEMORANDUM TO: /Chief, CSM Project Eagineering Division

FROM : PD5/Chief, Configuration Management Braanch
SUBJECT : Coafiguration differeaces ian fuel cell and cryogenic

subsysten .

ttached hereto is the first result of the configuratica differences audit
which you regquested for CSM 108, 109, and 110 in the fuel cell, cryogenic
and electriczl power subsystem area. This audit is based on review of the
configuration informatioa on hand at MSC acd will be expanded with ‘completion

~ of the review of the informatica received from NR.

Enclosure

ce:
Apollc 13 Iavestigatioa Team

PD5:RAC:dg L-23-TO
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5-2731-KJU-134
April 21, 1970

To: R. A. Colonna MSC PD5
cc: D. G. Bradshaw 5-2700 HR-02
D. .H. Johnson MSC PDS

R. E. Stevenson 5-2731 . HA-69

Subject: Configuration Differences in the Fuel Ceil and Cryogenic
Subsysten

In conjunction with the XSC Apollo 13 Investigation Team Activities, we have
searched tne on hand {iST configuration records Tor tha. subject differences
in Desicga Configuraticosn for C3:4 108, €35 109, CSii 110 z2nd the associztad
certification tast units with the follcwing conicusions. e will ciack
additional records as resceived fre= KR.

-

fie n differances kave been_ identified in_flight _
erticles hotvsen €SU-3125-102-310, dn $he Tus? c2il =ns crvosenic subsvstem.
The certivicaticn indax 7Tor the vehicies, the divizrancss cisplay bLoerds and-
configuration docunent have boen reviewad and ali l22d to the samz result.

’
Drawinas have bsen orcdzrad on th2 cryccenic sudsystom and will ba reviewad to
2ssure tihat no diiferences exist batwsen vehicies. .
The review of CTR's indicates that som2 of the flicht articles on th2 intzsrested
vehicles have bzen certified to Block I harcuere, as e result, not 2ll differencas -
can be described betwsaen fiicht harcware and tesc articles.

The fd]IOwing is a list of only thosc items in the CTR where the flight article
is different than the tsst article. .

Harness Assembly flecirical Connactor and Sicnal Conditioner

Flight article (ME148-£327-0010) is certified by similarity to Block I harduare.
Flight herdware nas a 2% pin in lieu of 19 pin interface and iniagrated solder

Cups instead of brazed solder cups; alsc 4 jumper wives were removed from cennecter
*0 that a fan moter pnzse voltage check can be macda. Improved shielging on the
signal conditioner cuizut. - - :

Tenk Asssmbly 02

n‘:th article (}E282-0046-0003) is cartified by similarity to Block I harduare.
Flight hardware has no “ylar bag (insulation) and additicnal comnactors pins
f°f fan rotor verifica*ion. Also, vac-ion pump potting has bean revised to
¢lininate corona eifect, and an altitude test has been added to acceptance test.

Yank H2 (Including Harnass Assenbly)

f'i:ht erticle (1£282-0547-0050) is certifiad by similarity to previcus 8lock II
Brduary, Flight nar-ssre has solder cup frcsisions for 24 wires instead of 20
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R. A. Colonna $-2731-HOU-134

Tank H2 (Including Harness Assembly) Continued

to prov1de for individual fan motor phase .wiring in lieu of parallel
phase wiring. Also, vac-ion pump potting has been revised to eliminate
corona effect and an 2ltitude test has been added to acceptance test.

Valve Disconnact, Fill and Purce 02

Flight article (IE284-0115-00C1) is certified by similarity to Block I
hard:are. Data not on file at Boeing.

Valve, Vent 0?2

Flight article (i2284-0119-0001) is certified by similarity to Block I hard-
ware. Data not on file at Bozing.

Valve, Maodule, Shutoff, 02 and H2

Flight article (}£284-0289-0001) is certified by similarity to Block I
harcdzare. Block II system uses identical valvas for 02 and H2 systex.
Block I valves had different identification but no physical differences.

Fuel Cell

Flignt article (1E464-0007-1002) is certified by simiiarity to Block I harduare.
Data rot on file at Boeinag.

Valve Asserbly Solenoid Oparated

Flight article (i1£283-0319-0001) is certified by similarity to Block I hard-
~ware. The flight articie has the external mounting feet reloczted to improve
installation capability and changing the by-pass port to a male fitting.

Box Assembly Zlectricel Control, Cryo System

Flight article (v37-445020) is certified by similarity to previcus 8lock II
hqrqware, randox acceptance vibration test has been addad to the flight article.

Panel Asse=bly Cryo Control

Flight article (V37-445020) is certified by similarity to previous Block II
ardsare. Random acceptance vibration test has been added to the flight article.

The following items have been reviewed and the test articles are the same as
flight article:

67



86
R. A. Colonna

HE273-0051-00C1
¥Z273-G037-GCO}
ME284-0250-G301
HE284-0221-G201
HE285-0035-0002
V37-447580

$-273

Coupling Asserxbly Disconnect, 02
Coupling Assamdly Disconnect, Hp
Valve, Hodule 02

Valve, Mocule H2

filtar-Inlinz

Cryo Fan Fuse Box

I

////.,,/ s
H. P. vynn f
‘\”—
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NATIONAL AERONAUTICS AND SPACE ADMINISTRATION
[ MSC APOLLO 13 INVESTIGATION TEAM]

MANNED SPACECRAFT CENTER
HousTon, TEXAS 77058

Anor. PD5/M230

May 11970

MEMORANDUM TO: PF/Chief, CSM Project Engineering Division

FROM

PD5/Chief, Configuration Management Branch

SUBJECT Configuration differences between CSM 108, 109, and 110

We have concluded the following review of the available documentation
with respect to the radiator manifold installatican (V37-45801), equipment
installation cryogenic gas storage (V37-454200) and the fuel cell
installation (V37-454001).

a. A drawing comparison has beean made.

b. Drawiags have beean compared to the current indeatured parts
list.

¢. Comparison of CTR test articles and the flight hardware has beea made.
The following conclusioans are drawn:

a. No design configuration differences exist betweea CSM 108, 109,
and 110 in the above systews.

b. There are some differences in the accouating system and the
drawings which are attributed to errors.

¢. There are differeaces betweea some CTR articles and the flight
hardware.

The drawing vs. IPL discrepancies and the differences between CTR articles
and the flight hardware are defined in attachmeats 1 and 2. A letter to
NR will be prepared to pciant out the drawing vs. IPL errors.

The serialized parts removal list for CSM 109 will be reviewed as soon

as possible to verify removal and replacement of fuel cells at KSC with

the latest configuration at which time a supplemeatal report will be
issued if discrepancies are fouad.

DA NI

Richard A. Colonna

Eanclosure

PNS T ITaohnenn+de  L-20.70



ccece

PD/C. H. Perrine
PA/J. A. McDivitt
PA/S. H. Simpkinson
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5-2731-HOU-134
April 21, 1970

To: R. A. Colonna MSC PDS
cc: D. G. Bradshaw 5-2700 HR- 2
D. .H. Johnson MSC P03

R..E. Stevenson 5-2731 HA-69

Subject: Configuration Differences in the Fuel Cell and Cryogenic
Subsystem

In conjunction with the MSC Apollo 13 Investigation Team Activities, we have
searched the on hand i1SC configuration records for the subject differences
in Design Configuration for CSH 108, CSi 109, CSM 110 and the associated
certification test units with the following conlcusinns. Ye will check
additional records as received from NR.

To date no design configuration differences have been identified in flight
articles between CSM-103-109-11G, in the fuel cell and cryogenic subsystem.
The certification indax for the vehicles, the differences display boards and
configuration docunent have been reviewed and all lead to the same result.

Drawings have been ordered on the cryogenic subsystem and will be reviewed to
assure that no differences exist between vehicles.

The review of CTR's indicatas that some of the flight articles on the interested
vehicies have been certified to Block I hardvare, as a result, not all d1fferences
can be described between flight hardware and test articles.

The fo]lowing is a list of only those items in the CTR where the flight articie
is different than the test article.

Harness Assembly Electrical Connector and Sianal Conditioner

Flight article {ME148-0027-0010) is certified by similarity to Block I hardware.
Flight hardware has a 24 pin in lieu of 19 pin interface and inteqrated solder

cups instead of brazed solder cups; also 4 jumper wires were removea from connector
so that a fan motor phase voltage check can be made. Improved shielding on the
signal conditioner output.

Tank Assembly 02

Fiight article (ME282-0046-0003) is certified by similarity vo Block I hardware.
Flight hardware has no Mylar baq (1nsu1at1on) and additional cannecters pins
for fan motor verification. Also, vac-ion pump potting has been revised to
eliminate corona effect, and an altitude test has been added to acceptance test.

Tank H? (Includina Harness Assembiv)

Flight article (ME282-0047-0050) is certified by similarity to previous Bleck II
hardware. Flight harZware has solder cup nrovisions for 24 wires instead of 20
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R. A. Colonna §-2731-H0U-134

Tank H2 (Including Harness Assembly) Continued

to provide for individual fan motor phase wiring in lieu of parallel
phase wiring. Also, vac-ion pump potting has been revized to eliminate
corona effect and an altitude test has been added to acceptance test.

Valve Disconnect, Fill and Purge 02

Flight article (ME284-0115-0001) is certified by similarity to Block I
hardware. Data not on file at Boeing.

Valve, Vent 0?

Flight article (ME284-0119-0001) is certified by similarity to Block I hard-
ware. Data not on file at Boeing.

Valve, Module, Shutoff, 02 and H?

Flight article (ME284-0289-0001) is certified by similarity to Block I
hardware. Block II system uses identical valves for 02 and H2 system.
Block I valves had different identification but no physical differences.

Fuel Cell

Flight artic]é (ME464-0007-1002) is certified by similarity to Block I hardware.
Data not on file at Boeing.

Valve Assembly Solenoid Operated

Flight article (ME284-0319-0001) is certified by similarity to Block I hard-
ware. The flight article has the external mounting feet relocated to improve
installation capability and changing the by-pass port to a male fitting.

Box Assembly Electrica” Control, Cryc System

Flight article (V37-444020; is certified by similarity to previous Block II
hardware, random acceptance vibration test has been added to the flight article.

Pane] Assembly Cryo Control

Flight article (V37-445020) is certified by similarity to previous Block II
hardware. Random acceptance vibration test has been added to the flight article.

The following items have been reviewed and the test articles are the same as
flight article:
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5-2731-H0U-134

ME273-0041-000L Coupling Assembly Disconnzce, 02
Coupling Assembly Disconnect, H2

ME273-0047-0001
ME284-0290-0001
ME284-0291-0001
ME285-0035-0002
V37-447580

Valve, Module 02
Valve, todule H?2
Filter-Inline
Cryo Fan Fuse Box

2

Py a /‘/l

; S p X
Pl et

J
N. P. Wynn
U
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5-2731-HOU-138
April 27, 1970

To: . Colecnna MSC PDS
cc:
. Jdohnsen HSC PD5

A

. G. Bradshaw 5-2700 HR-02
H
E. Stevenson 5-2731 HA-69

WSU =

Subject: CSH-103, 109, 110 Fuel Cell and Cryogeaic Configuration

Reference: Hemo 5-2731-HQU-134 dated 4/21/70, N. P. HUynn to R. A. Colonna,
Subject: Configuraticn Differences in Fuel Cell and Cryogenic
Subsystem

The fuel cell end cryogenic subsystem is describaed by threce major drawings;
radiator nmanifold instl. (V37-458010), equipsent instl. cryogenic gas storaue
(V37-454200) and the fuel cell instl. (V37-454001).

These drawings along with the indentured parts Vist (IPL) furiished by MR to NSA
kave been revieved.

Ho d=sign configuration differences have been idantified in this system for
tha stated modules.

A discrepancy was noted in the fuzl cell instl. draiting V37-454001 and the
IPL's.

The draring and IPL's indicate that fuel cells ME 464-0007-1000 are applicable
for CS4-108 - 109, and that IiE 464-0307-1002 dis used on CSIK-110 and subs. This
s por ECP 11250 and RECP 9C124 in which tha Dlock II secendary by-pass valves
will be voplaced with Block I valves. Althouch tite fuel cell instl. diawing
states that the -1002 fuel cell supersedes and ‘is substitutable for -1000 fuel
cell con CSH-108 - 109, it has not been updatad to indicate that the -1002 fuel
cells vere installed in CSM-108 - 109.

The serialized pacts removal list for CSM-17R indicates that the -1000 fuel
cells S/H's 057630650756, 067632550757 and Lo763P556758 were romoved and
replaccd with -1002 fuel cells S/H's 06763650752, 057632359775 and 05763P650748
on 7/10/62 bezcsuse of fuel cell #3 and its radiator loop was out of particulate
sp2cification limits after flushing.

The serialized parts removal 1ist for CSM-109 is presently located at NR Downey
therofore, the exact informetion is noi readily available. I have beca ascured
UY_ouC piropulsion system enginecrs that the fuel cells on CSI-109 are -1002.
This is in agreewe,,. v.ith the historicel Class I bifferences Board which shoux
that the -1000 fuel cells were replaced with the -1602 at KSC.

ln”sumn:ry. even though a discrepancy was found in the draving and IPL's for
CS4-106 - 110 on fual cell installations, no design configuration differences
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R. A. Colonna 5-2731-H0Y-138

exist in this systim Tor the stated modules. The serialized parts removal
Tist for CSii-109 will b2 revievad when iv is availabie to this organization
to verify reioval and weplacement of fuel cells at KSC with the latest

configuration.
W/kw

. Hyan
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