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FOREWORD

This report is one of a series of task reports which present the results of a
program performed by Bell Aercsystems Company during the period July 1967 through
September 1969 under Confract NASI-7182 for the National Aeronautics and Space
Administration, Manned Spacecraft Center. Mr, Darrell Kendrick was Techniecal
Monitor of the program for NASA. The Bell Aerosystems Program Manager was
Mr. R. K, Anderson,

The purpose of the program was to improve and update the Apollo RCS positive
expulsion propellan: tank assemblies in the areas of performante, reliability and
mission duration. The program effort was divided into the following major tasks,

each of which is reported separately:

Task A ~ Historical Summary Report - A chronological summary of the evolution
of the Command, Service, Lunar Module and other related tankage was
prepared. This summary includes data on all configurations considered
under the applicable prog'rams and describes related IR&D work at Bell

Aerosystems,

Task B - Long Term Compatibility Testing - The purpose of this tagk was to determine

the usetul operating lifetime of the Apollo Configuration RCS tanks as appli ~
cable to a mission of extended duration with a specific goal of 12 months,
~ This task consisted of the following sub-tasks: | .
B-1: Tank Assembly Storage: Three tank assemblies were stored with
propellant (NgO4, MMH, 50/50 fuel blend) for 12 months at operating
pressﬁre. At the end of this time éach tank was subjected to a

complete propellant expulsion followed by disassembly and evaluation.

- Report No. 8514-927002 i
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B-2: Bladder Material Compatibility Testing: Teflon bladder material
specimens were subjected to rolling of buckled fold tests after
24 hours, six months, and 12 months exposure to NyO,4, MMH and
50/50 fuel.

B-3: External Flange Seal Evaluation: The effect of initial flange bolt
tightening and retightening techniques on the rate of torque decay

during a one-year shelf storage period was evaluated.

Task C -~ Correlation of Referee Fluid and Propellant in Vibration Testing - The
objective of this task was to verify that ﬁbration testing of the Apollo
type bladder with referee fluid is representative of vibration testing with
actual propellants. To develop a torrelation with sufficient accuracy, the

following three areas of tésting were pursued:

C-1: Vibration tests were conducted with referee fluid in a plexiglass
tank to define the response characteristics of the bladder as affected

by ullage level, direction of excitation and vibration input level,

C-2: Rolling of buckled fold tests were conducted on bladder material
specimens to compare endurance in referee fluids with endurance

in propellants.

C-3: Full scale vibration testing was performed on a Lunar Module RCS
oxidizer tank with NoOy.

Task D - Elimination of Permeation and Bubble Formation - The objective of this

task was the elimination or reduction of bladder permeation and the
associated problem of bubble formation within the bladder. This task

included two principal areas of effort: ,

Report No. 8514-927002 - - iti
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D-1: Development of Permeation Barrier: This sub-task consisted
of design and fabrication of a Teflon bladd. e with an aluminum foil
laminate as a permeation barrier. This bladder, which was of the
Service Module oxidize.r configuration, was also designed to function

in an undersized configuration.

D-2: Elimination of Bubble Formation in Current Apollo Bladder Con-
figuration: Experiments were conducted on both model and full-
scale tanks to examine bubble formation phenomena as a function

~ of such variables as temperature, pressure and ullage level. Data
from these tests were used to provide an emperical basis to better
understand the mechanisms involved and the effect of each on bubble

formation.

Task E - Solution of Command Mociule and Service Module Oxidizer Repositioning

Problem - The objective of this task was to inerease expulsion cycle life

of these bladders by eliminating damage due to post-expulsion repositioning.

E-1: Service Module Oxidizer Bladder: The approach used to solve this
problem was the use of an undersized configuration similar to that

used on the Lunar Module RCS tanks to solve the same problem.

E-2: Command Module Bladder: This problem was associated with the
twist mechanism involved in a horizontally mounted tank during the
fill cycle. A solution to this problem could not be found within the

constraints of the program.,

Task F - Integration and Ve_riii_c_étion of Solutions - The objective of this task was to

devise a series of formal tests to demonstrate compliance of design changes
from Tasks D-1 and E with the requirements of the applicable Apocllo con-

tractor procurement specification,

Report No. 8514-927002 : . iv
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Service Module oxidizer bladders of the undersized configuration with

an aluminum foil lJaminate were subjected to Qualification level vibration
testing and were to be subjected to 20-propellant expulsion cycles, How-
ever, problems occurred during vibration testing which resulted in bladder
failure and this task could not be completed within the limits of this program.

Since the Command Module bladder twist problem was not solved (Task E-2),
no Command Module tank testing was performed in Task F.

This report covers the effort performing under Task A. The other major
tasks are reported individually as follows:

Task Report Number ' Title
B 8514-928004 Long Term Compatibility Testing
Cc 8514-928005 Correlation of Referee Fluid and Propellant

Vibration Testing
D 8514-928003 Elimination of Permeation and Bubble Formation

E 8514-928006 Solution of Command Module and Service Module
Repositioning Problems

F 8514-928007 Integration and Verification Testing

Report No, 8514-927002 o | v
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PREF/,CE

This report was prepared by Bell Aerosystems Company in response to

Task A of NASA Contract NAS9-7182, "Apollo Command Module, Service Module,

and Lunar Module RCS Positive Expulsion Tankage Product Improvement

Program."

The objective of this program, Bell Model No. 8514, is to improve and up3
grade the Apollo RCS tankage in the areas of performance, reliability, and mission
duration, |

The purpose of this report is to ﬁrovide a summary of the total effort on
each of the mainstream Apollo-type tankage and associated programs and in
addition show the relationships between them. This effort encompasses ten
separate programs during the period of Oc'ober 1962 to December 1968, These
programs were aligned to a common technology concept; however, they were
individual contracts performed for different cont‘ractors. Although the programs
were conducted on a common basis, each program had its own sequence of events,

The information in this report is presented to document technical activity
and show the chronological sequence of events. The intent is to report this
activity in sufficient detail so that future repetition of effort can be avoided.
Although there is an abundance of test information, detailed test resulis are

included only if they were significant for tank assembly design or performance.

Report No. 8514-927002 ' ' vii
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The report is organized in sections as follows:

SECTION 1 - INTRODUCTION

This section briefly identifies and describes the. Bell supplied positive
expulsion propuliant tankage used on the Apollo vehicle and the experience base
exisiiuyg at the inception of these programs.

SECTIONII - APOLLO TYPE TANKAGE CONTRACT SUMMARY

This section describes the common technology or "commonality" concept
used as a basis for the five mainstream tankage programs and identifies the five
associated projects which were used to supplement them. The chronological
and technical relationships of these ten programs are presented and in addition
pertinent reference information regarding the tank assembly testing and physical
and performance characteristics are included in tables and illustrations.

SECTION I - MAINSTREAM TANKAGE AND
ASSOCIATED PROGRAM HISTORIES

Because of the basic individuality of the programs, a separate subsection
is used for each program. Each subsection contains a chronological history for
a particular program with specific reference to events on other programs only
when they had significant bearing on the activity. The chronological occurrence
of major events and detailed test sequencing for the mainstream programs is
presented in charts for reference use,and the supporting text includes at least
mention of all salient points. '

SECTION IV - MANUFACTURING AND QUALITY CONTROL

The information in this section is organized by compcrent to document the
major fabrication and assembly activity.

SECTION V_- RELIABILITY

The reliability summary is generalized for all programs with the Lunar
Module tankage used for specific reference.

Report No. 8514-927002 | | viid
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SECTION I
INTRODUCTION

A. APOLLO POSITIVE EXPULSIOI\f TANKAGE DEFINITION

The NASA vehicle for the Apollo mission uses a total of 31 positive expulsion
tanks supplied by Bell Aerosystems Company. These tanks are located in the
command module, service module, lunar module, and Saturn IVB stage as shown
in the frontispiece. Of these, three are lunar module water tanks containing
cooling water for the environmental system and drinking water for the crew. The
remaining 28 tanks are used for propellant as follows:

The command module tanks, supplied to North American Rockwell,
contain the propellants for the reaction control system used for
reentry maneuvers. The command module uses two fuel and two
oxidizer tanks.

The service module tanks are also supplied to Morth American Rockwell
and contain the propellants for the reaction ccntrol system used for
positioning, orientation, and stabilization of the spacecraft during flight
to and from the moon. The service modules use eight fuel and eight
oxidizer tanks, of which four of each are of the command module
configuration.

The lupar module tanks, supplied to Grumman Aircraft Engineering
Company, contain the propellants for the reaction control systems used
for positioning, orientation, and stabilization of the lunar module during
descent to the lunar surface and ascent to and docking with the orbiting
spacecraft. Two fuel and two oxidizer tanks are used on each lunar
module.

The Saturn IVB positive expulsion tanks, supplied to MeDonnell Douglas
Company, contain the propellants for the auxiliary propulsion system
which is used for ullage and attitude adjustment during powered flight,
earth orbit, and translunar coast. Two oxidizer and two fuel tanks are
used on each vehicle. '

In addition to the Apollo vehicle, a modified version of the command module
tankage was supplied to the Boeing Company for use on the Lunar Orbiter space-
craft. This tankage operated flawlessly during the five orbiter missions.
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B. POSITIVE EXPULSION TANKAGE DESCRIPTION

Positive cxpulsion systems are necessary to provide continuous propellant
flow to the engines regardless of vehicle position, environmental and dynamic
forces, or zero gravity conditions where the propeilant tends to float in the tank
or cling to the tank wall instead of fl-wing naturally toward the tank outlet.

Each Apollo propellant tank (see Figures I-1 and I-2) has a titanium shell,
Teflon bladder, and metal diffuser assembly. The propellant is contained inside
the bladder. A pressurizing port is provided on the tank shell and a propellant
outlet port and liquid bleed tube are incorporated in the diffuser assembly. The
tank is capable of supplying propeliant upon demand and will function from full
propellant load conditions to propellant exhaustion. The propellaiit is loaded into
the bladder through the propellant outlet port, When the bladder is full, gas is
applied to the pressurizing port of the tank to pressurize the area between the
tank shell and the outside of the bladder. The required amount of ullage is
drained through the propellant outlet or bleed port and then the ports are closed.
The tank is then ready to provide propellant to the reaction control subsystem
upon demand. When demand for propellant is made, the pressurizing gas causes
the bladder to collapse around the diffuser tube and the propellant is expelled
through the propellant outlet port.

C. PRE-APOLLO POSITIVE EXPULSION TECHNOLOGY AT BELL

Activity in the field of positive expulsion propellant tankage started with the
X-series of rocket aireraft in 1945 when the need arose for tankage which would
positively and continuously supply propellant to the reaction conirol engines re-
gardless of vehicle position and dynamic forces. A piston type expulsion tank was
developed for the Bell X~1B research airplane and served as the expulsion device
for the first known reaction control system.

After this initial endeavor, special emphasis was placed on positive expulsion
devices. Early progress included the development and production of pressuriza-
tion and propellant feed systems for the Kingfisher, Meteor, Shrike, and Rascal
projects. These early systems were developed for a wide variety of propellants
and provided important design and fabrication experience.

Positive expulsion technology began advancing at a very rapid pace in the
late 1950's with initiation of the early manned and unmanned space programs. It
was during this period that stringent weight, envelope, and efficiency requirements
were imposed. In addition, the requirement for multicycle capability was necessary
in most applications to permit actual system checkout firings and an abort capability
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FIGURE I-1 TYPICAL APOLLO TYPE TANK ASSEMBLY
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prior to the actual mission cycle. This requirement necessitated the use of
elastomeric bladders in the Mercury and Centaur hydrogen peroxide control
systems and Teflon bladders for the Agena secondary propulsion system.

The pre-Apollo experience,at this point,separated into two areas: research
and study programs for advanced positive expulsion concepts and design, develop-
ment, and delivery contracts for positive expulsion tankage for flight vehicles.

1. RESEARCH AND STUDY PROGRAMS

The following is 2 summary of the major research programs in progress
or completed by Bell at the inception of the Apollo program and depicts the back-
ground and experience used for the Apollo design :

Shipboard Storage of Liguid Rocket Propellant Tanks (U.S. Navy) - An
experimental investigation was conducted in 1956 for the shipboard
storage of liquid rocket propellant tanks using Teflon and butyl bladders.
Propellants were stored in these tanks under shipboard conditions for
one year and at the end of this period the propellants were expelled.
Experience was acquired in the storage, handling, system design, and
fabrication problems associated with positive expulsion systems.

Studies For Storage of Propellants in Space Environment (U.S. Air Force)
A research and development program was performed to investigate the
problems of materials compatibility, servicing, storing and transferring
N204, UDMH, and NgHy under environmental conditions simulating those
encountered in missile and space vehicle use.

Titan IT Storable Propellants (U.S. Air Force) - A storable propellant
combination of Ng04 as the oxidizer and a nominal 50/50 blend of UDMH
and N2Hy4 as the fuel was selected for the Titan II ballistic missile.
These propellants were studied and the resultant data on physical
properties, materials compatibility, bandling, safety, and flammability
and explosivity hazards were published in handbook form. Information
compiled from industry and government data and from trade literature,
was supplemented by laboratory tests conducted at Bell Aerosystems and
the U.S. Bureau of Mines. '

Research on Zero-Gravity Positive Expulsion Techniques (NASA)- This
contract was awarded in 1941 for the purpose of establishing a com-
pendium of design information on all known methods and advanced ideas
for achieving positive expulsion. The program consisted of documenting
Bell experience and ideas for .expulsion techniques and supplementing
this information with a literature search and industry-wide survey.
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Follow-On Research on Current and Advanced Positive Expulsion
Devices (NASA) - This design study program was initiated in 1962
to evaluate metallic positive expulsion devices and to select the
device having the greatest potential for manned applications. An
industry-wide survey was conducted to ascertain the state-of-the-
art in development of expulsion devices. Of the approaches studied,
the metal bellows concept proved to be the nmost promising method
of expulsion within state-of-the-art capability for use in the more
stringent operating regimes of long-term missions.

Advanced Research on Positive Expulsion Techniques (U.S. Air Force) -
This program (classified Secret) was initiated in 1962 for research on
advanced expulsion and orientation techniques., All conceivable methods
were investigated and actual tests were conducted on surface force and
electrostatic field devices to evaluate the most feasible concepts.

Bell Aerosystems IR & D - Company-funded programs were conducted
to evaluate expulsion device materials. Candidate materials were
evaluated on a sample basis and aluminum foil and electro-deposited
nickel bladders were fabricated and tested.

2. DESIGN, DEVELOPMENT, AND PRODUCTION EXPERIENCE

Although the research programs were important for advancing the tech-
nology, the ultimate objective was the application of these techniques for specific
missions and vehicles. Bell produced tankage which included spherical, eylindrical,
and torus-type configurations with metals, elastromeric, and plastic materials
used for the expulsion device. The following is 2 summary of the major hardware
programs in progress or completed by Bell at the inception of the Apollo program:

Shrike Missile Program - Collapsing bladders fabricated from Buna-N and
KEL-F for use with JP-4 and WFNA proved successful on all flight tests.

Rascal Missile Program - Buna~N bladders, fabricated for use in the
main fuel tank, were successfully proven during flight.

Mercury Reaction Control System ~ The Mercury program provided Bell
with the first opportunity to produce positive expulsion tankage for manned
operation in a space environment. Three toroidal tanks were used to
supply thc 90% hydrogen peroxide for the reaction control systems. One
tank was used {for the automatic system, one for the manual, and one for
reenfry reserve. A spherical auxiliary tank was designed and tested but
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was not needed for the system. The collapsing bladders were fabricated
from 9711 silicone rubber and the shells of 6031 aluminum. The diffuser
assembly consisted of a Teflon tube with aluminum end plates. The
bladder assembly design was unique in that the bladder and diffuser were
assembled into a bladder assembly and tested for integrity prior to
installation into the shell. These tank assemblies were used very success-
fully on all Mercury flights.

Centaur Program - Two spherical collapsing bladder configurations

were provided for use in the attitude and ullage control system and
auxiliary power system. These tanks used silicone bladders and aluminum
shells. - .

na-Soar - A cylindrical collapsing bladder configuration, consisting of
a silicone bladder and an aluminum shell, was developed and tested for
the Dyna-Soar vehicle. : |

Metallic Devices -~ Bell was very active in evaluating metallic expulsion
devices whicii included reversing diaphragms, convoluted expanding
diaphragms, and bellows. Several variations of these devices were
fabricated and tested,and valuable information on performance charac-
teristics and fabrication techniques was required.

Agena Secondary Propulsion System Tankage (Model 8101) - The tank
assemblies produced for this program were the first qualified Teflon
bladder positive expulsion tanks,and the experience acquired was directly
applicable to the Apollo tankage. During the Rascal program, Bell had
attempted tc develop seamed bladders fabricated from KEL-F and
Teflon. This approach was abandoned after a short development study
because of problems encountered at the required - 65°F operating
temperature and difficulty in fabricating the seamed configuration.

Since the Agena program used MON as the oxidizer, it was apparent
Teflon would have to be used for the bladder as it was the only non-
metallic material that was compatible with this oxidizer. The design
approach was directed toward a seamless construction and initial

effort was to develop a fabrication technique. The spray dispersion
method proposed by Dilectrix Corporation was chosen and Bell engin-
eering worked with Dilectrix to adapt this technique to the fabrication

of Agena seamless bladders. During development, bladders were
fabricated in various thichnesscs and compositions of TFE and FEP
Teflon. The original approach included fabricating bladders of TFE and
bladders of FEP in thicknesses of 5 to 10 mils. These bladders were not

B
SO, CHNETE SIS
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adequate because of the 0 to 100°F operating temperature requirement,
Teflon FEP provided a good permeation barrier but lacked the capa-
bility to withstand repeated cycling at the higher temperatures. Teflon
TFE was able to meet the eycling requirement at the higher temperature
but was very susceptable to brittle failures at the lowe: temperatures.
The problem was solved by using a laminate construction consisting of

a layer of FEP applied over a layer of TFE. This construction method
resulted in a bladder material which operated with the best character-
istics of each type of Teflon. In addition, a bladder was fabricated using
a codispersion, or mixture,of TFE and FEP. This fabrication technique |
resulted in a bladder material which acted much the same as a TFE
bladder in that it lacked low temperature cycle capability and was highly
permeable. The fabrication method had not been perfected at this time
and the resulting bladder was of low quality. This approach was abandoned
for the Agena program. Laminated bladders were fabricated in various
thicknesses and ratios of TFE and FEP. These configurations were

tested and evaluated to determiqe the most suitable bladder composition
for life cycle and performance characteristics within the required temper-
ature range. The most feasible configuration proved to be a single-ply |
6-mil bladder composed of 3 mils TFE and 3 mils FEP. This tankage =
(see Figure I-3) successfully completed qualification testing and operated L
successfully during actual space flights. The Agena tankage was built for
two separate systems; one with vertically mounted tanks and one with -
horizontally mounted tanks. Mechanical devices were installed inside
the bladders for the horizontal configuration to control bladder folding
and thus prevent bladder twist and random fold patterns.

In addition to the expulsion and dynamic tests performed during the main-
stream program, several supporting investigations were performed to
evaluate performance and design capabilities in the areas of compatihility,
permeation, gas transmission, and radiation. Toward the end of the Agena
tank program, a new design was developed as a product improvement type
effort, The new design was the 3 mil, 3-ply bladder which consisted of

3 bladders, each 1.5 mils TFE and 1.5 mils FEP nested together. This
design was based on the concept that the center bladder would be the
primary film and the inside and outside bladders would serve as radius
formers to prevent the sharp three-corner folds which had caused several
pinhole failures on the single-ply bladders. The concept was successfully
demonstrated during testing of pipe sections; however, the one hladder
that was fabricated had very limited testing when the Agena SPS program
ended. :
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Propellant —a «+— Propellant B
Port _ Port
Z Gas Pressurization
Port

Tank Assembly Fuel Oxidizer
Propellant : UDMH | N,O4 + 10% NO
Volume (in.%) 3000 1970
Diameter (in.) ©10.1 10.1 ’
Length (in. ) 46.2 32.7
Weight (1b) 13.76 11,02
Working Pressure (psig) 225 | 225
Expulsion Efficiency (%) - 98 98
Cycle Life (Expulsion) 10 10

Shell
Material Al 6061-T6 Al 6061-T6
Thickness (in.) 0.053 0.053

Bladder
Material . Teflon TFE/FEP Teflon TFE/FEP
Thicknoss (in.) 0.006 | 0.006"

FIGURE I-3 MODEL 8101 AGENA SPS TANK ASSEI\IBLIES
" Report No. 8514-927002 | | | 1.3
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SECTION I
APOLLO TYPE TANKAGE CONTRACT SUMMARIES

In addition to the mainstrcam Apollo propellanti tankage programs discussed
in Section I, there are five oiher programs that are directly related to the Apollo
tankage effort. These programs are as follows:

Model 8460: Teflon Bladder Design Criteria Study
Model 8271: Titanium Stress Corrosion Investigation
Model 2312: S(;rvice Module Aluminum Tank Shell
Model 8508: Nitrogen Tetroxide Exposure Test Program

Model 8514: Apollo CM, SM, LM RCS Positive Expulsion
Tankage Product Improvement Program

The chronological relationship of the Apollo type programs is shown in
Figure II-1. The indicated time periods for the five mainstream programs cover
the effort from contact go-ahead to the completion of qualification and overstress
testing, Hurdware deliveries and supporting effort continued after these periods.

" The Apollo type tankage effort started with the Model 8271 Command Module
(CM) and Service Module (SM) tankage, The CM has a low L/D ratio and is used
1 in the horizontal position, whereas the SM has a higher L/D ratio and is used in

the vertical position. The overall approach was to have commonality, insofar as was

practicable, not only between the oxidizer and fuel tanks but also between the CM

and SM. The starting point was the common 12,5 inch diameter of the shells. It

3 was planned that the only differences between the four tanks would be the length
required fo account for the differences in volume and wall thickness variations for

3 pressure requirements. The commonality concept encompassed all areas including

design, fabrication, and test to provide common usage of parts and facilities. There-

fore, a change to solve a particular problem on one tank could not be made until it

was evialuated for possible detrimental effects on the other configurations., This

concept was continued throughout the CM and SM program so that the final con-

figured tanks, aside from the planned length difference, are basically the same

except for thickened ends on the CMO bladder.

Ry T L P T AL WIS
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FIGURE II-1 APOLLO POSITIVE EXPULSION PROPELLANT
TANKAGE AND ASSOCIATED PROGRAMS

Period of Performance
PROGRAM 1963 | 1964 1965 1966 1967 | 1968

Model 8271
Command Module (CM)

| Prod,

-——l—j—-—— —

Model 8271 !
Service Module (SM) | Prod.

Model 8339 '
Lunar Module (LM) ' Prod.

- by aupe e e 4

Model 8400
Saturn SIVB (SIVB)

] Prod.

——---J

Modél 8330
Lunar Orbiter (LO) ' Prod.

e em WS w ) S cmm e )

Model 8460 (NASW-1317)
Bladder Design Criteria

Model 8271
Titanium Stress Corrosion

Model 2312 (NAS9-5330)
Aluminum Apollo Shell

Model 8508 ( NASS-6660) :
Propellant Storage Prog. . : .

Model 8514 (NAS9-7182)
Apollo CM, SM, LM Positive ' : !
Expulsion Tankage Improvement :
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The Model 8339 Lunar Module (LM)tanks were designecd to be common with
the SM tank configuration except for the required additionl length and the larger
diameter outlet tubing required for interface with the system plumbing. This pro-
gram was instituted before the SM design was finalized and, as a result, was extended
concui rentlv with SM development. The {full size single-plv hlacdder design adopted
for the SM was applicd to LM. This design was not comj+lc tely suitable for the LM
tunk:s because of the larger 1./D ratio and corresponding hindder repositioning
problem. A development program was conducted to solve the repositioning problem
and the solution was attained with a 6 mil single-ply bladder with a diametrally
undersized cylindric:.1 section. This undersized bladder design is the only basic
deviation from the commonality concept establishced between the LM and SM tankage.

The Model 5100 Saturn SIVB fuel and oxidizer tanks are the same size as the
LM oxidizer tank which was used as the basic design. Thr design was modified to
the extent that a stainless steel diffuser was used instead of aluminum (no bimetallic
joint). Tube fittings were installed on the port tubing and an additional gas port was
incorporated at the blind end of the tanlk.

The Model 8330 Lunar Orbiter (LO) program originally utilized the CM tanks:
however, two major modifications were incorporated during the program. The first
‘change was the use of a thick-walled shell for the oxidizer tank to retard stress

. corrosion for the duration of the LO mission. This approach was taken because the

stress corrosion problem had not been solved at the time LO tankage was being
delivered. The second major modification was the addition of an aluminum foil
laminate in the oxidizer bladder as a permeation barrier against saturation of the
oxidizer with pressurizing gas during the mission.

The titanium/Ny,O4 stress corrosion investigation was performed as part of
the Model 8271 program. This investigation was started because of a failure of an
SMO tank during storage with NoO4. The failure was verified immediately by
additional testing of titanium shells with NoO,4. The resulting failures emphasized
the existence of a compatibility problem not only with the positive expulsion tanks
but also with all types of titanium tankage. The investigation disclosed that stress
corrosion occurs if NO is lacking in the NyO,. The problem was eliminated by
controlling the amount of nitric oxide in the N5O,4,and this "fix" was applied to all
programs by adoption of NASA Specification MSCPPD-2.

The Model 8460 Teflon Bladder Design Criteria Program was instituted
separately and paralleled the mainstream tankage programs. During the develop-
ment phases of these programs a wide variety of bladder failures occurred. Since
failure modes could not readily be determined, there was a neec for a fundamental
. engineering study of bladder design, operation, and citlality control. This program was
established to determine design and guality criteria to enable evaluation of the main
stream tankage.

Report No. 8514-927002 - | 2-3
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The Modal 83038 NaN,4/Titanium Exposure Test Pr;)grnm was established to
supplement the intormation acquired on the Titanium/ No(), stress corrosion progra...
This test pregram was potihrned to extend confidence in the Apollo grade NoOy w
checking the effects of tuny.einture cycling and sloshing d - -ing a propellant storage
period of 30 days.

The Model 2312 A» "l Aluminum Shell Program wis implemented to provide
an Apollo type tank shell 1w c.cated Jvom aluminum an : capable of withstanding
external pressure. The ¢<ist’ng thin wall titanium shells are designed for the owest
possiblc structural veight and will ot withstand external pressrre. The aluminum
tank shells are functionnliv int-rchangeable with the SM oxidizer configuration,

The Model 8514 Apollo CM, SM, and LM Positive Expulsion Tankage Product
Improvement Program, under which this report is being written, is eurrently in
progress with the nhjective of improving and upgrading the tank assemblies in the
areas of perfoaance, relitbility, and mission duration.

Although the councejt of common technology Letv-e: tank programs was acherod
to as much as possille, it was necessary to deviate in instances dictated by tunk size
and individual program specifications. Comparisons of the phvsical characteristics
and operational and test equirements for the five tankage programs is sheovm in Tables
II-1, I1-2, II-3, Exploded views showing the latest configuritions for the CM, S, LM,
and SIVB tankage are presnicd in Figures TI-2, II-3, 1i-4, and iI-5. The confizurations
shown in these vivivs are those delivered by Bell for use on ihe manned Apoilo missions,
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TABLE TI-1

APOLLO-TYPE POSITIVE EXPUILSION TANKAGE - PHYSICAL CHARACTERISTICS

COMMARD MODULE

"SERVICE MOPULE

LUNAR MODULE

SATU SIVE

LUWAF_CRRITER

40 NOISIAID

Bell Aeros, 2odel ¥o. 3271 8ar R339 ALpn 8330
Prime Centrac, RASD-1100 KAST-101 KA31-3800
Custemer HAA/SID NAA/SID Grumman Douplnn Roetng
Custumer Po 0. No. MAT3HA-HOE02T M4J 3XA-406027 2-2hkea-1 DA AfH-"EN NEEANES
FUEL OXIDIZER FUEL OXIDIZER FUEL [ OEDNTER F'EL CXINIZER ‘ CXIRIZER
|
. £ | '
4
ﬂ{m- ET. &{m‘ )) UET, ox FUEL ¥ VR
" ! ' . |
&
fAell Aerosysiems Drawing Ho. B271=471153 | B2T1-4711%h B271-471151 A271-471152 MR399-471101 83ag=h7110z ) 2k 471791 Bhoochryeny [Arag-471000 A330-471071
He, of Tanks/Vehlcle 2 2 L{+h cm*e hi+h cMo) 2 2 2 ? ? 2
Flange Orientztion {on pad) Horizontal Horizontal 12 Up/2 Downf{iorlz) 2 Up/2 Down (Up) Down Down Duwn Towr. Down Town
ropdllant Mp Np0p MMH 50, 50/50 Ha0y MMH Haly 50/50 Hay
Presstrant He He He He No
Tank Total Volume (1n3) . 1h62 1783 221 2044 3308 4119 4114 u11s 140 1783
Fropellant Max, Flow Rate (1b/sec 0.33 0.66 0,22 o ba 0,44 0.RA 0,55 0.a2 0, Gf 0.112
Propellant Speaifizaticn Load (1b hy.2 B8g.2 IEQ.O 137.0 19071.5 273.7 11% 10n LT an,9
Propeltlant Ullage (1b 1.2 3.7 4.5 11,2 4.5 11.3 15 55 1.2 3.7
Propellant Full Tond (1b) o nz2.on T3.5 SUH- N 21,0 171 215 4T 6 a3, 4
Proguures:  Hurst psigg 540 372 375 H40 SN0
Proofr (palg 480 33}{ 373 12 IRo
Max. Op. (psig) 360 2LA 250 P 236
Hominal (psig? 289 179 181 ~a 190
Temperature: Max. Cp. (°F 105 85 100 1 85
¥in. Op. {"F 40 iy 40 b s>
Shell: Fabricator Alrits Airite Arite R fall Fell
Ccverail Length (in) 17.3 13.7 23.7 28.6 2.2 .8 28,9 17.3 19,0
1.0. (i) 12.5 12.4 12.5% 12.% 12.5
Head Thickness P"} -0e7 022 .02% - 027 €55
Cyl. Thlekness {in - D22 L021y Rk W Ry -
Welght (1b) 4.50 4.93 5.02 b. 64 G.0n B5.i. B.%9 4onn 4,03
Diffuser: Type . sy Lsv sV TSV Blind End Gas Port 15V
Matorial Al Al AL S. 8. Al
Tube 0.D, {1in) 5/8 5/8 3/4 M 5/8
Welght {1b 1.57 1.59 1.57 1.61 T
Bladder: Mnterinl TFE/FEP TFE/FEP TFE/FEP TFE/FEP TFE/FEP TCE/AL/PEP
Thickness 6 m1} 6 m1l 6 mll 6 mil £ mil £ ail : € =11
, (9 mi1 Ends}
Tank Aagembly Welght (1\:) T+20 7.90 T.90 a.ro 10,00 12.17 15.7% 7.20 10.9T7
Status: Test Qualirfled Qualiried Qunltrled Qualified Qualified

7734

A2V IS0OHIAY

NOILYHOAHOD

ANVASIOD SIWILLSASO2HAV TI13a

P T TR TR T

o

T ey,

T

ST ey F S e vy

hadoni s 1 g




200426-3168 'ON jxodey

9-2

TABLE II-2

APOLLO-TYPE POSITIVE EXPULSION TANKAGE - QUALIFICATION TEST SEQUENCE

COMMAND ¥ODULE - MODEL 8271

SERVICE MODULE - MODEL B271

LUNAR ¥ODULE - MODEL 8339

SATURN SIVB - MODEL 8400

LUNAR ORAITER -~ MODEL 8310

| Fuel pnit P

1
Fcceptance Test - Tank Assy
vib, (X & Y3

5losh -Horlzontal
Acceleration Exp. (Nr. 1

Amb. Exp. (Ko, 2 thru 16

Hot Exp. {No. 17 & 18}

Cold Exp. (No. 19 & 20)
Jettison {2}

Off Limits - Amb.Exp.(50 Max)

'Fuel Unit P2

Aoceptance iest - Shell
Preasure Cycle

 Acceptance Test - Tank Assy

Amb. Zxp. (Ho. 1 thru 15)
Vib, {Fandom) (X &£ 2Z)
Arcelsraticn Exp. (No. 16)
Eot Exp. (No., 17 & 1B
Cold Zxp. (No. 19 & 20)

- Volume Verification

Jettison
art Limits - Vib. [Random)

Fuel Unit Pl

Acceptance Test - Tank Assy
Vik.
Amb. Exp, {No. 1 thru 16}

‘tiot Exp. (No. 17 & 18)

Cold Exp. {No. 19 & 20)
orf Limits:

Hot Exp. {2) .

Cold Exp. 2%

amb. Exp. {46)
Fuel Unit P2
Acceptanice Test = Shell

Press.Cycle (2700 NWP, J00MWP)

Acceptanee Test - Tank Assy
Amb. Exp. (Ho. 1 thru 16)
Vvib, {Rmndon)

Hot Exp. (Ho. 17 & 18)

Cold Exp. {No. 19 & 20}

Off Limits:
Hot Exp. {2)
Cold Exp. (e;
Vib. (Random) [Y-Axis)

Fuel Units P3 and P4
Acceptance Test
Temperature Extremes
*yib, & Shock (F, 3/4, 1/2)
*Acceleraticn
*31losh « Vertical
Ambient (16

Hot Exp. (2

Cold Exp. {2)
adder Removal
Fressure Cycle
Burst

Fuel Unit P1
cceptance at
5 Dry Cycles [NN2)
Prop, Exposure {1 Amb. Exp.)
Vib. &% Shock
Ambient Exp. (7)
Cold Exp. (1}

Amb. Exp. { ;
Cold Exp, (1

Hot Exp. [1)

Press. Cycle {500 Cycles)
Bladder Removal

Burst

Puel Unit

Acceptance Test

Vib,

Internal AP Test

Func-ional Test (Pulse Exp.
Ho. 1 & 2)

Amb, Exp. {1 thru 8}

Az=b. Exp. [0 *‘ru 1F)

Volume Verliflecatlcen

Hot Exp. (17 & 1H)

Cold Exp. (17 & 20)

Slosi:

Overstress:
Fujl a® Exp. (21)
Thermal Cycling

Ditdizer Unlt P1
Acceptance jest - Tank Assy
¥vib, (X & Y)

5losh - Horlzontal

“Acceleration Exp. (No. l;

Amb. Exp. [Ne. 2 thru 16
Cold Exp. (No. 17 & 18}
Hot Exp. (No. 19 & 20)

OFf Limits - Amb.Exp.{50 Max)

Oxidizer Unit P2
Acceptonce Test = Shell
Pressure Cycle

Acceptance Test - Tank Assy
amb, Exp. (¥o. 1 thru 1R}
Yib. (Randem) (X & %)
Aczeleration Exp. [No. 16)
Cotd Exp. {No. 17 & 18}

Hot Exp. (No. 19 & 20)
Volume Verificaticn

off Limits - Vib. (Random)

Oxldizer Units Pl and P2
Acceptonce Test
Amb. Exp, {No, 1 thru 4}

Vib. (X & ¥)

Slosh— vertical
Cold Exp.
Hot Exp.

Qff Limlts:
Unit P1

Vib. (Random}

Unit p2
Amb, Exp. (To Fallure}

Oxidizer Units Pl and P2
Acceptance Teat
Temperature Extremes
*¥iv, & Shock (F, 3/4, 1/2)
*Acceleration
*S51gsh - Vertical
Amblent (16;
Hot Exp. (2
Cold Exp. (2)
Bladder Removal
Press.Cycle {2700 NWP, 300MWP)
urst

Oxidizer Unit P2
Acceptance iest

5 Div Cycles (Na}

Prop. Exposure ?1 Amb, Exp.)
Vib, & Shock

Amb, Exp. (7

Cold Exn. (1

Hot Exp. (1

Amb, Exp. F,;

Cold Exp, [1

Hot Exp. (1}

Prass. Cycle (500 Cycles)
Bladder Hemoval

Burst

Oxidizer Unit

Acceprance Test -

Vib,

Internal AP Tes*

Functicnal Test (Pulae Exp,
{No, 1 & 2)

Amt, Exp, (? thru B%

Amb, Exp. {0 thra 1f)

Cold Exp, {17 & 18)

Yolune Verification

Ho! Exp. (19 & 20)

Dveratress:
Full AP Exp, (21)
Thermal Cycling

* Test Sequence Optlonal
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TABLE II-3
APOLLO-TYPE POSITIVE EXPULSION TANKAGE - QUALIFICATION DYNAMIC TEST REQUIREMENTS

Mounting
SINE

RANDCM

Rigla

Res, pweep 5-2000 cpa
at 22 g pk max.

15 2ec_random burst

.008 g2/cps at 10 cps
with 1in. inc. to ,10
g%/cpa at BO cpa.
Constant .10 g</eps from
B0'eps to 2000 cps.

Res, aweep 52070 cps
at *2 g pk max.

.035 g2/cpa at 10 eps
with 1in. inc. to

+35 g2/3p8 at 100 cpa
Canatant to 250 npa
with m 1in, dec. to
.03 g°/cps at 2000 cps

DESENT (374 Bres)

A\‘“‘l“;‘r [lfz t‘f L

es ,nveep
nt 2 g

(‘Eﬂ

= 1
1€~ 2%
250~ U2
40100

Time:
Ep3
10-

23- 90

}i LALNSH (FULLY

=2 %33 epg
pk =ax.

Rate: 31 oct./min

6 ,2™ DA
0 2.%
o o608 DA

D T.0 g
1008 =207 0

9.9 ¢
5.8 min

27 12 db/oct,

rlse ¢

1
lRex.auacp 1277 opa l!‘es Javerp 15+2 ,r
mt 22 pk max. N vps at 1 g
| Yate: 1 oct./min i
| Ipa : cps
b
! 1.,’_3}:'; 2}3 g‘ | Same as Descent
}oapaben Coraza oa |
| H0~-p0 #.2 g t
| t
| Time: 17.3min | Time: 17.3min
} Epa ! £pa
| 30~ 20 12 db/oct. 3 game ms Descent

rise to

025 s/&:psl 20=172 0 gafc'ps‘

rin

100-10041 .t:G g?/cps
1000-1230 12 d!‘/ocl l

80-190 12 db/oct. | 1002120 12 db/oct.

| rellofr 'o
i 1202000 017 g'&’/cpal

Rate: 3 oot /atn

rps
He N7 031 DA
Wre 220 3.6
- 27, ." 14 lﬂ
20hap 00 1 .2 p PR
Time: 4.1 min
cpo
20~ 85 ,02% g%/cps
Ag. 290 €.5 dv/oct.
29321296 .1 g2/ep3
170C-2100 12 db/oet.

TOMMAND MODULE SERVICE MCDULE LUNAR MQDULE SATURN STvR IY5%AR ORPITER
rUFEL CXIDIZER FUEL OXIDILZER FUEL oX1rI2Ea FUEL CEIDTER FUet CXITIZF:
VIBRATION
Test Liquld water/alch u:e!.h. etilor, water/alch | meth, chlor, inhir, water “Freon - TF/alch UMY - noprot water {Frecn~TF /meth.
Liquid Load - Full {1b) T3 WA, & 119 234 132 215
UYlings (1b) 1.2 (2.6) 3 T {3.9) 3.8 (4.2 0.5 {7.1) < {4.2) e 15 T80 9% (20,6}
Llquid Lond - et {iv} | 45,2 B3, €a.7 1M 13 21t e 1
Orientation & Axes Hortzontal X Plus Y or 2 Vertical X Plus ¥ or Z Vertteal ¥, 7. 7 ?er"lca Yertioal 4, ¥, 2
Rigld Tuntomer “tem LA |

Fan . sweep “=27C0 rps At
12 Pk max.,

Bate: 4 oot ./min

Time: &.% min

1% arc randce burat at
low isvel scceleration
spextral denai'y

1.7 gres for A~ ser
7.4 grma for %7 aec
1h.? gres for 4D aex
0.4 grmm for 47 nen

oltofé‘ 1
1277 =207 Jopa! '
To'al g KM5 - 527 tomm B FMS - 2.3 )
Time: 15 =min Time: 15 aln Time: 5 min : Time: 12.5 min | Tiee: 9.5 min Time: 30 s=c *3 min Time: 2 % fec
SpOCK 1 i
Sl = | el B T '
3 5
Tnput $15 5 11! m3 rilse, | 20 ¢ 112 mr rulf alne
Ho. of Shocks . 1 1 +¢1 == rall | ? e~ axls
{ each axis
s1esi | 4
Test Liquid water/alch | =eth chler. Ox1d. tank only water water tn Plex.Tank {rof qual’
Orien*at!cn {Axes) Horizontal {X-axis) K_Cy at 4o°F Vertical {Y) Yertl-al ‘interal ales)
Liquid 172 rull vertical (Z) 173 rull 1t 3¢ v
Input (500~} 3.0 cps at L22 DA .2 cp3 a* .13 DA 2.7 ops 3.4 vpz Afeps . emr
2.7 cps 2.h cps 1/3 nalt .. aye. each tevel {, 12 g
AGCELERATION it 0.3 DA ] at 0.525 DA 2.3 cpz at 0,041 DA T
g{lﬂ;?gog {Axes} Horirf.om.nl.ﬁgx& Y'or 2) Hortzontal(+X & -X}
qu a

Input [Time)

28 g (% min)
Plus Accel-exp.,
Tateral, 20 to 2 &

u
8.5 g {u mtn)
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BELL AEROSYSTEMS comPAanNy

DIVISION OF BELL AEROSPACE CORPCHATION

SECTION III '
MAINSTREAM TANKAGE AND ASSOCIATED PROGRAM HISTORIES

A. MODEL 8271 - COMMAND AND SERVICE MODULE PROGRAM HISTORIES

1, Proposal and Specification Activity

. The request [or proposal for positive expulsion tankage for the Apollo
Command and Service Module RCS systems was received in October 1562,

In November, Bell proposed the following tank assembly configurations
in response to the specification regquirements:

cM sM
Shell Aluminum Aluminum-
Diffuser Aluminum Aluminum
Bladder Type Expanding Collapsing
Bladder Material:
Fuel Butyl Buty!l
Oxidizer 3-ply Teflon 3-ply Teflon

In January 1963, Bell requested that collapsing bladders be used in the command
module because of the difficulty anticipated with the elaborate tunnel arrangement
required for liquid transfer with expanding bladders. The use of titanium for the
tank shells was considered at this time; however, Bell objected to this approach
because of the reported shock sensitivity of titanium when used with the highly re-
active oxidizers.

The contract was awarded in January 1963 and new procurement speci-
fications were released in February. Bell submitted a new proposal in March in
response to the revised requirements, The proposed program covered a 27-month
schedule with the following configurations:

Shell Titanium " Titanium
Diffuser Aluminum Aluminum
Bladder Type Expanding Collapsing
Bladder Material:
 Fuel Butyl Butyl
Oxidizer 3-ply Teflon 3-ply Teflon

Report No. 8514-927002 ' 9-1
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The proposal ‘vas reviewed and a coordination meeting was held to discuss schedule
and technical problems. The schedule was reduced from 27 to 15 months and the
development program was eliminated except for basic essential plexiglass tank
testing. The go-ahead was given in March with efforts directed toward tailoring
everything to achieve the shortened scheduic.

Early in April the decision was made to use Teflon bladders and stainless
steel diffuser tubes in both the oxidizer and fuel tanks. The use of Teflon fuel bladders
eliminated the need for parallel testing of the fuel and oxidizer tanks because of the
difference in bladder configuration. By using the same design most testing could he
accomplished on a worst case basis. The use of a stainless steel outlet was required
for the brazed connection with the system plumbing.

In May, Bell submitted a proposal for the required 15-month program
based on the following tank assembly configurations:

CM SM
Shell Titanium Titaniuin
Diffuser Stainless Steel Stainless Steel
Bladder Type Collapsing Collapsing
Bladder Material 3-ply Teflon 3-ply Teflon

This program excluded all development testing except for basic plexiglass tank testing
and simulated bladder testing on material samples and '"pipe" sections. The design
verification te.* : vrogram was to be initiated on a '"high-risk' basis as soon as prototype
hardware could be lesigned and fabricated. The resulting program effort is shown in
Figure I11-1.

2. Design an- Development

The design effort started with program go-ahead and changes were
incorporated as they were made. All drawings were released by the end of May 1963.
The service and command module tanks were designed to use interchangeable parts
whenever practicable, and the required fabrication techniques were within the state-
of-the-art. Vendor evaluation was in progress during the design effort to establish
existing capabilities and insure that the design was buildable.

Pressure vessel fabricators were evaluated to establish the existing
capabilities for fabricating tank shells of aluminum, stainless steel, and titapium.
Specifications (Book-form drawings) were prepared which contained all the detailed
requirements for the titanium shells, These were the thinnest-walled pressure vessels
known at that time and, as a result, the requirements were extremely stringent to
insure structural integrity. Trade-off studies were completed to establish acceptable
limits based on industry capability and a reasonable advancement of the state-of-the-
art. As a result of these evaluations Airite was selected to fabricate the shells.

Report No. 8514-927002 ' . 3-2
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All known Teflon bladder fabricators were surveyed for their ability to
perform to the bladder fabrication requirements. As a result of these evaluations,
Dilectrix Corporation was selected as the Teflon bladder vendor.

The selection of the vendor for the butyl bladder had not been completed
at the time the decision was made to use Teflon instead of butyl for the fuel bladders.
The state-of-the-art capability had been established and the most advanced fabri-
cators were working with Bell during the material development program. These
vendors also participated later in the program when butyl bladders were fabricated
as part of an alternate bladder design effort.

Additional effort during this time included designs for an aluminum shell
and titanium diffuser assemblies.

By July 1963 ,the design was considered 100% complete since all drawings
had been released and the formal design review was completed. Minor changes had
been made to the drawings during fabrication of the initial prototype hardware to ease
manufacture. At this time,weight reduction became a major factor. Design changes
were made to save weight at the sacrifice of interchangeability of CM and SM parts
and extending fabrication times. These changes included reducing the wall thicknesses
of the diffuser, retainer, and the SM flange. In addition, an evaluation was performed
to check the feasibility of changing to an aluminum diffuser assembly. The change to
aluminum bladder hardware was initiated and the design was completed in September.
This design included the stainless-steel-to-aluminum bimetallic joint on the outlet port
tubing to provide the stainless steel tube required for brazing to the system plumbing.
Bi-braze Corporation was selected as the vendor and Bell personnel began working
with them immediately to establish design parameters and fabrication techniques.

Since this was a dissimilar metal union, compatibility tests were performed immediately

and a qualification program was subsequently completed,

In October 1963, vent lines were added to the design. The vent lines are
external io the bladder and provide a passageway for gas to bleed from the blind end
of the tank to the helium inlet port. The need for the vent lines as servicing aids was
established during plexiglass testing when difficulty in venting the gas was encountered
while draining the tank in the vertical flange-down position. At that time there was a
requirement for repetitive expulsion cycling (50 cycles),one-third of which were in
the vertical flange~-down position. This 3-position requirement was for both the
command and service module. For this reason,the vent lines were incorporated in
both the CM and SM configurations.

In November, a new weight reduction program was initiated to substantially
reduce the tank assembly weight. Excess material was removed from the shell boss and
the aluminum diffuser hardware was incorporated.

Report No. 8514-927002 | - 3-4
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During this same period,the bladder design was changed as a result of
rupture type failures during the DVT program. The failures were caused by twist,
and a failure investigation and bladder development program resulted in the over-
size (added length) bladder as a quick solution to the problem. This solution was
advantageous because it had a minimum effect on other components, the shortest
possible impact on fabrication schedule, and allowed use of existing hardware and
tooling. The bladder length increases were as follows:

CMT 2.60 inches
CMO 3.73 inches
SMF 4.84 inches
SMO 4.00 inches

Thesée length increases resulted in only one new bladder size because the existing
bladder configurations were adjusted as follows:

CMF bladder was deleted

CMO bladder used in CMF tank
SMF bladder used in CMO tank
SMO bladder used in SMT fank

New oversize SMO bladder designed

. Drawings for the new tank assemblies were released in January 1964 with the following
configuration:

cM sM
Sheil Titanium Titanium
Diffuser Aluminum Aluminum
Bladder (oversize) 3-ply Teflon 3-ply Teflon

This design was modified, after drawing release,to add Teflon buffer pads at each end
of the bladder to prevent bladder damage from adjacent metal hardware. This type
of damage had occurred during vibration testing in the development program.

A confidence level test program was initiated on two tank assemblies of
each configuration. The command module tank assemblies were tested in the horizontal
position only and demonstrated excellent cycle life capability. Three of the four service
module tanks failed prematurely. A large scale failure investigation was started and the
test cell and procedures were modified. During this period,alternate bladder design
activity was started. Two tanks of each configuration were again subjected to testing
to demonstrate confidence in the capability to pass the design verification test require-
ments. The CM tanks were tested in the horizontal position and the SM tank in the
vertical (both flange-up and flange-down) position. All eight tanks failed because of low
efficiency, inability to achieve repeatable loads, or high leakage. The failures on the
oxidizer tank resulied from ply separation.

Report No. 8514-927002 ' 3-5
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Several alternate bladder designs were completed and included the following:

Elastomer/metal/Teflon

Teflon cloth/Teflon film/Teflon cloth

Teflon cloth/Teflon Film/aluminum foil
Redundant 3-ply TFE film

Redundant 3-ply FEP film

Teflon film (6 mil)/Teflon cloth (9 mil)

3-ply Teflon (5 mil TFE/3 mil FEP/ 5 mil TFE)
e 1-ply Teflon (3 mil TFE/3 mil FEP)

The last three bladder designs were fabricated and tested. In addition, a diffuser
assembly which included a liquid side vent (bleed tube) was fabricated and tested in
conjunction with the 3-ply and single-ply bladder configurations. These tests were
conducted with both oversize and net size* bladders.

The ply separation problem was unsolved and the decision was
made to incorporate the single-ply bladder. This design was based on the success
of SNF bladder SN 1-5. The design was changed in June 1964 to the following nen-

T T S

figurations: E,
CM_ SM |
Shell Titanium Titanium .
-Diffuser Aluminum Aluminum with Bleed Tube
Bladder . l-ply Teflon 1-ply Teflon
(oversize) (net size)

The bleed tube was incorporated into the service module design to facilitate loading 1
and purging,but was not approved for the CM configurations. The bleed tube in the -
SM diffuser required a new bi-braze joint configuration which was subsequently
qualified.

The decision was made to start DVT testing of these configurations without
further development; two tank assemblies of each configuration were tested. These
tanks failed to meet the specification requirements of 50 expulsions and expulsion
efficiency of 99% at a AP of 2 psi; however, the test results indicated that a cycle
life of 20 expulsions at an efficiency of 98% at 2 psi AP, could be attained on all but
the CMO configuration. The CMO cycle life was low and efficiency was poor,especially
during the high temperature expulsions. '

A development program was initiated for the CMO configuration on the
R-series tanks. As a result,the diffuser was modified as to number and location of
holes. In addition, the liquid bleed tube and net size bladder were added. Additional

* Net size means nominally the same size as the inside dimensions of the shell.

Report No. 8514-927002 - 3-6
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development testing of CMO unit R9 showed that the expulsion efficiency was increased
with heavy (9 mil) ends on the bladder. This design change was added to the CMO con-
fipuration in February 1965. The configurations at this time were as follows:

CM SM
Shell Titanium Titanium
Diffuser Alhiminum LSV Aluminum LSV
Bladder 1-ply Teflon (6 mil) 1-ply Teflon (6 mil)
net size net size

(ox: 9 mil ends)

This design remains fixed except for minor changes such as thickening the SM
diffuser flange so that it is common with the CM configuration.

3. Development Testing

All development testing was eliminated from the planned program with
the exception of material and plexiglass tank testing. However, the original high-risk
design verification test program was unsuccessful and a great deal of additional testing
was performed prior to establishing the final tank configurations. From a historical
approach all testing prior to formal qualification type testing on the final configurations
is included as development testing,

Gl L Sohoiar el ey

a. Material Testing i*

The planned material testing was initiated in March 1963 to test butyl
and Teflon bladder material samples for propellant compatibility, permeation, and
gas transmission. In addition, 3-ply Teflon test pipes were tested for cycle life and
ply separation.

1) Butyl Material Tests

Samples of nine different elastomeric compounds were tested
to determine compatibility with the MMH and 50/50 blend fuels. The original plan
was to test the samples after various periods of immersion in the propellant. This ,
plan was modified because of the decision to use Teflon bladders instead of butyl in .
the fuel tankage. All of the compounds exhibited good compatibility in both fuels after s
immexrsion periods of 7 and 28 days.

(2) Teflon Material Tests

(a) Gas Transmission

Gas transmission rates were established by testing 1-ply,
3 mil and 3-ply samples in air, NyOy, MMH, and 50/50 blend fuel. The tests were
conducted at ambient temperatures using a modified ASTM D 1434-58 apparatus.

Report No. 8514-927002 .- ' 3-7
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(b) Cycle Life and Ply Scparation

This testing was performed on three 3-ply, 3 mil Teflon
test pipes at 150 psi AP and room temperature with NyO,4 and MMH. One pipe
completed 100 cycles in MMH,and each of the other pipes completed 100 cycles in
NyO4. Under static conditions an accumulation of NoO4 was detected between the
plies; however, there was no evidence of ply separation during flex testing.

(c) Permeation

Permeation tests were performed at various temper-
atures on 3-ply, 3 mil specimens using the NASA permeation test apparatus with
NoOy4.

2Y4

(d) Compatibility

The decision to use Teflon bladders in the fuel tanks
necessitated compatibility checks of Teflon with MMH. Specimens of 3 mil material
showed no sighificant change in properties after immersion in MMH for 21 days at b
temperatures of 75 and 105°F., -

(3) Bi-Braze Joint

The aluminum/stainless steel joint was subjected to exhaustive :
testing because of the normal restriction on the use of dissimilar metals and s
possible resulting galvanic corrosion.

(a) Compatibility

Joint assemblies were immersed in NyO4 at a temper-
ature of 105°F for a period of 63 days with no deleterious effects on the hardware,

(b)  Qualification Testing

The original bimetallic joint consisted of a section of
aluminum tube joined to a section of stainless steel tubing. Ten tube assemblies
successfully completed individual qualification test sequences and demonstrated the
ability to meet the design requirements. Testing included hydrostatic proof pressure,

- helium leakage, thermal cycling, fatigue cycling, tension, vibration, burst, and
metallographic analysis. The detailed test results are contained in Bell Report No.
8271-927003,

The joint design was modified when the tank assembly
design was changed to include a liquid side vent diffuser,and a new qualification
program was performed in August of 1964, The new design consisted of a curved
seciion of stainless steel tube joined to an aluminum cone. Five test units success-
fully completed a qualification test sequence similar to that performed on the previous
configuration. The detailed test resulis are contained in Bell Report No. 8271-927006.

Report No. 8514- 927002 | ' 3-8
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b. Plexiglass Tank Test Program

Plexiglass test tanks were designed and fabricated for the ecommand
and service modules with extra center sections so they could be used for cither the
fuel or oxidizer configurations. These tanks permitted visual observation of the
action of the 3-ply bladder: however, testing was limited to simulated propellants
at a maximum pressure of 40 psig. The test series for each configuration consisted i
of slosh, loading and expellitg, and drying evaluations.

{1) Load and Expulsion

This testing was performed on each configuration to refine the
procedures and demonstrate the capability of being loaded and expelled in all three !
attitudes - horizontal, vertical flange~-down, and vertical flange-up. The vacuum
loading technique was used on all configurations. A problem arose in servicing in the
vertical flange-down position because of the inability to vent the gas trapped between
the bladder and shell. The problem had been anticipated because of experience from
previous programs. The addition of vent lines alleviated the problem.

The CMFT configuration was subjected to life cycle testing to
demonstrate the 50-cycle capability with all tests performed at 2 maximum temper-
ature of 40°F. Thirty-six expulsions (16 horizontal, 17 vertical flange-up, 3 vertical
flange-down) were completed prior to bladder failure. The failure was caused by the
low temperature effects coupled with the twisting action noted during the horizontal o
cycles,

A new bladder was installed and 50 cycles were completed
as follows:

8 expulsions at 40°F horizontal

8 expulsions at 70°F horizontal
17 expulsions at 70°F vertical, flange-up
17 expulsions at 70°F vertical, flange-down

(2) Slosh

All four configurations were subjected to low frequency vibration
seans to establish the major liguid natural frequencies. The tests were completed
without incident.

(3) Drying Evaluation

Vacuum drying techniques for use during produection acceptance
test were evaluated using methylene chloride and methyl alcohoi at ambient and low
temperatures. '

Report No. 8514-927002 3-9
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c. Initial Prototvpe (DVT) Test Program

This program, started in Septembex 1963 before completion of the
plexiglass tank testing, was the initial testing on the prototype metal tank assemblies.
The testing was performed in accordance with the then current specification sequence
and requiremen’s. The expulsion cycle demonstration required 50 propellant expul-
sions, each of which was conducted with a differential pressure of full tank assembly
operating pressure across the bladder at the end of the expulsion. I addition, each
configuration was tested in all three attitudes and at high, ambient, and low temper-
atures. Eight tank assemblies, two of each configuration, were to be subjected to the
DVT sequence and, in addition, one CMF and one SMO tank shell were to be pressure ;
cycled and burst. The test results of each configuration were as follows: :

CMO Unit X1 completed 16 propellant expulsion cycles in-
cluding 8 at 40°F in the horizontal position and 8 at 70°F in

the vertical flange-up position. During fill for the 17th
expulsion, after changing to the flange-down position, a

failure was evident. The bladder was torn through all three
plies and had the appearance of being burst. The tank assembly
was refurbished with a new bladder and held for future testing.

_CMO Unit X2 completed acceleration and started vibration
testing when the bladder failed. The tank assembly had been
fully loaded in accordance with the requirements and the
internal pressure buildup during vibration forced the bladder
against the edges of the holes in the "showerhead" ring
causing the failure. The procedures were changed to allow
proper ullage capacity during testing and,as a result of this
failure, Teflon buffer pads were added to eack end of the bladder
to protect it from damage by the bladder hardware. These pads
were tested during vibration development and were incorporated
into the design in December 1964.

CMF Unit X1 was held pending solutions to the other tank
failures and was later used in the bladder development program.

CMF Unit X2 completed acceleration testing prior to the start
of the vibration testing. During the random vibration run the
helium port fitting fractured because of improper fixturing. The
fixtures were modified and the tank assembly was refurbished
for future testing.

Report No. 8514-927002 : 3-10
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CMF Unit X3 completed the specified 3000 pressure cycles
prior to being burst. The resulting burst pressure was
1049 psig. *

SMF Units X1 and X2 were not tested, The units were held
for future testing,

SMO Units X1 and X2 were not tested because of the bladder b
failures encountered with the command module configurations.

SMO Unit X3 completed the required 3000 pres~=ure cycles
and was burst at a pressure of 567 psig. *

d. Development Test

Although the original development program had been deleted, it became ‘
necessary to reinstate a development effort because of the twisting type bladder failures '
and vibration fixturing problems. All design verification testing was stopped and
development programs were established in each of these areas:

(1) Dynamics Development

This program was initiated in November 1963 to solve the tank
assembly and fixture problems encountered during DVT where bladder failures had
occurred during vibration with the box type fixtures., The original plan was to test
the tank assemblies concurrent with the evaluation of redesigned fixtures and optimized
equ: lization techniques. The scope of the program was expanded to include evaluation
of tank assemblies with aluminum diffusers and oversize bladders.

(a) Fixture Redesign

Each tank assembly was to be vibrated in three axes -
one iongiiudinal and two lateral. During the original DVT testing, problems arose on
trying to equalize because of the fixturing. Several companies and laboratories were
consulted regarding fixture design and random vibration equalization techniques. As
a result, new fixtures were designed - circular plate for the command module, and
inbular type for the service module,

(b) Tank Assembly/Fixture Testing

The command module units tested with the box type
fixture during DVT resulted in bladder failures during the random equalization runs.
Three additional urits, one fuel and two oxidizer, were tested with the circular plate

* (Additional burst test data were obtained in November 1263 by burst testing
of one CMC and one CMF shell which had been rejected because of excessive
porosity and mismatch, The resulting burst pressures,; after completion of
pressure cycling, were 920 and 1020 psig, respectively.)

Report No, 8514927002 ' 3-11
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fixture. The fuel unit was tested successfully; however, the first oxidizer unit
test resulted in a bladder failure during endurance testing. A second oxidizer test
with an oversize bladde: was successful except for mounting bolt problems.

All service module testing was performed using the
tubular fixtures. B8ix test units, three fuel and three oxidizer, were tested. One
fuel and one oxidizer without bladders were used for lateral axis fixture checkout.
Mounting bolt problems were enccuntered and the necessary modifications were
. made. Some mounting bolt problems were evident during testing of the remaining
four units; however,the tank azsemblies successfully withstood the required vibration
inputs © New high-strergth bolts were used for subsequent testing.

\2) Bladder Development

This program was undertaken to solve the twisting preblem
as quickly as possible with minimum effect on the hardware configuration. The
effort was directed toward procedural changes which would negate the effects of
twisting and minor h~=dware modifications which would prevent twist or failures
due to twist., Potenniai hardware changes included the following:

e Controlled-fold devices

Finned diffuser

Multiple vent lines

Undersized bladder

Oversize (length) bladders

e Liquid side vent (bleed tube) diffuser

~ In addition, the bladder fabrication process was monitored and evaluated to determine
if the twist was inherent because of the technique of spraying a rotating mandrel. This
theory was not suhstantiated by the investigation. Approximately 50 bladder tests
were performed in both plexiglass and metal tanks during this development program.
The hardware and procedural modifications were first tested in plexiglass tanks with
simulated propellant and then, if a concept showed potential, it was tested in the

metal tanks with propellant.

(a) Procedural Changes

Atter+pts were made to prevent rupture type failures re-
sulting from twisting by controlling load pressures and flow rates. In addition,
repositioning by cycling the biadder with gas prior to each load was attempted. Several
variations and combinations of gas oycling, pressure, and evacuation techniques were
attempted with the tank assembly in each of the three required orientations. A ~atis-
factory procedure was established for the command module tanks and the 50-cycle
requirement was demonstrated on four tanks of each configuration, using water as the
test liquid, These procedures did not alleviate the twist problem in the longer service
modul. tank assemblies.

Report No. 8514-927002 _ 3~12
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(b) Controlled-Fold Devices

Activity on these devices was limited to a design effort.
No workable design was established because of the tank assembly configuration and
the susceptability of the bladder materlal to damage from mechaaical restraining
devices.

(c) Finned Diffuser Tube

A diffuser assembly with anti-twist fins attached
long1tud1nally to the diffuser tube was fabricated and tested in plexiglass and metal
tank assemblies. This concept showed some potential but no further testing was
performed. because of the success of the oversized bladder described below.

(d) Multipie Vent Lines

A bladder assembly was built up with eight (instead of
the standard two) vent lines to prevent localized gas pockets and permit more uniform
gas flow between the bladder and shell. Testing in the plexiglass tank indicated that
there was no improvement in the twist problem with this configuration.

{e¢) Undersize Bladder

A CMF bladder was shrunk so that it was approximately
1/8-inch undersme. This unit was tested in the plexiglass tank at very low pressure
and successfully completed 50 cycles with little twist; however, the concept was
abandoned because it was felt that the undersize characteristics would be lost
because of stretching.

(fy Liquid Side Vent Diffuser

A diffuser was modified to include a liguid side vent

{bleed) tube to permit liquid loading with the bladder expanded. This concept eliminates

the vacuum loading technique for the vertical position and facilitates servicing. One
test of 33 cycles was peri.rmed in the plexiglass tank with minimal twist. No addi-
tional testing was performed at this time because this concept was not applicable to
the horizontal loading requirements of the command module configuration.

(g) Oversize Bladder

The oversize bladder concept was based on the idea that
the additional length would permit twisting without the burst-type failures. A test
summary is presented in Figure III-2, The first trial was testing of a SMO bladder
in the SMF plexiglass tank. Fifty cycles were completed without failure. A new SMO
bladder was installed in a metal tank and 126 water expulsions were completed at
standard pressures and flow rates before bladder failure. The next test was a CMO
bladder in a CMF metal tank which comj:leted 61 water expulsions prior to failure.
Testing of these units was performed in all three attitudes.

Report No. 8514-527002 . 3-13
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Based on the success of these tests, emphasis was
placed on the oversize bladder as a solution to the twist failures. The oversize
configuration resulted in a minimum effect on other components and had minimum
effect on the schedule because existing hardware and tooling could be used. The
additional bladder lengths were attained by using the CMO bladder in the CMF
tank, the SMF bladder in the CMO tank, the SMO bladder in the SMF tank, and a
new oversize bladder in the SMO tank. The other concepts were abandoned so that
hardware and effort could be concentrated on meeting the program schedule with
the oversize design. During December 1963,additional oversize bladders were
tested with water to refine loading and servicing procedures and acquire cycle
life data. This testing demonstrated that the 50 expulsion cycle life was attainable.
Testing in January 1964 was delayed until additional bladders of the required con-
figurations could be fabricated for use in confidence level testing.

e. Confidence Level Testing-Oversize Bladders

This test program was started in January 1964 with successful
completion of 53 cycles in all three attitudes at 50°F on a CMF tank ( Bladder SN
27-8). The aluminum diffuser and oversize bladder were incorporated into the
design based on this test coupled with the results of the development program.

The intent of this program was to establish a level of confidence in the ability to -
pass the DVT 50-cycle requirement by festing two units of each configuration to
the specification expulsion requirements, except all testing was performed at 50°F.

(1) Command Module

The first CMO unit (Bladder SN 34-5) failed after 19 cycles,
of which the last three were vertical. The previous expulsion test with water
(Bladder SN 23-5) had resultes i failure after 20 cycles with the last four vertical.
Based on the results of thess te«is it was decided fo test four additional command
module tanks to failure wiih thie tests performed at 50°F in the horizontal position
only. The results were as follows:

CMF (Bladder SN 18-3) completed 132 MMH expulsions in
the horizontal position without failure.

CMF (Bladder SN 29-3) completed 56 MMH expulsions in
the horizontal position prior to failure. L

CMO (Bladder SN 29-5 had previously completed the DV'T
vibration test during vibration development. Since the
unit was available, expulsion testing was performed prior
to disassemblly and refurbishment. The unit completed:

38 N9Oy4 expulsions in the horizontal position prior to
failure.
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CMO (Bladder SN 38-5) completed 116 horizontal expulsions
with NyO4 witheut failure.

CMO (Bladder SN 35-5) completed 108 horizontal expulsions
with NyO4 without failure.

The results of these tests indicated that the 50-cycle life requirement was easily
attainable if the testing was performed in the horizontal attitude.

(2) Service Module

Previous expulsion testing with water had indicated good cycle
life. The propellant testing in all three attitudes was started on the oxidizer tanks
and the first test was very successful The results of the four confidence level tests
were as follows:

sSMO (Bladder SN 1-33) completed 140 N204 expulsions
without failure.

SMO (Bladder SN 2-33) failed after completion of six
vertical expulsions.

SMT (Bladder SN 33-7) failed after seven vertical
. expulsions.

SMF (Bladder SN 40-7) failed after three vertical
expulsions.

The confidence level testing of the service module configurations was stopped and
a thorough investigation of the three premature failures was started.

f. Confidence Level Test Failure Investigations

The investigation of the Service Module bladder failures was initiated
immediately. A very extensive compilation of variables which could occur in fabri-
cation, assembly, and test was assembled in matrix form for bladders that were
tested without failing versus bladders which failed prematurely. This matrix of
variables failed to determine conclusively the cause of failure; however, many
possibilities such as raw material problems, bladder fabmcatmn, faulty hardware,
and assembly methods were eliminated. The variables which remained as possible
causes of failure were the effects of 50/50 fuel blend on the bladder material and the
low temperature and high humidity encountered during assembly, shipping, and
storage. The 50/50 fuel blend was investigated because with one exception all
premature failures occurred during tests with this propellant. The one exception
was the failure of a service module oxidizer bladder that appeared to have been
damaged during assembly. The material, heat transfer effects, test procedures,
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design, and instrumentation accuracy were scrutinized for any possible detrimental
conditions that may have induced the bladder failures. A bladder development plan,
divided into the following tasks, was formulated and a concentrated effort was

imtnated to establish the corrective actmn required to eliminate the cause of failure:

e Analytical Studies - . This category included a malfunction
analysis, weight measurement study, investigation of
critical parameters, and an independent test data analysis.

e Laboratory Testing - Tests were performed {n evaluate
50/50 blend fuel characteristics and Teflon gas trans-
mission,

e 3-Ply Bladder Testing - To support other areas of the
investigation.

e Design Alternatives - Diffusers and bladders. (This
effort was performed concurrently with the failure
investigation and is discussed in detail in succeeding
sections of this report,)

(1) Analytical Studies

(a) Malfunction Analysis

This analysis, conducted to determine the effect of test
equipment and instrumentation on the test,resulted in several changes fo the test
procedure and modification of the test cell.

(b) Weight MeaSurement'

This study was conducted to determine the most accurate
and reliable methods of measuring weight, flow, and pressure drop. As a result, the
test stands were modified and more accurate and reliable methods of weight measure-
ment were incorporated into the test procedure. The scales were changed and the
test data reduction procedures were revised to insure optimum accuracy in measuring
expulsion efficiency.

(c) Test Data Analysis

A separate reliahility review of existing test data and
specification requirements was completed. This information was used in the modifi~
cation of the test cell and procedures.

(d) Anairvtical Investigation of Critical Parameters

: This investigation was conducied to determine the pro-
cedural changes necescary to eliminate or minimize the problems caused by
thermodynamic effects encountered during expulsion cycling., Computer studies

Report No. 8514-927002 3-17
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were conducted for the service module tanks by varying the rate of post-expulsion
venting. The results of six cases were analyzed to determine the effect of the
venting rate on tank and hladder temperature. The results proved the possibility
of encountering extremely low temperatures during the venting and evacuation
processes. The procedures were refined to provide precise conirol and monitoring
of temperatures during all phases of testing,

(2) Laboratory Testing

(a) Gas Transmission Testing

This series of ASTM permeation tests was conducted on
3-ply, 3 mil Teflon material using helium as the permeant. Tests were conducted on
material with a pinhole in one, two, and three plies in addition to tests on material in
the as-received condition. The purpose of the tests was to establish a realistic leak-
age rate for each of the bladders and a criteria for detecting the occurrence of a
pinhole in a bladder. The test resulfs are contained in Bell Report No. 8271-928018.

(b) Propellant Investigation

Laboratory tests of 50/50 fuel blend were conducted to
support the bladder fazilure investigation. The following areas were investigated:

.® Freezing and thawing characteristies of 50/50 blend
and mixtures of 50/50 blend with Freon-TF, isopro-
panol, and water under normal and reduced pressures.

e Impact sensitivity of erystals resulting from these
mixtures. : .

e Effects of absorbed 50/50 fuel blend on bladder material
subjected to freezing.

o Impact sensitivity of bladder material containing
absorbed propellant mixtures cooled below their
freezing points.

e Formulation of crystals during simulated oxidizer or
fuel diffuser tube decontamination at reduced pressure.

These investigations were compieted but the results did not provide evidence of the
cause of bladder failures in the service module tanks. This program was later
extended to further investigate the compatibility of Teflon and propellants.
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(3) 3-Ply Bladder Testing

Tank assembly expulsion testing was performed to simulate
the SMF failures and support the analytical and laboratory evaluation results.

(a) Failure Simulation Tests

Three SMF tank assemblies were tested in an attempt
to duplicate the premature failures which occurred during confidence level testing.
The tests were as follows:

SMF (Bladder SN 36-7) was expulsion tested with water in a
prototype tank assembly at 50°F in the DVT attitudes

using the same diffuscr and bladder hardware which had
been used with Bladder SN 40-7. The unit completed 66
expulsions without failure.

SMF (Bladder SN 13-7) was expulsion tested with 50/50
blend at 50°F in the DVT attitudes under carefully con-
trolled assembly and test conditions. and completed 66
expulsions without failure. The post-expulsion vent
time was controlled to prevent the low temperature
conditions associated with rapid venting.

SMF (Bladder SN 42-7) was expulsion tested with 50/50
blend at 50°F in the DVT attitudes. The conditions pre-
vailing during festing of the confidence level tanks which
failed were duplicated as closely as possible. This in-
cluded fast venting. Bladder failure occurred after 12
expulsions. '

(b) Tank Assembly Testing to Support Evaluations

Three major tank tests with propellant were performed
to support preiiminary analytical and laboratory ivaluations, These tests were
performed mainly te check nracedural and test cell changes associated with temper-
ature conditions resulting from post-expulsion venting.

SM¥ (Bladder SN 47-7) failed after nine expulsions
during fast vent evaluation.

SMF (Bladder SN 45-7) failed after five cycles during
slow vent evaluation.

SMO (Bladder SN 5-33) completed 66 expulsions with-
. out failure during slow vent evaluation,
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After these tests, tank assembly testing was stopped until the analytical and labora-
tory investigations were completed. After the final procedural changes were made,
one additional tank assembly test was conducted to determine the effects of slow
venting and terminating the expulsion at a differential pressure of 2 psi instead of
full tank pressure. :

SMF (Bladder SN 40-7A) successfully completed a total
of 53 propellant expulsions in all three required attitudes

without failure. Fifty expulsions were performed at
50°F and three at 40°F.

The test was terminated {o permit the start of Pre-DVT testing on all four tank
configurations.

g Pre-DVT Testing
(1) Test Plan

The laboratory experimental tests and analytical investi-
gations had been completed and, as a result, the test equipment and procedures
were modified o insure data accuracy and control temperature to prevent freezing.
Failure criteria were established for tank assembly expulsion cyeling as follows:

‘@ Loaded weight repeatable witkin one pound of propellant
® Residual load repeatable.
o Flow trace not erratic.

In addition, the requirement was changed so that the command module tanks were
tested in the horizontal position and service module in the vertical ( flange-down
and flange~up) position.

(2} Test Results

Eight tank assemblies, two of each configuration, were sub-
jected to the DVT expulsion test sequence. The results for each test unit were as
follows (See Figure III-2):

CMF (Bladder SN 32-3) completed 21 eycles in the
horizontal attitude before testing was terminated because
of excessive leakage rate.

CMF ( Bladder SN 36-3) completed 33 cycles in the
horizontal attitude before the test was terminated.
Evaluation disclosed that the bladder had twisted

" appre¢ zimately 140°, and ply separation was evident
between the middle and outfer plies,
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CMO (Bladder SN 27-5) completed 11 cycles in the
horizontal attitude before the test was terminated because
of excessive load weight deviat:on and low expalsion
efficiency. Subseguent evaluation disclosed considerable
ply separation, '

CMO (Bladder SN 30-5) completed 13 cycles in the hori-
zontal attitude before testing was terminaled because of
excessive load weight deviation and low expulsion
efficiency.

SMT (Bladder SN 58-7) completed 11 cycles in the verti-
cal, flange-up attitude before testing was terminated
because of erratic flow indications and continuous high
residual weights.

SMF (Bladder SN 59-7) c. mpleted 5 cycles in the verti-
cal, flange-up attitude before testing was terminated because
of a failure during loading,

SMO (Bladder SN 6-33) completed 12 cycles in the verti-
cal, flange~-up attitude and 14 cycles in the vertical, flange-
-down attitude before testing was terminated because of
excessive load weight deviation.

SMO (Bladder SN 20-33) completed 12 cycles in the verti-
cal, flange-up attitude and 14 cycles in the vertical flange-
down attitude before testing was terminated because of
excessive load weight deviation.

(3) Failure Investigation

Failure was indicated early in the testing. The service module
fuel tanks had high leakage rates and liquid on the gas side of the bladder. The dis-
crepancies in the service and command module oxidizer tanks were caused by ply
separation. Inspection of the bladders after disassembly showed that the outer
plies failed because of twisting or tearing and the inner plies c¢ontajned pinholes.
Expulsion testing was stopped to conduct further lahoratory type tests to investigate
the compatibility of Teflon with the propellanis under varying storage periods and
temperatures and the mechanics of ply-separation. Prior to the completion of this
testing, the decision to change to an alternate configuration was made,
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(a) Ply-Separation Testing

Ply-Separation tests were initiated for the following
reasons:

e Establish an expulsion procedure to prevent occurrence
of ply-separation.

o Establish a method of removing vapor from between
the plies.

¢ Determine amount of ply-separation occurring under
- various conditions,

Testing was performed on 3-ply Teflon"pipes'' using NyO 4 at various temperatures
ranging from 60 to 105°F. The ply separation increased with temperature and soak
time. An additional test with MMH at a temperature of 105°F revealed that the
separation was negligible compared to NoO4. Efforts to prevent or efficiently remove
propelliant vapor from between the plies was unsuccessful both in "pipe’ and tank
assembly testing., As a result of this problem,the decision was made to change from
the 3-ply to the single ply bladder.

(b) Teflon/Propellant Studies

Tests were performed to acquire specific data on the
physical properties of Teflon laminate materials after exposure to various propel-
langs for varying time periods. Although the emphasis was on 6 mil and 3 mil
(I-ply and 3-ply) laminate material, samples of 4 and 5 mil were also tested. The
primary testing was performed with NgO4, MMH, and 50/50 blend; however, data
was acquired from testing with NoH,, UDMH, air, aud water. The tests were con-
ducted to determine the effect of fluid on materials as a function of temperature and
time. The resulting data established the following limiis for optimum bladder per-
formance:

-

Minimum
Propellant Temperature
" NyO +50°F
A o
MMH +45°F
50/50 +55°F

h. Alternate Design Activity

Shortly after the bladder failures in the confidence level test program,
an aiternate design program was initiated with the effort paralleling the failure in-
vestigation and other testing. The purpose of this program was to develoy an alternate
configuration which could be used if the failure investigatior resulted in the necessity

—_
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for a major design change. The following concepts were considered for evaluation:
e New Bladder Construction

Three ply Teflon (5 mil/3 mil/5 mil)

Single ply Teflon/Teflon Cloth (6 mil/® mil)
Single ply Teflon (3 mil TFE/3 mil FEP) o
Single ply elastromeric -
Advanced combinations of reflon, cloth, metal, L
and elastromers =

e Diffuser Hardware

Liquid side vent (bleed tube) |
Controlled-fold devices ¥

e Metallic Devices ;

Bellows
Convoluted diaphragms

TR e T

| (1) Design

A design for a liquid side vent diffuser was completed in
addition o the following bladder alternatives:

Elastromer/Al. foil/Teflon film

Teflon film/Teflon cloth

Teflon cloth/Teflon film/Teflon cloth

Tefloa cloth/Teflon film/Al. foil/Teflon cloth

3 redundant films, each film 2 mil TFE

3 redundant films, each film 3 mil TFE

3-ply Teflon (5 mil/3 mil/5 mil)

1-ply elastomeric

1-ply Teflon (3 mil TFE/3 mil FEP) -

G

Pl
ESREERAE IR SOt

(2) Tesi_:ing

A summary of the alternate design testing is shown in
Figure III-3.

(a) Three-Ply Teflon (5 mil/3 mil/5 mil)

Two oversize bladders were tested as follows:

SMF (Bladder SN 1-92j c¢ompleted 18 cycles with 50/50
fuel blend (six cycles in each attitude). Low expulsion

- efficiency was indicated after the second cycle. Inspection
after disassembly revealed pinholes in the inner ply.
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SMF (Bladder SN 2-93) completed 53 cycles with 50/50
fuel blend without failure. The first 50 cycles were con-
ducted at +50°F and the last three at +40°F. Vent cycle
was controlled to limit temperature drop and expulsion
terminated at a AP of 2 psi, This bladder was tested
in paralle] with SN 40-7A,

These results supported by flex and ply separation tests on "pipe' sections indi-
cated that this configuration had no apparent advantage over the 3-ply, 3 mil
construction.

(b) Teflon Film/Teflon Cloth (6 ril/9 mil)
Two. Teflon film/Teflon cloth bladders were tested

as follows:
SMF (Bladder SN 1-1) oversize bladder failed after
third expulsion with 50/50 fuel blend. Inspection revealed
a small crack in the inner film,

SMO (Bladder SN 2-1) completed 15 water expulsions in
the plexiglars tank as a net size bladder. Five cycles were
conducted in each attitude to observe folding. There was
no evidence of twisting. The bladder was then instailed

in the metal tank and completed nine NyO,4 expulsions.
Inspection revealed leakage at a seam,

These results coupled with the informatinn acquired from testing three '"pipe"
sections indicated that this construction was not adequate.

(¢) Elastomeric Bladders

A single-ply elastomeric bladder development program
was established and fabrication was initiated at the following three vendors:

Stillman Rubber Company
Thiokol Chemical Corp., Reaction Motors Div.
Dilectrix Corp.

Specimens of the elastomeric compeunis were tested for compatibility in 50/50 blend,
MMH, and N3O, concurrently with the fabrication development., The compounds
tested were as follows:

SR617-75 (Stiilman)
SR634-70 (Stillman)
EPR132 (Thiokol)

Parco 823-70 (Dilectrix)
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Numerous delays in the planned program resulted from fabrication problems.

Stillman used the core molding technique for bladder fabrication and several tooling

problems arose. A total of 25 bladders were fabricated, Three of these were

shipped to Bell; however, none were suitable for testing, In addition to the core Lo
molding development, Stillman fabricated samples to evaluate the vacuum bag-
molding process. Dilectrix effort consisted of the development of a vacuum bag-
molding process using Pareo 823-70 Butyl compound. A total of three bladders -
were {abricated. The last one was shipped to Bell but was not tested. Thiokol
effort was limited to fabrication of seamed specimens for bonding compatibility
testing. The elastomeric program was stopped because of the decision to use the
single-ply Teflon bladders. j

(d) Liquid Side Vent (Bleed Tube) Diffuser

Service module testing with 3-ply, 3 mil bladders was
performed to evaluate twist and vertical displacement of the bladder using diffusers
modified to include the bleed tube. Bladders were tested in both the oversize and
net size configuration as discussed as follows:

SMO (Bladder SN 61-7): Amnet size bladder assembled with
a modified diffuser tube and a liquid side vent completed
100 vertical water expulsions {50 flange-up, 50 flange-
down), The two outer plies had failed prior to the 33rd
cycle, but testing was continued to observe twist.

SMO (Bladder SN 35-7): Anet size bladder assembled with
liquid side vent diffuser failed after 32 vertical water
expulsions (16 flange-up, 16 flange~-down) were completed.

SMF (Bladder SN 40-5): A net size bladder with a

liquid side vent was tested to observe filling procedure
and bladder behavior. This unit completed five flange-up,
and five flange-down water cycles in a plexiglass tank. .
The fill procedure was satisfactory and measured maximum i
twist was 3/8-inch clockwise and twist following the 10th i
expulsion was 1/4-inch clockwise. -

SMO (Bladder SN 31-33): Anoversize bladder
completedld propellant expulsions to compare with

liquid side vent performance of a 3-ply bladder with a
single-ply bladder. Results showed that the loaded weight
could not be reproduced from cycle to cycle with the
three-ply bladder. The outer ply tore around the top
‘spherical radius.
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This testing successfully demonstrated the usefulness of the liquid bleed tube for
the service module configuration. This concept was further proven during testing
with the cingle-ply bladder.

Command module expulsion tests using 3-ply and
single-ply bladders were performed to establish servicing procedures and evaluate
performance characteristics of the liquid side vent difluser for the command module
configuration. The resulis are as follows:

CMF (Bladder SN 1-1): This single-ply net size bladder
was assembled with a liquid side vent diffuser tube. The
bladder was tested in the plexiglass tank to develop a
procedure for horizontal loading with the bladder expanded
with gag that is vented during lead. The tests were un-
successful., Additicnal tests wi:re conducted using standard
evacuation loading procedure aid expelling to determine AP
characteristics of the new diffuser tube,

CMO (Bladder SN 1-3): This net size single-ply 6 mil o
bladder was assembled in a plexiglass tank with a liquid
side vent and cycled for the purpose of measuring bladder ;
twist. Twenty-five cycles were completed with water as

the test fluid in a horizontal attitude. The maximum measured

twist on the first cycle was 1-3/8 inches. The measured
twist following the 25th expulsion was 1/8~inch in a counter- o
clockwise direction. This bladder was then assembled into
a metal tank and subjected to an additional 107 water cycles
(the last 25 at 40°F) without failure.

CMFT (Bladder SN 28-3): Water expulsion tests with an
oversize 3-ply bladder and LSV diffuser (holes in cone)

were conducted to compare twist and expulsion efficiency

with standard diffuser tube data. Nine cycles were completed
in the plexiglass tank with the maximum twist being 11 inches.
The bladder assembly was installed in the metal tank and

nine cycles were completed to check AP and expulsion
efficiency. The AP was reproducible with minimum
expulsion efficiency at AP of 2 psi being 96.6%.
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CMO (Bladder SN 2-5): ‘This single-ply oversize bladder
was subjected to a series of the following three separate
tests:

The first test was to evaluate the effect of helium
on gas entrapment with a single ply bladder. This test
was performed for comparison with a similar test on a
3-ply oversize bladder (CMF Bladder SN 51-3). This
bladder had been tested to evaluate the effect of helium
on ply separation and gas entrapment with a 3-ply, oversize v
bladder in MMH. It was found by flowing through a gas trap
that the permeation of helium prior to the bladder {ill cycle
contributes to gas trapped in bladder.

The second test consisted of water expulsion tests to
study the effect of flowing through the diffuser cones only
(holes in tube were masked). Nine cycles were completed
in this condition and the results showed that the amount of
twist was reduced by expelling through the holes in the
cones, but the AP was much greater (5 psi vs 1 psi).

The third test consisted of water expulsion tests to
study expulsion efficiency and twist using an oversize
single ply bladder with the liquid side vent diffuser tube.
Ten expulsions were completed in the plexiglass tank.
Twist and AP were recorded on the first nine cycles. On
the 10th cycle an air bubble was intentionally introduced
with the liguid load to test flow stability. The flow trace
did not become erratic until approximately midway through
the expulsion.

CMO (Bladder SN 76-5): This 3-ply oversize bladder was
subjected to water expulsion tests in the plexiglass tank ' P
with a standard diffuser tube to evaluate the effect of ply
separation on AP and flow. Gas was injected between plies
prior to the expulsions. The results showed that with a
small amount of gas (55 in. ) between plies there was little
effect on expulsion efficiency; however, with a large amount
of gas (308 in.3) between plies, there was a decided decrease
in expulsion efficiency. '

No additional command module testing was performed to
evaluate the liguid side vent diffuser at this time. Additional smgle-ply testing
was performed with standard diffusers.
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(e) Single-Ply 6 mil Teflon Bladders

(1) Service Module

SMF ( Bladder SN 1-5): This net size bladder completed 36
expulsions with 50/50 blend (23 flange-up and 13 flange-
down) with the last two cycles at 55°F. Examination of the
bladder following failure disclosed a 360° cut at the retainer
end caused by failure of the press fit joint of the diffuser.
The bladder displayed no other failure. The unit exhibited
good load repeatabiiity and low residual weight at 2 psi AP.

SMO (Bladder SN 1-7): This net size bladder completed

24 propellant cycles (12 flange-up and 12 flange-down).
Excessive leakage "»llowing the 24th cycle forced conclusion
of this test. Subsequent investigation disclosed severe
crazing at the flange end hemispherical section. Available
data indicated repeatable loading and expulsion efficiency
between 98.4% and 98.8% at 2 psi AP. The last three cycles
were conducted at propellant temperatures of 55°F, 52°F
and 43°F, respectively.

SMF (Bladder SN 5-5): This unit completed 30 expulsion

cycles with 50/50 blend (22 at T0°F, 4 at 85°F, 1 at 50°F,

and 3 at 40°F). Evidence of failure was disclosed during
the leakage test after cycle No. 30. Investigation after =
removal of the bladder from the tank revealed one pinhole -
on the neck of the bladder at the flange end. The expulsion i
efficiency at a AP of 2 psi was as follows: m

Cycle Position Average Efficiency
1-11 flange-up 98.8% 5
12-24 flange-down 99.0% : i
25-29 flange-up 98.7%

30 flange-down 98.5%

The 6 mil bladder (net size) and liquid bleed
tube were incorporated into the service module design as a result of the first two
tests (Bladders 1-5 and 1-7). This decision was substantiated by the testing of
Bladder 5-5.
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(2) Command Module

Three single-ply bladders had been tested previ-
ously as part of the cornmand module liquid side vent diffuser testing. In order to
define the diffuser assembly and bladder configuration for the command module
units, a test series was conducted to measure AP versus expulsion efficiency. The ,

-testing was done in a command module oxidizer tank, using both fuli-size and over- ;
size single-ply,6 mil Teflon (TFE/FEP bladders. Three bladders (SN 3-3, 1-3, and
2-5) completed a total of 68 water expulsions using four types of diffuser configura-
tions. These tests indicated that the optimum technical ecnfiguration consists of
diffuser hardware having heles in both the flange and retainer cones. However, to
permit the reworking of a considerable amount of existing hardware, a configuration
having holes in the retainer cone only was selected. To make this compromise con-
figuration acceptable from the standpoint of repeatability of the AP versus expulsion
efficiency curve, the use of an oversized bladder was required. Therefore,an over-
sized single.ply, 6 mil bladder and hardware having 216 holes in the retainer cone
was selected as the configuration for the command module tanks. In addition, a

test series was conducted with MMH in a command moduie fuel tank (Bladder SN -
50-3) to evaluate methods and establish procedures for pulling a vacuum at 28 :
inches of mercury without letting the bladder and associated hardware temperature
drop below +40°F,

S T Py

R BTN

i. Single-Plv Teflon Bladder Development

(1) Dynamic Testing

A new dynamic test program was required to demonstrate the
following capabilities:

e New acceleration-expulsion requirement for
commund module tankage

e Slosh with propellant
e Slosh and vibration of single-ply bladder A
e Vibration of oversize bladder

e Vibration of liquid side vent diffuser

(a) Acceleration-Expulsion

A CMF tank assembly with an oversize bladder (SN 44-3),
and a CMO tank assembly with an oversize bladder (SN 46-5) were tested fo evaluate
the expulsion capability of command module tanks during acceleration. The tanks
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were subjected to a 20 g acceleration force in the X-axis (longitudinal) with the
expulsion tube facing the center of rotation. The tanks were loaded to more than
75% of propellant capacity with simulated propellants and the gas gide was pressur-
ized to 287 +5 psig with helium. The liquids were expelled at specified flow rates
in a series of fiow bursts which were terminated at 60, 40, and 25 percent of
maximum propellant capacity and when the pressure differential between the gas
and the liquid sides, due to expulsion, reached 2 psig. Both bladders were intact
after the testing. .
A CMO tank with a single-ply bladder (SN 7= ~5) was
subjected to a 28 g acceleration force. The acceleration force was appiied perpen~
dicular to the longitudinal X-axis for a period of 5 minutes. The tank assembly was
then tested to evaluate the expulsion capability of the command module tanks while
being subjected to a2 20 g acceleration force perpendicular to the longitudinal X-axis.
The outlet port faced forward with respect to the direction of rotation and the outlet
tube pointed toward the center of rotation. The expulsion was accomplished in

" three flow bursts which were terminated at 58.5, 38, and 21.2% of propellant capacity.
The pressure differential following the third flow burst was 4.68 psi. The test was
completed without damage to the tank structure or the bladder. This tank attitude
was found to be more detrimental to the performance of the unit than when the 2! g
acceleration force was applied along the X-axis.

ol T

(b) Slosh

Two service module tanks with 3-ply oversize bladders
were tested to evaluate slosh with propellant. The results were as follows:

SMO (Bladder SN 22-33): The unit was loaded to 1/3 capacity
with nitrogen tetroxide and the gas side pressurized to 25
psig with helium. The tank was positioned with the diffuser L2
tube horizontal and subjected to 500 slosh cycles in the 3
direction of the diffuser tube at 0.94 eps with 2.41 inches
peak-to-peak input. The tank was then subjected to 500 slosh
cycles at 2.0 cps with 0.53 inch peak-to-peak input in a direc—
tion perpendicular to the diffuser tube,

SMT (Bladder SN 46-7): The unit was loaded to 1/ 3 capacity

with 50/50 blend and pressurized to 25 psig with helium,

The tank was subjected to 500 slosh cycles in the direction

of the diffuser tube at 0.95 eps with 2.36 inches peak-to-peak
~input. The tank was then repositioned so that the diffuser tube

was vertical and subjected to 500 slosh cycles at 1.90 cps with

0.59 inch peak-to-peak input in a direction perpendicular to

the diffuser tube.

i
T
W
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Slesh testing in the plexiglass tanks was performed

with simulated propellant to test the resonau frequencics of the new single-ply
configurations. A 6 mil single-ply net size SMO bladder and a 6 mil single-ply
oversize CMO bladder were sloshed in a plexiglass tank to establish resonances.
The data indicated that the major liquid slosh frequencies were higher and the liquid
responses lower with the single-ply bladder than they were for corresponding con-
figurations using 3-ply rladders. Based on these comparisons, the respective major
liquid slosh frequencies for the SMTF and CMF were extrapolated as follows:

Unit

CMF

CMO

SMF

SMO

Report No. 8514-927002

Input Axis Major

Attitude relative to diffuser Slosh Frequency
~ (cps)

Horiz. Parallel 2.7 estimated
Horiz. Perpendicular 3.0 estimated
Horiz. Parallel 2.6
Horiz, Perpendicular 2.8
Horiz. Parallel 1.55 estimated
Vert. Perpendicular 2.9
Horiz. Parallel 0.9
Vert. Perpendicular 2.3

(¢) Vibration

CMF (Bladder SN 44-3) iank assembly was subjected

fo vibration inputs in three axes to complete the evaluation
of oversize bladders. The sinusoidal survey and random
vibration tests for the longitudinal axis were conducted in an
adjustable fixture using a Teflon rod connector on the blind
end. Lateral axis vibration was conducted in a circular plate
type fixture. During the tests 45 i'ﬁ psig helium was trapped
en the gas side of the tank. DVT level inputs were used for
all three axes of vibration with no evidence of failure.

SMO (Bladder SN 4-7) tank assembly was tested to
determine the capahility of the single-ply bladder and liquid-
side vent diffuser to withstand the DVT vibration environment.

- The 15-minute longitudinal X-axis sine and random vibration

was successfully completed. Problems were encountered in

~ maintaining mounting bolt torque during lateral axis vibration.

A bladder failure was indicated after approximately 7 minutes
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of Z-axis random vibration. Inspectiou of the bladder after |
disassembly revealed a 1/4-inch failure near a flange bolt. P
The buffer pads at this end of the tank were rolled up and »
an investigation showed that the pads could roll because of '
mislocation during assembly. As a result the buffer pad

was redesigned,

SMO (Bladder SN 7-7)  was a repeat of the previous _
test with a single-ply bladder, liquid side vent, and 4 re- -
designed butier pad. The unit was subjected to the DVT

spectrum random vibration and fuiiure occurred again

during the lateral vibration (Z-axis) portion of the test.

Upon disassembiy, a bladder failure was found very nearly .

in the same location as in the previous test. The redesigned

pad was in excellent condition. A procedural change was

initiated consisting of:

e Vibrating while the tank is pressurized tn the
operating pressure of 179 psig

e Introduciug the lateral input while the tank is oriented
in the vertical attitude, either flange-up or flange-down.
Previous SM .tanks were vibrated in horizontal posifion.

These conditions correspond to the operational conditions which exist in the vehicle.
The tank assembly was refurbished with a new bladder (SN 8-7), pressurized fo 179
psig, and mounted sn the C-210 vibrator with the tank assembly in the vertical position.
The tank assembly was subjected to the DVT vibration inputs in all three axes,with

the lateral Z and Y axes vibration applied with the tank assembly in the vertical atti-

tude. Posi-test inspection of the tank assembly revealed no structural damage to
the tank or bladder.

(2) Off-Horizontal Expulsion Tests ~ Command Module

A development series of tests were conducted with CMO con-
figurations to determine expulsion efficiencies when the tank is oriented 30° from
the horizontsl position. Eighteen expulsions were completed using water as the test @
fluid. The configurations tested were as follows: b

e Oversize bladder (SN 2-5) with hardware having holes
in the retainer cone and diffuser tube only

e Net size bladder (SN 5-3) with hardware having holes
in the retainer cone and diffuser tube ealy
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Tests were conducted both in the flange-down and flange-up attitudes. The expulsion
efficiencies for the oversize bladder tests were good and did not differ significantly
from the results obtained in the horizontal attitude. For the net size bladder in the
flange-down attitude at 30° orientation the expulsion efficiencies were low and non-
repeatable from expulsion to expulsion. For the flange-up position the expulsion
efficiencies were practically identical to the high values obtained in the horizontal
position.

j- De~isn Verification Testing (DVT)

Design verification testing was initiated on four tank assemblies of
each configuration. The configurations were as follows:

Service Module - Single-ply bladder (net size)
' Liquid side vent diffuser

Command Module - Single-ply bladder (oversize)
Standard diffuser with holes in
retainer cone and tube only

The command module tanks were tested in the horizontal position and the service
module tanks in the vertical flange-up and flange-down positions.

The test results (see Figure III-4) for each unit were as follows:

CMF Unit X-1: The tank assembly completed acceptance

testing, vibration testing, 13 expulsion cycles with propellant

(9 amkbient and 4 high temperature), and acceleration testing
which included an additional ambient expulsion cycle with
simulated propellant. Four expulsions were then completed

at low temperature und four at high temperature prior to

bladder failure. The tank had accumulated a total of 30

bladder cycles including 21 propellant expulsions, one acceler-
ation expulsion and eight gas cycles. Inspection after disassembly
revealed a tear at the flange end of the bladder.

CMF Uuit X-2: The tank assembly completed the acceptance
test and 25 expulsions (9 ambienti, 4 hot, and 12 ambient, for
a total of 25 bladder cycles during expulsion cycle testing).
Bladder failure was indicated at the completion of the 25th
expulsion (30th bladder cycle). Inspection disclosed a pinhole
at the point of tangency between the cylindrical and hemis-

" pherical sections of the bladder at the retainer end.
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FIGURE III-4 MODEL 8271 DVT AND DEVELOPMENT TEST SUMMARY

TEST| TANK|TEST | TANK ]| BLAD | CONFIGURATION OCTOBER NOVEMEER DECEMBER JANUARY FEBRUARY
UNIT|SsMA | S 1064 1964 1964 1965 1965
LVT fCXF{X-1(16 Le3 §8271-4711203-5 £ Falled on Cyclp No. 30
pvr feMF {Xx-2 | 30 21-3 | 6271-4T1103-5 Failed on Cyble No, 30
DYT | MO { X-1 { ona3 | 10~ | BRTI-ATIL0L-5 Fdiled on Cyble No. 12
oy oMe  X-2 | 1p 6-5 | B271-4T1104-5 ] (E7U]__E.C. 1} Falled on Cycle Np. 17
VT [SMP | X-1 (2 21-6 } 8271-471151-1 UV TE =) Failed on Cycle No. 6
DVT | S4F | X-2 | 8 22-5 | Be71-471151-1 [B] T-C: — 1| Falled on Cycle No. 32
VT [ F4 f X-1 {16 6=T ]B1.71=471152-1 Falled
T |80 {%-215 5-7 | B271-471152-1 @ A : Falled on Cycle No. 30
DEV [CHOfR~1 {8 30-5 { B271-4T1104=5 [BZTTEE ) Fpiled on Cycle No.]17
DEV [ ey : R-2 | 0003 | 16-3 | Rill slze bla T yog o —JTIEY Efficiency Evalusftion
SEV (MO [ R-3 {16 {253 { ISV oloe blad EAT]EC] Peiled on Cyele No. 7
IEV [CMO { R-4 | Plex | 2-5 | (EL] fas|Entrapment® Investigation
BEV {CHO { B=7 { Plex {1-3 | ISVAdlstze blad CCTET 1| diffuser il Faftern Inveatxantlor*
DEV | CMC { R~74] Plex j1-3 {Mod. Diffuaer Efficies.y ijluatian
DEV | cMo | R-TAl 0003 | 27-3 Falled on Cycle Ho. 27
DEV | o | R-TA] 0003 | 3U-3 Accelerastion-expuldlon Evaluaticn
DEV [CMP [R-B 130 [2-1 {Seme &s R-TA (EYUT_E.T- 1| Fatled on Cycle K. 35 -
oEv o |reg 18 {u2-: | Hesvy end vlad 3740 M %5 PR Bladdor Fatied
DEV [CHO | - [FPlex {43-3 {Heavy end bla 1 gfficlency Evaluation
pEv | e¥0 | - | Plex |16-3 | Mech Restrainers ’ ) OOl Efrictency Ev2ivation
DEV | SC {¥-2 15 137 [ B271-471152-1 [YToR.¥Rposut -\ Shell railpd after 23rd doy
DEV | °MF {R-SA| 30 | 3=1 | Szme as R-8 Bladder{ialled
v | sMr {x-2 1B 17-5 | B271-471151-1 o7 Bl ) Failed un Cycle No. 19
VT 1 E%0 X-1 116 | 15-T7 | B2T1-4T1152-1 Tl BIT! Heltum Port and Bolt Fallure
. . ) Pladder Falled
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CMO Unit X-1: The tank assembly completed acceptunce
testing, vibration testing, and a total of 10 expulsion cycles

(3 ambient and one high temperature) for a total of 12 bladder
cycles. Bladder failure was indicated at the completion of
the 10th expulsion. Inspection of the bladder disclosed a
pinhole plus considerable high stress area at the flange neck.

CMO Unit X~2: The tank assembly completed the acceptance

test and 11 expulsions (9 ambient and 2 hot) for a total of 17 i,
bladder cycles. Bladder failure was indicated upon completion -
of expulsion No. 11, Inspection of the bladder revealed a L
large tear at the flange end of the bladder. :

SMF Unit X-1: The tank assembly completed the acceptance
test, vibration testing, and six ambient expulsion cycles
prior to failure. Inspection disclosed a pinhole in the bladder
at the retainer ring area with evidence of deformation of the .
bladder material in the same area. The diffuser tube was .
broken approximately 3/16-inch from the flange cone weld.
The diffuser failed during vibration testing and caused the
subsequent bladder failure. The diffuser fracture was traced
- to the mounting arrangement of the tank assembly in the
vibration fixture during lateral axis testing which caused the :
tank shell to vibrate at a frequency approximately the same as o
the resonant frequency of the diffuser tube. This condition .
caused excessive amplification and produced the failure. o

SMF Unit X-2: The tank assembly completed the acceptance
test and a total of 32 expulsions (26 ambient, 4 hot, 2 cold) for
a total of 32 bladder cycles. Bladder failure was evident upon
completion of the 32nd cycle which was an ambient cycle
carried out to full bladder AP at shutdown. Inspection of the
bladder disclosed a 1/16~inch crescent shaped hole near the
retainer end of the bladder.

SMO Unit X-1: The tank assembly was acceptance tested
and subjected to low temperature slosh testing. Subsequent
to slosh testing, bladder failure was evident. Inspection dis-
closed a pinhole approximately seven inches from the flange-
end of the bladder.

SMO Unit X-2: The tank assembly completed acceptance test
" and 28 expulsions (24 ambient and 4 hot) for a total of 30
bladder cycles. -Bladder failure was indicated upon completion
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of the 28th expulsion cycle. Inspection disclosed a pinhole
leak surrounded by a porous area and several highly
stressed spots near the retainer end of the bladder.

. [

The failures encountered during design verification testing showed
that the existing service and command module configurations were incapable of
meeting the following specification performance requirements:

e Cycle Life of 50 expulsions
e Expulsion Efficiency of 99% at 2 psi AP

The test results showed that there is a consistency in bladder life before failure and
that the perforiaance characteristics are repeatable. The test history,in terms of

cycle life and expulsion efficiency obtained from the DVT and previous applicable !
development tests,was as follows: \ '

EXPULSION EFFICIENCY-DVT TESTING

‘Ambient Temp. High Temp. Low Temp.
CMO 97.3% 87.8%
CMF - 98.0% 98.1% 98.0%
SMO 98.8% . 98.9%
SMF 99.0% 98.5% 98.9%

CYCLE TESTING - COMMAND MODULE

Dynamic Ambient 105°F 40°F Total

Testing Expul. Exopul. Expul. Expul, i
Proc. Req. 24 8 6 38
CMF (X-1)  Vibr.-Accel. 14 4 4 22 -
CMF (X-2) - _ 20 4 1 25 ;ﬁ
CMO (X-1) Vibr. 9 1 10 Ié
CMO (X-2) ° - 9 2 11
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CYCLE TESTING - SERVICE MODULE

Dynamic Ambient 85°F 40°F Total

Testing _Expul. Expul. Expul. Expul,
Proe. Req. 36 8 6 50
SMF (X-2) - 26 4 2 32
SMT (1-5) - 36 36
SMF (5-5) - 22 4 4 30
SMO (X-1) Slosh ’ _
SMO (X-2, - 24 4 28
SMO (1-7) - 21 3 24

» It appeared that a cycle life in excess of 20 expulsions was attainable
repeatably with the service module configuration. This life expectancy was based on
a sample of four tanks, 2 DVT and 2 development, which completed 32, 28, 30, and 24
cycles before fajlure. In addition, the test results indicated that an expulsion
efficiency of 98 percent at 2 psi A P could be consistently attained,

The command module units were more marginal in cycle life as shown
by the X1 and X2 fuel units which demonstrated a life of 22 and 25 expulsions, respec-
tively. The oxidizer units X1 and X2 indicated that the command module oxidizer >
configuration (oversize bladder plus a diffuser having holes in the retainer cone plus
the tube) did not possess the capability to survive the four required high temperature
expulsion cycles. The results seemed to indicate that the combination of NyO4 and
heating to a high temperature has a deleterious effect on bladder life and expulsion
efficiency.

0
LI
v
iy

Based on these results, the expulsion cycle capability for these con-
figurations was established at 20 expulsions which included the high and low temper-
ature tests. These criteria were used in subsequent {ests. In addition, test programs
were established for the following purposes:

e Command Module - substantiate design changes which
increase performance and life of CMO configuration.

e Service Mcdule - perform tests to show capabilities
which had not been demonstrated because of the early
failures in DVT.

k. Additional DVT and Development Testing

(1)  Service Module

Two service module units were subjected to additional design
verification testing to demonstrate performance capabilities which were not performed
because of the failures encountered during the DVT test program which ended in
December 1964.
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SMF Unit X-2: The unit completed a total of 19 expulsion
cycles (12 ambient, 4 high temperature and 3 low temperature)
before bladder failure, However, bladder helium leakage
rates exceeded the specified 210 c./15 minutes following the
fourth high temperature test (expulsion No. 16).

SMO Unit X-1: The tank assembly was subjected to Y-axis,
flange-down, vibration. After 11 minutes and 15 seconds of
the run, one of the flange mounting bolts and the helium port
fitting were broken, The tank was then drained and the helium
port fitting and bolt were replaced. Subsequently, both a tank
assembly and bladder leak check -vere performed with acceptable
leakage rates. The tank was then reinstalled in the fixture and
the remaining 3 minutes and 45 seconds of Y-axis random
vibration were completed. The tank was then drained and
reinstalled in preparation for Z-axis vibration. Upon filling,
ligquid appeared on the gas side of the tank indicating the
bladder had failed.

A development unit was tested to demonstrate the capability of
performing the propellant exposure and revised slosh test. The results are as follows:

SMO Unit Y-2: This unit successfully completed slosh testing

at 37°F with the tank in the vertical position and slosh inputs

in the lateral axis. The specification requirements had been

changed fo require that the test be conducted with the major

axis in the vertical position and the reciprocating motion applied
perpendicular to the longitudinal axis. The slosh failure during

DVT (SMO Unit X-1) had occurred with the tank horizontal and inputs
parallel to the lorgitudinal axis.

The unit was subjected to propellant exposure testing with NoOy
at a temperature of +105°F. Tank shell failure was indicated after 23 days of exposure.
The failure was located in the parent metal of the eylindrical section,approximately
1-inch from the weld, and consisted of four crack areas. All the cracks did not
penetrate through the shell thickness,and salt deposits were found on the internal
surface of the shell in the vicinity of the failure. This unit had been exposed to
propellant for a total of 49 days because of previous testing. "

(2) Command Module Oxidizer Tank Development

A test program was initiated on the R-series tanks to provide
data to evaluate changes tailored fo increase the performance of the CMO tanks,
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The occurrence of both DVT CMO unit failures QTR I high
temperature testing indicated that NoOy heated to the high temperatinve within (1,
propellant tank had a deleterious effect on bladder life. Low expulsiy cHictoney
always accompanied the high temperature tests. Since this phenomenon noonry when
gas pockets are located inside the bladder, it was conjectured that ineyt proanurizing
gas plus NgOy4 vapors accumulated during the heating cvcle and caused 1he Wadder
and expulsion efficiency degradation.* Therefore, two cevelopment uptiy (W 1 and
R-2) were subjected to testing with the following major test modificationy:

e The NoOy4 was thoroughly degassed before loading |
the pressurizing gas on the load tank was changod §iroay,
nitrogen to helium,

e After the expulsion at high temperature, the propellin
assembly was cooled to ambient temperature after the
bladder was expanded to the tank wall to prevent geve pe
high temperature, high pressure folcs.,

CMO Unit R-1: The tank assembly (standard diffuscr nd
oversize bladder) was subjected to expulsion testing with
NyO4. Twelve expulsions (3 ambient and 3 hot) were com, -
pleted for a total of 17 bladder cycles. Bladder failurc
occurred upon completion of expulsion No. 12,

CMO Unit R-2: This unit (standard diffuser and net-gize
bladder) completed 20 expulsion cycles with NoOy (9 ambient,
4 hot, 4 cold, 1 ambient, and 2 ambient piilsed). No bl
damage was incurred; however, the expulsion efficiency way
quite low (approximately 90%) and an appreciable decronne

in expulsion efficiency was noted at the zigher temperituyp,
The tank was then subjected to flow checiks with Freon-jy,
both at rated tank pressure and at 20 psig, to determine (he
effect of pressure variation and the expulsion medium upon
the expulsion characteristics. The pressure variable neomed
to have no measureable effect upon expulsion efficiency; howy-
ever the Freon-TF appeared to give efficiencies somaewhope
between NoOy at ambient and high temperature.

* CMO Unit R-4: Expulsion tests with water in the plexiglass tank were g, to
observe the effect of gas in the propellant upon bladder folding and expulajy,
characteristics. Two ambient expulsions were made as follows: Ono with () tank
loaded normally with no gas in bladder, and one with tke tank loaded o ey
then approximately 100 cu in. of water displaced by gzs in the Lladde,., '
tests were repeated at 105°F,

and
Thoge
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Because of the unsatisfactory high temperature life cycle
performance of the CMO configuration, a redesign was initiated, Since the R-2 unit
with a net size bladder had demonstrated acceptable life cycle characteristics but
poor expulsion efficiency, the decision was made to change the configuration to
include holes in the flange cone as well as the retainer cone of the diffuser plus
using a net-size bladder. Simultaneously with this change, the liquid side vent pro-
visions were incorporated into the design. A development model liquid side vent
configuration assembly (R-3) was built which incorporated a 3/16-inch liquid side .
vent tube within a 5/8-inch diameter diffuser tube (.049 inch wall). A Teflon spacer '
was inserted between the liquid side vent tube and the diffuser tube. There were '
-216,.032-inch holes in the retainer cone and 150 in the flange cone. This unit was
tested as follows:

CMO Unit R-3: Thisunit ( net-size bladder) completed a
total of seven ambient expulsions with NyOy prior to
bladder failure. Several excessive residuals were obtained
and expulsion efficiency varied from approximately 93 to
99% at a AP of 2 psi. The bladder failure occurred at the
retainer hemispherical portion of the bladder. The U-shape
appearance of the failure, plus the location of other highly
stress areas in the same vicinity, indicated that severe
folding and creasing must have occurred.

Since the most obvious hydraulic difference between R-2 and
R-3 units was the reduced flow area of the R-3 caused by the insertion of the bleed
fube plus the Teflon support spacer it was believed that this premature failure was
related to an unbalanced pressure distribution along the diffuser tube. The folding
patterns of R-2 and R-3 were observed with net-size bladders in a plexiglass tank
during horizontal expulsion to determine whether any noticeable difference could be
detected. Colored Freon-TT was used to simulate the density of NoOg4. No noticeable
difference in the folding patterns could be discerned. The R-3 unit was then modified
to an R-7 configuration which consisted of replacing the .094 inch wall diffuser tube
with a ,028 inch wall and removing the Teflon spacer. This made the tube cross-
sectional flow area practically equivalent to that of R-2. This unit was assembled
with a tull size bladder,and a total of 23 expulsions with Freon-TF were completed
to study diffuser hole patterns which were varied by taping the diffuser. Expulsion
efficiencies of approximately 97% were obtained; however, the fold sequence and
severity of the creases looked similar to that ochserved with R-2 and R-3.

tid
&
{' z

The severity of the folds at the retainer raised the possibility
of bladder degradation. Since earlier twist investigations showed that an improvement
was produced if all the diffuser tube holes were closed, a test was performed on the
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R-7 net-size bladder configuration flowing only through the cones with the diffuser
tube holes masked. This was tested in a plexiglass tank with freon and the terminal
fold pattern was improved relative to the basic R-7 test. The severe creases and
folds near the retainer were not in evidence; however, the expulsion’ efficiency
decreased to a range of 93 to 98%.

The objective was to obtain more repeatable and higher
expulsion efficiency while maintaining the fold pattern.

The local flow rate is controlled primarily by the pressure
drop within the bladder filled channels which lead to openings in the diffuser,in
addition to the drop through the diffuser holes left uncovered by the bladder. Two
tests were performed in a plexiglass tank to further localize the effects of bladder
resistance versus diffuser hole resistance. The resulis are as follows:

e A Teflon catenary tube was installed between the cones
of the basic R-7 diffuser to eliminate the effect of
varying flow resistance caused by bladder folding.

The expulsion efficiency with this modification was
repeatable and high ( > 98%).

e A concentric cone made of perforated metal was con-
structed around the retainer cone of the R-2 unit, to
assess the effect of retainer cone open area. The test
results indicated an improvement in expulsion efficiency
of approximately. 3% over that obtained on Unit R-2.

The test results indicated that both the bladder and the diffuser
tube resistances determined the expulsion efficiency and the fold pattern; however,
the bladder resistance was dominant in producing the terminal high pressure rise.

CMO Unit R-7TA: After the plexiglass tank efficiency
testing, Unit R-7A was assembled with a metal shell and
a liquid side vent diffuser with enlarged (.040 inch) holes
in the retainer and flange cones. A total of 18 expulsion
cycles with NyO4 were completed on this urit prior to
bladder failure. These included 14 ambient (2 of which
were at low flow condition) and 4 high temperature cycles.
The tank was refurbished with a new bladder, SN 34-3,
and subjected to testing fo determine the expulsion
characteristics during acceleration. Four 2g constant
‘acceleration expulsion fests were performed without
structural damage. Expulsion efficiencies, based on a
minimum differential pressure of 3 psi, varied from 90.7

to 92.7%.
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A command module fuel tank assembly (R-8) was assembled

v *h the same configuration as CMO Unit R-7A met-size bladder and liquid side
vent diffuser with ,040 inch holes in the cones,

CMF Unit R-8: Twenty expulsion cycles were performed

with MMH in accordance with the established DVT Procedure
(12 ambient including 2 puised, 4 hot, and 4 cold). Expulsion
No. 21 was the fuel jettison test in which the tank was emptied
in approximately 7 seconds. Bladder failure was encountered
at the end of the jettison test. The unit demonstrated more
than 98% expulsion efficiency at 2 psi A P at specified flow
rates and temperatures. This R-8 configuration was selected
as the DVT configuration.

- CMF Unit R-8A: Unit R-8 was redesignated R-8A after re-

furbishment with a new bladder subsequent to the fuel jettison
test. The refurbished unit was siuibjected to an acceleration-
expulsion (20g to 2g) test and demonstrated an expulsion
efficiency of 98.5% at 2g with a AP of 2 psi. The tank was
then subjected to DVT level vibration inputs and successfully
passed sine and random vibration in the X-axis. However,
during pretest service for Y~axis vibration, bladder failure
was encountered.

The command module oxidizer unit presented a major problem

because of the limited life cycle capability and low expulsion efficiency experienced
during high (105°F) temperature heating and expulsion. Testing on the R-series tanks
showed that the bladder folding pattern had to be controlled so that the ends did not
collapse and prevent propellant flow through the flange and retainer cones. Two
approaches were taken to prevent the bladder ends from collapsing prematurely:

1. Internal mechanical restraint

2. Inherent bladder structural restraint

CMO - Mechanical Restrainers: ‘I'wo expulsions were made
with Freon-TF in the plexiglass tank using a net-size bladder,
SN 16-3, Three 1/4~inch flexible Teflon tubes were installed
longitudinally, 120° apart, along the diffuser tube. Each tube
formed a loop with the center of the loup approximately three
inches from the diffuser tube. An expulsion efficiency

_approximately 4 percent greater than that obtained without

the restrainers was experienced in both tests.
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CMO - Heavy Wall Bladder - Six expulsions were made with
Freon-TT in the plexiglass tank using a net-size bladder
having 2 6 mil cross section in the cylindrical section aad

9 mil cross section in the hemispherical ends. The expulsion
efficiency was approximately 4 percent greater than that
obtained with the standard 6 mil bladder.

Based on the successful results of the plexiglass tank testing, a development unit
(R-9) was assembled with the liquid side vent diffuser (same as R—SA) and thickened-
end bladder for testing to the DVT sequence. '

CMO Unii R-9: A total of 2] expulsion cycles were completed
in the following sequence; 11 ambient, 2 high temperature,

4 low temperature, and 2 high temperature with NyO, plus

one acceleration expulsion at 2g and one at 1g with simnlated
propellant. The tank was then subjected to DVT level vibration
inputs in all three axes. Upon completion of the final axis
(Z-axis) bladder frilure was noted. The expulsion efficiency
at low and ambient temperature was greater than 98%,while

at 105°F the 2fficiency was about 94%. The efficiency
decreased to about 96% during 2g acceleration.

Based on the results of testing on this unit, the R-9 design was
selected as the configuration for formal testing. o

&
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4, Qualification Configuration Formal Testing

All development effort was stepped in March 1965 and preparation was
made to start formal testing on all four tank configurations. These were as follows:

Configuration Bell Part No.

Service Module Fuel 8271-471151-1
Service Module Oxidizer 8271-471152-1
Command Module Fuel 8271-471153-1
Command Module Oxidizer 8271-471154-1

The sequence of events and tests are shown in Figure III-5.

Two tank assemblies of each configuration were to be subjected to the
qualification and off-limit test sequence specified in the following North American
Aviation specifications, as modified by the specification control drawing (SCD):

Configuration NAA Specification NAA SCD

Service Module Fuel MC 282-0008 ME 282-0008
Service Module Oxidizer MC 282-0004 ME 282-0004
Command Module Fuel MC 282-0007 ME 282-0007
Command Module Oxidizer MC 282-0006 ME 282-0006

The final sequence of tests for each unit is shown in Table II-2. The dynamic test
levels are shown in Table II-3, - .

Qualification testing was conducted to demonstrate tank conformance
to the specification requirements. Off-limit testing was then performed on the same
test units to accrue additional test data for reliability assessment, and to verify
critical environmental and functional design margins by testing to failure. Other
formal testing included design substantiation tesiing to provide supplemental data
on the command module tank performance, and propellant exposure testing on the
service module configurations, The propellant storage program was a separate
program which resulted from the titanium/ NgQ, stress corrosion problem.

a. Service Module Tank Assembly Testing

The service module tests were performed with the tank assembly
in the verii_al position. Expulsion testing was performed with the tank assembly
oriented flange-up for half of the tests and flange-down for the remainder. Dynamic
testing was planned so that both attitudes would be tested in each axis insofar as was
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practicable; however, off-limit testing was performed in the attitude deemed most
detrimental to the unit. Vibration testing was performed using simulated propel-
lant,and water was used for shell pressure cycle testing. All other testing was
accomplished with actual propellant - NyOy oxidizer and 50/50 blend fuel.

Expulsion cyeling was performed at nominal operating pressure
(179 psig) to demonstrate conformance to the following requirements:

Cycle Life - 20 expulsions consisting of 16 at ambient
temperature (65 to 75°F), 2 at low temperature
(35 to 40°F), and 2 at high temperature (85 to 90°F).

Expulsion Efficiency - Demonstrate efficiency of 98%
ata AP of 2 psi at high flow rate and 99% ata AP of
2 psi at low flow rate., The extra low flow demonstra-
tion was performed only if the 99% requirement was
not atfained at the high flow rate,

(1) Service Module Fuel Qualification

Qualification testing of two SMF tank assemblies was per-
formed in accordance with the procedures contained in Bell Report 8271-928007,
Revision A. Unit P-1 successfully completed the test series consisting of vibration
in two axes, 16 ambient expulsions, 2 high temperature expulsions, and 2 low temper-
ature expulsions. Unit P-2 successfully completed the test series consisting of shell
pressure cycling, 16 ambient expulsions, vibration in two axes, 2 high temperature
expulsions, and 2 low temperature expulsions. .

(a) Vibration

Each unit was subjected to vibration testing in two axes.
The P-1 unit vibration was conducted in the flange-down position for the X-axis and
flange-up position for the Y-axis. Unit P-2 vibration was conducted in the flange-
down position for the X-axis and the Z-axis. Unit P~1 was subjected to a 2 g sinus-
oidal survey and random vibration while the P-2 unit was subjected to random
vibration only. This testing was completed without incident.

(b) Expulsion Cyecling

The tank assemblies were subjected to propellant
expulsion tests with all expulsion requirement's accomplished succegsfully. The
mean expulsion efficiency for both (anks was in excess of 99% for both attitudes at
all temperature conditions,and no significant difference in expulsion efficiency or
characteristics due to temperature or attitude was noted,
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Temperature
Tank Attitude Low Ambient High
P-1 Flange-Up - 99.2% 99.3%
P-1 Flange-Down - 99.4% 99.3% -
P-2 Flange-Up 99,0% 99.2% -
P-2 Flange-Down - 99.3% 99.1%

The detailed results of the Qualification Test Program are contained in Bell
Report No. 8271-928034,

(2) Service Module Fuel Off-Limit Testing

Upon successful completion of qualification testing, the two
test units were subjected to off-limit testing in accordance with the procedures
specified in Bell Report No. 8271-928015. Unit P-1, after completing the required
20 expulsions during qualification testing, completed an additional 2 hot expulsions,
2 cold expulsions and 46 ambient expulsions for a total of 70 expulsions without
bladder failure., Unit P-2, after completing 20 expulsions during qualification
testing, completed 2 hot expulsions and 2 cold ¢xpulsions for a total of 24 expulsions
without bladder failure. The tank was then subjected to random vibration in the .
lateral axis, flange-down,for 5 minutes at 1.5 times the qualification level,and
5 minutes at 1,75 times the qualification level prior to failure.

The testing was successfully completed with the SMF tank
assemblies exhibiting a substantial functional design margin in the number of bladder
cycles available for expulsion. The detailed test resulfs are contained in Bell
Report No. 8271-928046.

(3) Service Module Oxidizer Qualification

Two SMO tanks were originally started in the gualification
sequence in accordance with the procedures contained in Bell Report No. 8271~
928007, Revision A, The original two test units P1 and P2 were unsuccessful.
Unit P1 completed sine and random vibration testing in the X and Y-axes. X-rays
taken after the test revealed no structural damage. Loading for the next test could
not be accomplished and a subsequent investigation disclosed a bleed tube failure
in the weld area. The welding procedures and inspection methods wére revised
to prevent recurrence of this type of failure. Unit P2 complefed 16 ambient
temperature propellant expulsions and then testing was stopped because of the
bleed tube failure of unit PL1. Testing was resumed and the unit completed the
X-axis vibration test. While re-expanding the bladder for the Z-axis test a bladder
failure was indicated. The results of the failure investigation are contained in
Bell Report No. 8271-928031. -
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The two test units were refurbished into units P1A and P2A,
and the qualification test sequence was started in accordance with Revision B of
the procedure. These refurbished units also failed to meet the life cycle require-~
ments. Unit P1A successfully completed vibration in the X and Y-axes, slosh
testing, and eleven ambient temperature expulsions prior to bladder failure. The
results of the failure investigation are contained in Bell Report No. 8271-928048.
Unit P2A completed eight ambient temperature expulsions before bladder failure,
The details of the failure are contained in Bell Report No. 8271-928047,

(4) Service Module Oxidizer Development

_ Testing was stopped at this point and the units were not
refurbished pending a solution to the SMO configuration problem. The SMF tank
assemblies had successfully completed qualification testing and the only difference
between the fuel and oxidizer tanks was propellant used and tank length, The
additional length of the SMO tank over the successful SMF configuration made it
marginal,regarding normal repositioning of the bladder upon re-expansion after
an expulsion,because of greater friction between the bladder and tank wall. A
development effori was initiated which consisted of the following efforts:

o Teflon coating the inside of the shell to reduce the
friction coefficient,thus permitting the bladder to
slide on the tank wall and reduce biaxial stresses
necessary to lift the bladder

e Mechanical smoothing of the inside of the shell to
reduce friction :

e Bladder redesigr with undersized center section
to eliminate wall friction during bladder expansion

Tests showed that mechanical polishing for reduced friction
was marginal and impractical; however, experiments indicated that a Teflon lined
shell offered a solution to the repositioning problem. At this time Teflon coated
shells were being fabricated for use on the titanium/N204 stress corrosion pro-

- gram to determine if the Teflon lining would serve as a barrier to retard the stress
- corrosion, One of these shells SMO,SN0010 was assembled for propellant
expulsion testing. The unit successfully completed 16 ambient temperature, 2 cold,
2 hot, and 16 additional ambient temperature expulsions without failure. The unit
was disassembled for evaluation and the decision was made to reassemble the
tank with a new bladder and subject it to the qualification test series. Based on
the success of this unit, all other design and development activity was stopped.
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The refurbished test unit was subjected to the qualification
test sequence plus additional expulsion testing, The unit successiully completed
16 ambient temperature expulsions prior to qualification vibration. During vibra-
tion the old configuration bleed tube, which had been used because of the unavaila-
bility of production configuration diffusers, failed; however, testing was continued
by using the command module style vacuum loading technique. Vibration was
completed and the unit then successfully completed one cold and one hot expulsion,
slosh, 16 ambient temperature expulsions, one coid and one hot expulsion without
bladder failure. All expulsion efficiencies were above 99%.

Although the first series of tests on the Teflon coated shell
indicated that it would meet the qualification test requirements, an analysis of the
schedule indicated that refurbishment of flight line tanks could not be accomplished
in time for use. The existing test data from units P1, P2, P1A, and P2A provided
a basis for a reduction in the required number of expulsion cycles. As a result, a
certification program, designed to demonstrate the capability of the SMO con-
figuration of performing to the lowered requirements, was initiated shortly after
the beginning of the second test series on the Teflon-lined shell.

(5) Service Module Oxidizer Certification Testing

. Certification testing was accomplished on two SMO tank

assemblies to deronstrate that they were capable of performing to the modified
qualification test requirements of the North American Aviation specifications.
The testing was performed in accordance with the procedures contained in Bell
Report Nu. 8271-928045. Unit P1B successfully completed the test series con-
sisting of four ambient propellant expulsions, vibration in two axes, slosh test,
one low temperature propeilant expulsion, and one high temperature expulsion,
Unit P2B failed during vibration test after completing the four ambient propellant
expulsions. The unit was refurbished as unit P2C and successfully completed the
test series consisting of four ambient propellant expulsions, vibration in two axes,
slosh test, one low temperature propellant expulsion, and one high temperature
propellant expulsion.

(a) Vibration

Units P1B and P2C were subjected to random vibra-
tion testing in the Y-axis lateral,flange-up and the X-axis longitudinal flange-down
position. During-the X-axis test on unit P2C, the Teflon bushing at the boss end
became dislodged. The test was stopped, the bushing was reinstalled, and the test
was completed,
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(b) Slosh

Slosh testing was successfully performed on both the
P1B and the P2C units. The units were installed in the flange-up attitude, loaded
to 50% capacity with nitrogen tetroxide, and subjected to 500 slosh cycles at ambient
temperature.

(c) Expulsion Cyecling

Each of the units P1B and P2C were sub)ected to
propellant expulsion cycling to demonsirate the following:

Cycle Life ~ Perform six expulsions consisting of
four ambient temperature expulsions,flange-down,
one low temperature expulsion,flange-up, and one
high temperature expulsion,flange-up. An additional
three expulsions were accomplished during emptying
after the X-axis vibration, Y-axis vibration, and the
slosh test.

Loadability - To demonstrate the ability Ato load the
units to the acceptance test volume-weight equivalent
+1.0 pound.

Expulsion Efficiency - To demonstrate an expulsion
efficiency of at least 98% at 2 psi differential pressure.

Each of the test units completed the four expulsions at ambient temperature with
expulsion efficiencies at 2 psi AP ranging from 99.5 to 99.6 for the P1B unit and
from 99.1 to 99.7 for the P2C unit. Each unif then successfully completed one low

- temperature and one high temperature expulsion in the flange-up altitude. The
expulsion efficiencies for the low temperature expulsions for P1B and P2C were
99.5 and 99.4, respectively. The expulsion efficiencies for the high temperature
expulsion for the P1B and P2C units were 99.6 and 99.8, respectively. The detailed
test results are contained in Bell Report No. 8271-928049.

(6) Service Module Oxidizer Off-Limit Testing

After completion of certification testing, SMO units P1B and
P2C were subjected to off-limit testing in accordance with the procedures specified
in Bell Report No. 8271-928015. Unit P1B, which had completed certification
testing, was then subjected to random vibration in the lateral Y-axis, flange-down
attitude, for 5 minutes at 1.0 times certification level and 5 minutes at 1.5 times
ceriification level. Unit P2C, after completing certification testing, was subjected
to 48 additional ambient temperature propellant expulsions without bladder failure.
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(a) Vibration

Vibration testing of unit P1B was performed at 14.8 g
rms (qualification level) for § minutes without damage. The assembly was then
subjected to 22.2 g rms (1.5 qualification level) for the planned 5 minutes. Cracks
were noted in the tank flange at the completion of the test. This tank shell had been
subjected to qualification ievel vibration prior to the certification and off-limit iest
program. The exposure time to full level random vibration (14.8 g) was 45 minutes
in the longitudinal X-axis and 50 minutes in the lateral Y-axis. In addition, the
shell completed the scheduled 5 minutes at 15% full level vibration in the lateral
Y-axis,

(b) Expulsion Cycling

Expulsion eycle testing was performed on unit P2C at
a temperature of 70°T to demonstrate the following capability:

Cycle Life - The number of expulsions which may be
performed prior to failure,

Expulsion Efficiency - To demonstrate an expulsion
efficiency greater than 98% at 2 psi differential
pressure.

The unit was installed in the flange-up attitude for 4 expulsions and then in the
flange-down attitude for 4 expulsions. This sequence was continued until a total
of 48 off-limit expulsions had been completed without failure. The average expul-
sion efficiency for the 48 expulsions was 99.3% and varied from 99.2 to 99.5%. All
efficiencies were within the specification requirements. The detailed test results
are contained in Bell Report No. 8271-928050,

b. Command Module Tank Assembly Testing

All command module tests were performed with the tank assembly
in the horizontal position. Vibration, acceleration, and acceleration-expulsion
were performed using simulated propellant; water was used for shell pressure

cycling. All other testing was conducted with actual proycllant -~ N9Oy4 oxidizer and
MMH fuel.

Expulsion cycling was performed at nominal operating pressure
(289 psig) to demonstrate the following capabilities:

Cycle Life - 20 expulsions consisting of 16 at ambient
temperature (85 to 75°F), 2 at high temperature

(105 to 110°T), and 2 at low temperature (35 to 40°F).
The expulsion during acceleration expulsion was counted
as one of the ambient temperature expulsions.
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Expulsion Efficiency

Fuel - Demonstrate an efficiency of 98% ata AP of
2 psi at high flow rate,and 99% ata AP of 2 psi at low
flow rate. The extra, low flow demonstration was to
be pexrformed only if the 99% requirement was not
attained at the high flow rate.

Oxidizer - Demonstrate an efficiency of 98% ata AP
of 2 psi at high flow rate except for high temperature,
High temperature requirement is 93% at 2 psi AP. '

The qualification test program on the fuel and oxidizer tank assemblies originated
as design verification testing; however, all testing was performed in accordance
with the qualification requirements of the North American specifications as speci-
fied in the Bell Oualification Test Procedure. The only change was the addition of
slosh testing to the test sequence.

(1) Command Module Fuel Qualification

Two command module fuel tank assemblies were tested in
accordance with the qualification test procedures contained in Bell Report No. 8271-
028008, Revision E.

Unit XP-1 completed the required test series which consisted
of acceptance test, vibration, slosh, acceleration, acceleration-expulsion, 15 ambient-~
temperature propellant expulsions, 2 high-temperature expulsions, 2 low-temper-
ature expulsions, and jettison testing. The helium and nitrogen leakage rates exceeded
specification imits after the second high temperature expulsion; however, the
remaining tests were completed with no appreciable increase in the leakage rate.

A second jeltison test was conducted with an orifice resized {o reduce the jettison
time,

Codb e

Unit XP-2 successfully completed the required test series
which consisted of shell acceptance test, pressure cycle test, tank assembly
acceptance fest, 15 ambient-temperature expulsions, vibration, acceleration, accel-
eration-expulsion, 2 high-temperature expulsions, 2 low~-temperature expulsions, =
volume verification, and jettison testing. T

;

(a) Vibration

Each unit successfully completed vibration testing in the
longitudinal X-axis and one lateral axis while mounted in the horizontal position. Unit
AP-1 was tested in the longitudinal X-axis and lateral Y-axis., The test for each
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axis consisted of a sinusoidal sweep and a 15-minute ra.ndom_ test. Unit XP-2
testing was performed in the longitudinal X-axis and lateral Z-axis. The test for
each axis consisted of a 15-second random burst and a 15-minute random test.

(b  Acceleration

Acceleration and acceleration-expulsion testing was
performed by subjecting each unit to a 28 g acceleration test for 5 minutes in each
of two horizontal axes: the first was with the X-axis extending radially from the
center of rotation,and the second was with the X-axis perpendicular to the rotary
arm. In the second test the outlet faced forward with respect to the direction of
rotation and the outlet tube pointed towards the center of rotation. Upon completion
of the second 5~minute acceleration test, the units were subjected to the accelera-
tion-expulsion test without changing the tank orientation. The expulsion was
performed while the tank assembly was under acceleration forces dimishing from
20 g to 2 g. The required expulsion efficiency was 96% ata AP of 2 psi and 2 g
acceleration. The acceleration-expulsion plan consisted of flow bursts at varying
g levels separated by periods of no flow while the g level was being decreased.

Unit XP-1 completed the test satisfactorily and without
damage to tank or bladder. However, because of an incorrectly calibrated accel-
erometer the lateral axis acceleration test was conducted at 31.2 g instead of a
scheduled 28 g,and the ¢ sceleration expulsion test was conducted from 21.5 to 5.2 g
instead of a scheduled 20 to 2 g. An expulsion efficiency of 93.4% was realized at
a AP of 2 psi at an acceleration level of 5.3 g at the tank center of gravity. The
low expulsion efficiency of 93.4% is attributed to the higher than scheduled acceler-
ation level.

Unit XP-2 completed the tests without discrepancy and
without damage to tank or bladder. Expulsion efficiency was established to be
98.3% at a AP of 2 psi,and an acceleration level of 3.3 g at the tank center of

gravity.

(¢) Slosh

Slosh testing was performed on the XP-1 unif only.
The umt was loaded to approximately 50% capacity with monomethylhydrazine and
tested in the horizontal position. The test consisted of 500 slosh cycles at 2.7 cps
with a .3-inch peak-to-peak input. ‘
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(d) Expulsion Cyecling

Each test unit was subjected to 156 ambient temperature
propellant expulsions. These expulsions included 2 high AP tests in which the tank
assemblies were subjected to approximately 300 psi differential across the bladder
in both the collapsed and expanded conditions. The units exhibited normal expulsion
characteristics during all 15 cycles. The expulsion efficiency range for unit XP-1
was 98.60 to 99.19 percent while tnit XP-2 varied from 98,42 to #8.70 percent.

Each unit completed two high temperature sxpulsions.
Unit XP-1 showed normal expulsion characteristics with expulsion efficiencies of
98.16% and 99.11%. The helium bladder leakage rate increased above the allowable
after the second expulsion; hcwever, authorization was given to proceed with
testing. Unit XP-2 completed the two high temperature tests with expulsion
efficiencies of 99.12 and 99.23 percent.

Each unit was then subjected to two low-temperature
expulsions, Unit XP-1 had expulsion efficiencies of 96.42 and 96.93 percent which
did not meet the required efficiency of 98%. These apparently low efficiencies
were caused by weighing errors due to condensation forming on the tank because
of low temperature and high relative humidity. The required pulse durations,
ranging from 100 milliseconds to 30 seconds at both specification low and high flow
rates, were executed during the second low temperature test. Unit XP-2 completed
the two low temperature tests satisfactorily with expulsion efficiencies of 98.18 and
98.23 percent. Pulse testing was performed on the second low temperature expul-
sion,

(e) Volume Verification

Volume verification was performed only on the XP-2
unit to verify that the volume, as determined by pressure rise,was in accordance
with the specification requirements. The pressure increased to 87 psig which was
within the specification limit of 205 psig.

(fy Jettison

Jettison blowdown tests were performed to demonstrate
the capability of the units to expel the specification liquid volume within 15 seconds
using helium gas at a pressure of 130 psig and a temperature of -10°F. Unit XP-1
was subjected to the jettison test with a resultant expulsion time of 21.4 seconds.
The jettison vent orifice was enlarged and the test was repeated. The expulsion time
for the second test was 1£.8 seconds. Unit XP-2 successfully completed the jeftison
test with an expulsion time of 12.0 seconds. '
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The units successfully completéd the qualification
test series, with the specified variations. A detailed report on qualification
testing is contained in Bell Report No. 8271-928037.

(2) Command Module Fuel Off-Limit Testing

~ After successful completion of the qualification test series
the two test units were subjected to off-limit testing in accordance with the pro-
cedures specified in Bell Report No, 8271-928016. Unit XP1, which previously
had completed the qualification test series, completed an additional 12 ambient
expulsions during off-limit testing prior to failure. Unit XP-2, after completing
the qualification test series was subjected to random vibration in the longitudinal
X-axis for 5 minutes each at 21.0, 24.5, 28.0 and 31,5 g rms without failure during
off-limit testing. A '

(a) Expulsion Cycling

Unit XP-1 completed a total of 12 off-limit ambient
temperature expulsion cycles with expulsion efficiencies ranging from 98.8 to
99.2% and an average of 99.1%.

(b) Vibration

Unit XP-2 was subjected to random vibration in the
longitudinal X-axis with the diffuser tube horizontal. The,input to the assembly
started at 21.0 g rms, 50% above the qualification test (14.0 g rms),and was in-
creased in 25% inerements to 31.5 g rms (225% of 14.0 g rms) with runs of G
minutes performed at each level. The tank assembly completed the tests at all

input levels without damage to the tank or bladder.

' The detailed results of off-limit testing are contained
in Bell Report No. 8271-928051,

(3) Command Module Oxidizer Qualification

7 Two command module oxidizer tanks were tested in accor-
dance with the qualification test procedures contained in Bell Report No. 8271-
928008, Revisions A and B,

Unit XP-1 completed the required test series which consisted
of acceptance test, vibration, slosh, acceleration/acceleration-expulsion, 15 ambient
temperature propellant expulsions, 2 low-temperature expulsions, and 2 high-
temperature expulsions. Tank assembly designated XP-2 successfully completed
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the shell acceptance test, pressure cycle test, tank assembly acceptance test;
however, the bladder failed following the third ambient expulsion of the test series,
Post-failure examination revealed that the bladder had fabrication irregularities.
The unit was refurbished with a new bladder and was designated unit XP-2A. This
unit successfully completed the required test series which consisted of acceptance
test, 15 ambient temperature propellant expulsions, vibration,acceleration/accel-
eration-expulsion, 2 low temperature expulsions, 2 high temperature expulsions,
and volume verification,

(a) Vibration

Each unit was subjected to vibration testing in the
longltudmal X-axis and a lateral axis with the units mounted in the horizontal
position. Unit XP-1 testing was performed in the longitudinal X-axis and lateral
Y-axis. The test for each axis consisted of a sinusoidal sweep and a 15-minute
random vibration test, Unit XP-2A was tested in the longitudinal X-axis and
lateral Z-axis. The test for each axis consisted of a 15~second random burst and
a 15-minute random vibration test.

(b) Acceleration

Acceleration and acceleration-expulsion testing was
performed by subjecting each unit to a 28 g acceleration test for 5 minutes in each
of two horizontal axes: the first was with the X-axis extending radially from the
center of rotation and the second was with the X-axis perpendicular to the rotary
arm. In the second test the outlet faced forward with respect to the direction of
rotation and the outlet tube pointed towards the center of rotation. Upon completion
of the second 5~minute acceleration test the units were subjected to the acceleration~
expulsion test without changing the tank orientation. The expulsion was performed
while the tank assembly was under acceleration forces diminishing from 20 g to
2 g. The required expulsion efficiency was 96% at a AP of 2 psi and 2 g acceleration.

Unit XP-1 satisfactorily completed the testing without
damage to tank or bladder. However, the acceleration-expulsion test was conducted
from 20.0 to 6.3 g instead of a scheduled 20 to 2 g. An expulsion efficiency of $2.2%
was realized at a AP of 2 psi at an acceleration level of 6.3 g at the tank center of
gravity, The low expulsion efficiency of 92.2% was attributed to the higher-than-
scheduled acceleration level. |

Unit XP-2A was tested without damage to {ank or bladder;
however, the acceleration test was conducted from 20.0 to 6.8 g rather than scheduled
20.0 to 2.0 g. Expulsion efficiency was determined to be 94.2% ata AP of 2 psi and
an acceleration level of 6.8 g at the tank center of gravity. .
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(c) Slosh .

Slosh testing was performed on the XP-1 unit only with
the unit loaded to approximately 50% capacity with nitrogen tetroxide. The test
consisted of 500 slosh cycles at 2.6 cps with a .3-inch peak-to-peak input with the
unit in the horizontal position.

(d) Expulsion Cyvcling

Units XP-1 and XP-2 were subjected to 15 ambient
temperature expulsions and both units exhibited normal expulsion characteristics
during all 15 cycles. Expulsion efficiency ranged between 98.61 and 98.85% for
unit XP-1 and between 98.53 and 98.76% for unit XP-2A.

Each unit completed two low temperature expulsions.
The resulting expulsion efficiencies for unit XP-1 were 97.49 and 97.84%, which
did not meet the required efficiency of 98%. These apparently low efficiencies were
caused by a change in weight due to condensation forming on the tank because of
low temperature and high relative humidity. The first low temperature test was
pulsed and the required pulse durations were executed, Unit XP-2A completed the
two low temperature tests satisfactorily with expulsion efficiencies of 98.33 and
98.03%. Pulse testing was performed and the required pulse-width durations were
executed.

Each unit was subjected to two high temperature
erulsions and both showed normal expulsion eharacteristics during the tests,
The expulsion efficiency for unit XP-1 was 96.18% and 98.89%. The efficiency
for unit XP-2A was 92.40% and 91,68%.

(e) Volume Verification

Volume verification was performed on the XP~2A unit
only to verify that the volume was in accordance with the specification requirements,
The pressure increase to 80 psig was within the specification aliowable of 205 psig.
Test units XP-1 and XP-2A successfully completed the required test series,with
the slight explainable expulsion efficiency variations during acceleration—-expulsion
and low and high temperature expulsion testing. The detailed results of the testing
are confained in Bell Report No. 8271-928038.

(4) Command Module Oxidizer Off-Limit Testing

After successful completion of the qualification test series,
the two test units were subjected to off-limit testing in accordance with the procedures
specified in Bell Report No. 8271-928016, Unit P1, which previously had completed
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the required qualification test series, completed an additional 50 ambient expulsions
during off-limit testing without failure. Unit P2A, after completing the required
qualification test series, was subjected to off~limit random vibration'in the longi-
tndinal X~-axis for 5 minutes each at 21.0, 24.5, 28.0 and 31.5 rms without failure.

(a) Expulsion Cycling

Unit XP-1 completed a total of 50 off- 11m1t ambient
temperature expulsion cycles without failure. The expulsion efficiency ranged

from 98.9 to 99.8% with an average of 29.1%. All efficiencies were over the minimum
requirement of 98%.

(b) Vibration

Unit P2A was subjected to random vibration in the
longitudinal X-axis with the diffuser tube in the horizontal position. The input to
the assembly started at 21.0 g rms (50% above the qualification test level of 14.0g
rms) with runs of 5 minutes performed at each level. The tank assembly completed
the tests at all input levels without damage to the tank or bladder.

The detailed results of off-limit testing are contained
in Bell Report No. 8271-928052.

(5) Command Module Design Substantiation Testing

The design substantiation test program was
a supplemental engineering test program considered necessary because of the
limited test data available regarding the performance capabilities of the command
module fuel and oxidizer configurations. The purpose of the test program was to
determine the operational limits of the qualification configuration tank design under
various fest environments and to establish limits and eriteria by which remaining
bladder life could be predicted, that is, total bladder cycle life and curves of helium
and nitrogen leakage rates versus number of operational cycles. The methods and
test procedures used for this program were in accordance with the procedures

established for use in the qualification test program and as specified in Bell
Report No. 8271-928030,

Thirteen command module positive expulsion propellant tank
assemblies were subjected to the test series which consisted of propellant expulsion
and gas cycle testing. The six fuel and seven oxidizer tank assemblies completed
the test program with three units failing to complete the scheduled test series.

The guantity of hardware used in the testing was minimized by using four tank
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assemblies, 2 fuel and 2 oxidizer, and refurbishking them with new bladders as
required to complete the test series, The required tests were as follows:

e Propellant Expulsion, ambient temperature

e Propellant Expulsion, cold temperature

e Propellant Expulsion, high temperature

e Gas Expulsion, ambient temperature, low AP

. .Gas Expulsion, ambient temperature, high AP

The propellant expulsions were performed using nitrogen tetroxide in the oxidizer
units and monomethylhydrazine in the fuel units, Dry cycle testing was performed
with nitrogen as the simulated propellant and pressurant. The failure criteria
were patterned after the criteria used for qualification testing except that the
allowable nitrogen leakage rate of the bladder was doubled to permit acquiring
additional cycle life and leakage rate data prior to removing a unit from test.

Propellant expulsion testing was conducted on 4 fuel and
5 oxidizer tank assemblies in the horizontal attitude using normal operating

pressure and flow rates. The original plan, which consisted of the following items,
was executed with only minor changes:

Cycle Life - Establish cycle life capability at the
required temperatures by performing tests as follows: =<

¢ Ambient temperature - subject 2 oxidizer and
1 fuel unit to a total of 35 expulsions each.

e Low temperature - subject 1 oxidizer and 2 fuel
units to a total of 12 expulsions each.

e High temperature ~ subject 2 oxidizer and
1 fuel unit to a total of 12 expulsions each.

Expulsion Efficiency - Demonstrate the following
efficiencies during life cycle testing:

¢ Demonstrate an expulsion efficiency of 98% at
a AP of 2 psi at the high flow rate for all
expulsions except the high temperature oxidizer
where the efficiency requirement is 93%.

£
3
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e Demonstrate an expulsion efficiency of 99%
at shutdown at the low flow rate for all expul-
sions by performing an additional "squeeze
on the bladder. This test was not required
if an efficiency of 99% was achieved at the
high flow rate.

Leakage Tests - Establish criteria for predicting
remaining bladder life by performing helium and
nitrogen bladder leakage tests alternately through~
out the testing.

(a) Ambient Temperature Expulsions

The test plan required subjecting one fuel and two oxi-
dizer units to a total of 35 expulsions at a temperature of 70°F on each unit.
Essentially, this plan was completed as scheduled.

Unit FA1l completed the 35 scheduled expulsions with
an expulsion efficiency mean value of 98.7%. The secondary expulsion at the low
flow rate was required on four of the 35 expulsions. Unit OAl exceeded planned
requirements by completing 40 ambient propellant expulsions,whereas 35 were
originally scheduled. The additional five were performed to evaluate an increasing
leakage rate trend. The expulsion efficiency mean value was 98.5% and the range
of 97.9 to 98.8% demonstrated compliance with the required 98% level. The low
flow expulsion efficiency mean value was 99.1%. The low flow expulsion was not
performed on 9 cycles where the high flow rate had demonstrated the 99% expulsion
efficiency.

Unit OA2 completed the 35 scheduled ambient propel-
lant expulsions with expulsion efficiencies above the required 98% for all 35 cycles.
The low flow expulsion efficiency mean value of 99.1% was above the required 99%.
The low flow was not performed on 19 expulsions since a 99% expulsion efficiency
was demonsirated at high flow shutdown.

(b) High Temperature Expulsion

The test plan required subjecting one fuel and two
oxidizer units to a total of 12 expulsions at a temperature of 105°F on each unit.

Unit FH1 successfully completed the scheduled 12 high
-temperature expulsions with expulsion efficiencies at the
high flow rate shutdown exceeding 99% on each cycle.
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Unit OH1: completed 7 of the 12 scheduled high temper-
ature expulsions. Leakage rates were above the allowable
limits after expulsion No. 3,but testing was continued to
obtain cycle life versus leakage rate data. All high flow
rate efficiencies exceeded the required 93%, with the
mean value 95.4% and the range 93.6 to 98.8%. The low
flow expulsion was required on 6 cycles and all were
greater than the specified 99%. The mean value was
99.5% and the range was 99.2 to 99.9%.

Unit OH2 completed the scheduled 12 high temperature
expulsions; however, leakage rate exceeded the allowable
limit after expulsion No. 10. The expulsion efficiency
mean vaiue was 97.6% and the range of 95.8 to 98.9%
showad performance greater than the required 93% for
all cycles. The low flow expulsion was performed on 10
cycles and the expulsion efficiency mean was 99.6% with
a range of 99.5% to 99.8%.

(c) Low Temperature Expulsions

| The test plan required subjecting two fuel and one
oxidizer unit to a total of 12 expulsions,each at a temperature of 35°F,

Unit FC1 completed 10 of the scheduled 12 cold propellant

expulsions. The leakage test rates following expulsions e
No. 8, 9, and 10 were above the allowable limits. The B
expulsion efficiency mean value was 97.9% and the range

was 96.7 to 98.4%. The low flow mean expulsion efficiency

was 99.0% with a range of 98.6 to 99.2%. The low

efficiency which resulted during 5 expulsions can be

attributed to weighing error caused by condensation on

the cool tank from the humid atmosphere.

Unit FC2 completed the scheduled 12 cold propellant
expulsions. The expulsion efficiency mean was 97.3%;
range was 95.5 to 98.3%. The low flowrate expulsion
efficiency mean value was 98.6% with a range of 97.9 to
99.6%.
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Unit OC1: successfully completed 7 of the scheduled
12 cold propellant expulsions. The expulsion efficiency
mean value was 98.2% with a range of 97.8 to 98.3%.
The low flow rate expuision efficiency mean was 98.9%
with a range of 98.5 t0 99.1% for the 5 expulsions
where low flow was required.

(d) Gas Cycle Testing

Gas cycle testing was performed on four test units.
The purpose of the testing was to determine the life cycle capability of the tank
assemblies without the influence of propellants, and to obtain data on helium and
nitrogen leakage rates versus number of cycles. Each test unit completed 50
cycles as scheduled, and nitrogen and helium bladder leakage tests were performed
alternately on each fourth cycle, The testing was performed in the temperature
range of 65 to 95°F with an expulsion pressure of 287 psig. Nitrogen gas was used
as the pressurant and as "simuiated propellant" for the liquid side of the bladder.

{(e) Low_ AP Tests

One fuel and one oxidizer unit were subjected to the .
low AP test series. The test was designed to subject the bladder to the same
action as an expulsion without using a test liquid. Each expulsion was terminated
at an indicated AP of 3.5 to 4 psi. Units OGL and FGL completed the scheduled
50 cycles, with helium leakage rates within the specified limits throughout the
testing. ’

() High AP Tests

One fuel and one oxidizer unit were subjected to the
high AP test series. The test was designed to subject the bladder to a AP of 287
psi at the end of the cycle. Units OGH and FGH completed the scheduled 50 cycles,
with helium and nitrogen leakage rates within the required limits throughout the
test series. :

(2) Conclusions

No direct correlation could be made between helium
leakage rate and nitrogen leakage rate data. The helium leakage test provides
the necessary sensitivity to accurately monitor changes in bladder permeation
characteristics; however, there appears to be no way to relate bladder leakage
rate to number of bladder cycles to predict subsequent bladder service life or
failure. The detailed results of the design substantiation testing are contained in
Bell Keport No. 8271-928039,
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c¢. Propellant Exposure Testing

(1) Service Module Fuel

-

One tank assembly was subjected to propellant exposure testing
to demonstrate that the service module fuel tank asseinnly is capable of performing
properly afte’ an extended period of exposure to a 30/50 blend of hydrazine-unsym-
metrical dimethylhydrazine, and that creep requirements as specified in North
American Aviation procurement Specification MC 282-0008, would not be exceeded.
The test procedures are specified in Bell Report No. 8271-928024., The tank
assembly was installed but testing was not started immediately because of the
rupture of shells in the 10-tank storage program. The test was started about a
month later and the tank assembly successfully completed the required test series
which consisted of the following:

® 8-day fill and drain test

e 30-day exposure and creep test
e l4-day drained storage

e duty-cyclc demonstration

The leakage rates were within the allowable limits at the completion of testing and
indicated that there was no material degradation or damage to the test unit. All
expulsion requirements were met during the duty cycle at the end of the exposure
period. Measurements of the tank assembly during the 30-day exposure test indi-
cated no measurable creep resulting from the high pressure and temperature during
the test period.

Samples of the helium taken from the gas side of the bladder
during the test to measure propellant permeation showed that the ullage space does
not become saturated by the fuel in the 30-day period. Samples of the propellant
taken from the liquid side of the bladder during the test to measure gas transmission
properties of the bladder indicated that the helium content of the fuel was approxi-
mately .0016% by weight at the end of the 30-days. This compared favorably with
North American Aviation data. The detailed test results are contained in Bell
Report No. 8271-928041. '

(2) . Service Module Oxidizer

The SMO unit was installed for testing at the same time as the
fuel unit but testing was stopped because of the rupture of tanks during the 10-tank
storage program. Testing was resumed on this unit but bladder failure occurred
during reloading for the test. The test was not repeated because sufficient data was
acquired during the titanium NyO, stress corrosion storage program. '
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d. Propellant Storage %

The N,04 ten-tank storage, fuel (MMH and 50/50 blend) storage,
and the resulting activity under the titanium - NyO, stress corrosion programs
originated and were administered as part »f the Bell Model 8271 Apollo Tankage
Program. Because of the magnitude and industry-wide impact of the stress
corrosion investigation, it is covered separately in this section as an assouciated

program,
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B. MODEL 8339 LM RCS TANKAGE PROGRAM
1. INITIAL DESIGN

In February 1964, initial go-ahead was received from Grumman Ajrcraft
Engineering Company to supply positive expulsion tankage for the Lunar Module RCS
propulsion system which uses 50/50 blend fuel and N,O4 oxidizer. The resulting
program is shown in Figure III-6.

The design was governed by a contractual requirement of commonality
to the Apollo RCS tankage with limited exceptions based on specification requirements
or customer preference. Consequently, the initial design released in April 1964 was
identical to that of Apollo with the following exceptions:

o The ceylindrical length was increased to accommodate
the greater volume of propellant required.

e Tank shell thickness was altered to comply with the
pressvre and dynamic requirements of GAEC.

e The liquid bleed tube was incorporated into the initial
diffuser design. This was not yet common with Apollo
because,although this addition had been proposed by
Bell for the Apcllo tanks, it was not approved by North
American until June 1964 for service module tanks
and December 1964 for command module tanks.

Sl i

e Diffuser outlet, bleed tube, and helium inlet port
fittings were 304L stainless steel with tube fittings

installed. j{(

e Diffuser and propellant cutlet were fabricated from *
3/4-inch 0O.D. tubing with the outlet tube having a wall
thickness of 0.020 inch.

Procurement activity was started for shells, bladders and diffuser
material in April 1964, -

2.  DESIGN DEVELOPMENT

a. Diffuser Assembly

Fabrication of diffuser assemblies was initially delayed because of
difficulty in obtaining 3041, stainless tubing that met GAEC specification requirements.
The tubing was received in August 1964,and fabrication of diffusers proceeded.

&
]
&
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In November 1964, five propeliant outlet assemblies were tested
to qualify the Bi-braze joint. All of the units successfully completed the testing
which included proof pressure, helium leakage, temperature cycle, fatigue cycle,
vibration, helium leakage, burst, and shear strength tests. This testing is reported
in detail in Bell Report No. 8339-910001,

Meanwhile, during diffuser fabrication, cracking was experienced
in the propellant bleed tube in the area of weldment to the outlet tube, This was
caused by the boron content of the 304L stainless. This problem was alleviated by
limiting the boron content to 0.003%. Additional problems were encountered with
the Bi-braze joint. It was difficult to obtain a good coating of the 3041 outlet tube
with aluminum during the Bi-braze process. Also the tube corroded in the vicinity
of the Bi-braze joint because of sensitization from the brazing process. As a result,
Bell recommended the use of 347 stainless tubing on the basis of its resistance to
sensitization and demonstrated success on the Apollo Command and Service Module
assemblies. Grumman approved this recommendation and the change was made.

Diffuser vibration testing was conducted on one fuel and one oxidizer
diffuser assembly to establish structural adequacy of these components. Each
diffuser was tested in the longitudinal and one lateral axis at qualification vibration
test levels and up to 1.5 qualification levels. Both tubes successfully passed the
testing which is reported in detail in Bell Report No. 8333-928004.

In April 1965, the tank assembly design was changed to require cut-
off of outlet tube, hleed tube and helium inlet port tube prior to delivery to Grumman.
A few tanks, however, were delivered with tube fittings for breadboard testing.

b. Tank Shell

(1)  Structural Analysis

Structural and preliminary dynamic analyses were performed
in April 1964 to verify the shell design and are reported in detail in Beil reports
8339-941001 and 8339-941002. The preliminary dynamic analysis was conducted in
conjunction with similar analyses performed at Grumman in order to determine the
dynamic response of the tanks in the LM dynamic environments, not only on rigid
supports but also on supports which incorporated the flexibility factors of the vehicle
mounting brackets.
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{(2) Process Qualification

The LM tank shells are of the same materials and construction
as the Apollo shells except for cylindrical lengith and shell thickness. Therefore, to
expedite the test program, the first 20 shells were fabricated in accordance with
Apollo material and process controls while qualification of material and welding
processes ‘were being performed to Grumman specification requirements, This
gqualification was completed in August 1964. Subsequent problems encountered with
weld mismatch on shells were solved by changing the weld backup ring. This
resulted in a penalty weld qualification test in November 1964. The twenty-first
and all subscguent shells (including all those of qualification and flight configuration)
were fabricated to the LM specification requirements. A weld repair process for
the shell was successfully qualified; however, no weld repair has been performed
on any LM shell.

(3) . Burst Test

Fatigue cycle and burst tests were performed on one fuel and
one oxidizer shell in January 1965 to verify the structural adequacy of the tank
shell design early in the program.

A total of 3000 hydrostatic pressure eycles consisting of
repeated series of 270 cycles from 0 to 180 psig,followed by 30 cycles from 0 to
250 psig, with a pressure rise time of 1.25 +.25 seconds, was performed on each shell. B
This was followed by hydrostatic proof pressure test at 333 psig and a burst test. —
There was no permanent set at proof pressure. Burst pressures were 615 psig for
the fuel shell and 818 psig for the oxidizer shell. These results compared favorably
with theoretical values of 620 psig and 825 psig for the fuel and oxidizer shells,
respectively. These values greatly exceeded the specification requirement of 375
psig because of the design considerations necessary to meet the specified dynamic
requirements,

(4) Vibration Testing

Vibration testing of one fuel and one oxidizer tank assembly .
was conducted in the period of May to August 1965. This testing was accomplished
to check the vibration fixtures and test procedures and to determine the structural
adequacy of the tank assemblies, vehicle mounting brackets, and propellant gaging
system under qualification level vibration inputs. Original design full-size bladders
were used for these tests to establish the structural adequacy of the tankage and
support system early in the program. Each tank was subjected to sinusoidal and
random vibration in each of the three orthogonal axes, The tanks were loaded to
specification propeilant volume with substitute liquids. The fuel was simulated
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using a mixture of 1.06 parts of isopropanol to 1.0 part distilled water by weight.
Freon-TT mixed with 5% methanol by weight was used to simulate the oxidizer.

The fuel bladder failed after completion of X-axis sine and
random and Y-axis sine vibration. An equipment problem during the latter test
resulted in a severe overtest condition which contributed to bladder failure. The
bladder was replaced and the Y-and Z-axis testing was completed. The oxidizer

tank completed all the testing without incident., The fuel and oxidizer tank assemblies,

fixtures, and vehicle mounting brackets proved satisfactory. The Gianini propellant
gaging blankets did not fail although they showed crazed areas around the screws
used fo hold the halves of the blanket together., All bladders used for the test were
severely damaged; however, only one failed and this was apparently caused by the
overtest condition, Grumman was requested to re-examine the projected mission
vibration environments from the standpoint of reducing the qualification level
vibration requirements.

{(6) Alternate Designs

When the problem of titanium stress corrosion with N9Oy
occurred on Apollo, Grumman requested that Bell initiate a design effort for an
aluminum tank shell. Three aluminum alloys (6061, 2219 and 2014) were investi-
gated for possible use and preliminary shell drawings were made. This effort
was stopped in November 1965 when internal peening of titanium shells was found
to be an effective deterrant of stress corrosion with NgOy. Requirements for
glass bead peening of shells were then established in December 1965, and three
o¥ ... =er and three fuel tank shells were sent to NASA Langley Research Center for
peen. 5. After peening, these shells were returned to Bell and subsequently used
in tank assemblies which were delivered to Grumman., The subsequent adoption
of NgOy4 with a controlled NO content as an effective stress corrosion inhibiting
measure precluded further use of peened tank shells on the LM RCS tankage.

¢. Bladder

(1) Initial Design and Test

In conformance with the commonality concept, the original
bladder design released in April 1964 was the 3 mil 3-ply configuration which was
the current Apollo design. However, procurement of this configuration was stopped
in June 1964 because of problems on the Apollo program. In December 1964, after .
the full size 6 mil single-ply bladder was adopted for Apollo with successful testing,
the LM design was changed to this configuration and bladder procurement was again
initiated. ¥
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In March 1965, the first single-ply full size bladder was
tested in a plexiglass tank to determine if the increased length over that of the
Apollo tank would affect bladder behavior. One expulsion was made in the vertical
flange-down attitude on an oxidizer bladder using Freon-TF as the expulsion
medium. After completion of the expulsion, the bladder was re-expanded and the
“tank filled to capacity in preparation for the next expulsion. At this point the bladder
failed in the top (retainer) hemisphere. The failure consisted of two small slits in
the retainer hemisphere. These slits were in areas of numerous striations and
stress cracks. There was also a small puncture in the cylindrical section caused
by a foreign particle on the outside of the bladder.

A thorough investigation of the stress failure in the upper
hemisphere of the bladder was conducted. The failure mechanism was identified as
biaxial stress imposed during post-expulsion re-expansion of the bladder. This
cendition resulted from the fact that as liquid is expelled from the tank the bladder
material is displaced downward and, at the end of the expulsion, becomes trapped in
the bottom of the tank in the form of deep folds. During subsequent gas re-expansion
of the bladder the cylindrical section expands first and engages the tank wall, In
the case of the LM tanks the length/diameter ratio resulted in bladder-to-wall
friction forces exceeding the available lifting forces provided by bladder internal
pressure. This resulted in yielding of the top hemisphere of the bladder. Bladder
fabrication was stopped in April 1965, pending resolution of this problem.

During the investigation, additional plexiglass tank tests were
conducted in which various techniques, such as simultaneously pressurizing both
inside and outside of the biadder, were atiempted in an effort to effect bladder
recovery. None resulted in complete recovery unless the tank assembly was inverted
prior to expansion. The use of lubricants between the bladder and tank shell was
also unsuccessful.

Results of additional tests disclosed that expulsion of not more
than 50% of the loadable volume of propellant resulted in satisfactory post-expulsion
bladder recovery. As a result, a limited number of tanks with full size bladders
were delivered to Grumman for limited testing pending resolution of the positioning
problem. : ‘

(2) Design Development

As a result of the bladder failure,a bladder design and develop-
ment program was initiated in April 1965, The program was conducted simultaneously
along two parallel lines of effort, bladder redesign and adaptation of existing hard-
ware and servicing procedures,

i
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(a) Adaptation of Existing Design

(i) Mechanical Restrainers and Increased Venting

It seemed apparent that if the bladder could be
restrained at the retainer end to minimize or eliminate its downward displacement,
the recovery problem could be circumvented. In addition, during previous plexiglass
expulsion tests, the bladder was observed to be f{luttering near the bottom of the tank.
This observation led to the premise that the standard 0.028 inch thick monofilament
vent lines were providing insufficient area for gas passage between the bladder and
tank wall resulting in the bladder being forced from the wall by pressure differential .
between the bottom and top of the tank. No flutter had been observed during tests -
made with the tank inverted to the flange-up attitude which placed the gas inlet port
at the top of the tank. It also had been observed that post-expulsion expansion of the
bladder in the flange-up attitude resulted in approximately 50% greater bladder
recovery than experienced in the normal flange-down attitude with the gas port at -
the bottom of the tank. Thus it was hypothesized that restriction of gas passage
between the bladder and tank wall,during bladder expansion,was a contributory
factor in preventing bladder recovery.

Two Teflon restrainers (a 3.8 inch diameter disc
and a 2:; x 5-inch oval) were made and each was tested in an oxidizer plexiglass
tank, The size limitation of the restrainers was dictated by the inside diameter
of the bladder neck (2 inches) and the tank flange opening (4 inches). Non-rigid
restrainers were not considered, since they would necessarily be of the metallic
finger type and experience on the Agena program proved these to be detrimental to
bladder life.

To increase tank venting capability, braided vent
cords were substituted for the standard .028 inch monofilament Teflon vent lines.
A series of plexiglass tank tests was conducted utilizing Teflon restrainers and
braided vent cords, both singly and in combination, to establish the effect of each
on bladder recovery. During these tests an additional gas port was installed on the
retainer (fop) end of the plexiglass tank to study pressure differential across the
bladder.

The use of restrainers during these tests resulted
in only partial improvement in bladder recovery. During testing it was observed
that as the bladder collapsed during an expulsion it did not follow the contour of the
restrainer, but the material "bridged' between the restrainer and the diffuser.
Thus, it was felt that this unsupported area of the bladder would yield and fail when
subjected to full tank differential pressure at the end of a complete expulsion. The
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elliptical restrainer was installed in a metal tank shell and a full expulsion was made
at rated tank pressure. The bladder failed at the end of propellant flow when it
became subjected to a differential pressure equal to the tank pressure, The failure
occurred in the unsupported area just beiow the restrainer.

Although increasing the tank venting capacity by

-use of the braided vent cords effectively eliminated bladder "flutter" during expulsion

tests, negligible improvement in bladder recovery was experienced during re-
expansion., Test results also indicated that the use of standard vent cords during
bladder re-expansion did not result in restriction of gas passage to a detrimental
degree.

In attempting to reorient the bladder between
tests, it was discovered that if the top vent was opened and 1.0 psig pressure was
applied suddenly to the gas port while the bladder was expanded to 0.5 psig, full
bladder recovery was experienced. However, since the deliverable tank did not
have a vent port at the retainer end and since system weight and space restrictions
could not allow the extra plumbing required for the added port, this solution could
not be applied to the LM tankage. This information, however, was applied to the
Saturn SIVB program which does have a gas port at the retainer end of the tank.

A detailed report of these tests is contained in

(ii) Teflon Coating of Tank Shell

The possibility of reducing bladder-to~tank friction
through application of a Teflon coating to the inside of the shell was investigated.
Analysis disclosed that the maximum tolerable coefficient of friction between the
bladder and shell on the LM oxidizer tank is 0.124, Laboratory tests showed that
the coefficient between Teflon-FEP and TFE is 0.17 and between FEP and FEP is
0.26. For this reason no further consideration was given to coating of LM tank
with Teflon.

(iii) Liguid Fill and Buoyancy

Re-expansion of the bladder with propellant in
Heu of gas resulted in successful reorientation in seven out of ten tests. The
bladder failed to'recover in the remaining three tests. For this reason the liquid
fill technique is considered unreliable. Tests performed using the buoyancy effect
to "float" the bladder upward in the tank, using first a heavy gas (carbon dioxide)
and second a liquid (water), were unsuccessful. These tests are reporied in detail
in Bell Report No. 8339-928012,
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{(iv) Undersized Sleeve

The initial purpose of the undersized sleeve design
was to determine the practicability of a bladder design with an undersized cylindrical
section. A standard full-size oxidizer bladder was restricted for 19 inches of its
cylindrical length by a Teflon sleeve which was 3.2% undersized,diametrally. Ex-
pulsion testing in the vertical flange-down attitude resulted in complete bladder
recovery each time and showed not only that the undersized bladder design concept
was feasible, but also indicated that utilization of an undersized sleeve with a full
size bladder might be a workable alternate or substitute for the undersized bladder.

Conseq.ently, a second phase of testing was under-
taken to demonstrate the capability of ai undersized sleeve in all three expulsion
attitudes (flange-down, flange-up, and horizontal). To accomplish this, the sleeve
was reworked to a configuration which could be adapted to a standard metal tank and
twelve additional expulsions were performed. The bladder recovered completely
each time it was re-expanded. The sleeve had no measureable effect on tank per-
formance or expulsion efficiency.

During these tests the sleeve was stressed to the
tank wall 16 times for a total of approximately 70 hours. Post-test measurements
of the sleeve indicated that this accumulated stressing resulted in a 0.65% increase
in sleeve diameter and a 0.26% decrease in its length. These tests clearly demon-~
strated the practicability of both the undersized bladder and the undersized sleeve
as satisfactory solutions to the problem of bladder-to-tank orientation. A detailed
report of this testing is contained in Bell Report No. 8339-9258013.

(b) Bladder Redesign

(i)  Stiffening of Cylindrical Section of Bladder

A study was made into the possibility of stiffening
the eylindrical section of the bladder so¢ that it would not fold so drastically during
expulsion and would delay in contacting the tank wail during re-expansion. Considera-
tion was given both to ribbing and increased material thickness in the center section.
Neither of these concepts was considered to be beneficial for the following reasons:

o Downward displacement is the result of inward
folding of the hemispherical portion of the
bladder, not the cylindrical portion.

- @ Any increase in stiffness in the eylindrieal section,
which would not be detrimental to tank performance,
would still result in contact between this section of
the bladder and the tank wall before the hemispherical
ends could expand sufficiently to result in full bladder
recovery. '
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(ii) Undersized Bladder

(aa) Dusign

As a result of the successful bladder posi-
tioning using an undersized sleeve, the LM bladder design was altered so that the
diameter of the eylindrical portion is 2% less than the inside diameter of the tank
shell. In addition, the material thickness at the retainer end of the bladder was
increased to 9 mil for a 2-inch diameter at the retainer,tapering gradually to the
normal 6 mil thickness at a diameter of 4 inches from the end. The latter change
was the result of observed stress marks in full size bladders, due to bridging between
the retainer washer and the retainer boss of the tank in tests conducted during the
initial bladder failure investigation. The additional bladder thickness in this area
allowed removal of the Teflon buffer pads at the retainer end of the bladder.

Laboratory testing was conducted on bladder
material spec1mens to validate the design concept. Tensile, creep, stress relaxation
and strain recovery tests verified that the bladder material would recover elastically
after repeated subjection to 2% uniaxial strain., Exposure of specimens to oxidizer,
fuel, and flush fluids did not adversely affect the stress-strain characleristics of
the material after outgassing.

In order for the undersized bladder design
to function successfully, extremely tight diametral tolerances had to be met during
fabrication. Since mandrel dissolving results in differential shrinkage of the bladder,
due to the nature of the dissolving process, an additional processing step was re-
quired. A bladder sizing oven was designed tc support the bladder in its natural
shape while heating it uniformly to a predetermined temperature level,to obtain
desired shrinkage of the bladder, Testing of several scrap bladders in the oven
established that a uniform shrinkage of 2% will be obtained if the bladder is heated
to,and stabilized at,a temperature of 200 to 210°F, Of course, tight control over
mandrel dimensions was also required to maintain a consistent, preshrinkage size
of the bladders. Special equipment and techniques were developed to obtain accurate
measurement of bladder diameter and length when expanded with an internal pressure
equivalent to 8.2 inches of water.

(ab) Test

After the fabrication process had been
established, three undersmed bladders of the oxidizer tank size were procured and
tested as follows (See Figure II-7):

() Oxidizer Bladder SN 3-3

(aa) Expulsion Testing - This bladder
was subjected to 20 e.xpulsmns with Freon-TF in a plexiglass tank, in both vertical
and horizontal attitudes, with complete bladder recovery after each expulsion. Visual
examination of the bladder disclosed no evidence of stresses as a result of these
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tests. It should be noted that regardless of the expulsion attitude all loading and
servicing of the LM tanks is performed in the vertical, flange-down,attitude to
simulate vehicle use. Expulsion efficiency at a tank assembly AP of 2 psi varied
from 98.9 to 99.2% in the vertical attitude and from 90.8 to 93.5% in the horizontal
attitude.

(ab) Slosh Testing - After expulsion
testing, the bladder was subjected to slosh testing in a plexiglass tank to establish
" the fundamental slosh mode in the vertical attitude when filled to 1/3 capacity and
subjected to 0.1 g input perpendicular to the longitudinal axis. The fundamental slosh
frequency was established at 3.2 cps. After a 500 cycle slosh endurance test, the
bladder was examined with no observable evidence of stress damage.

As a result of the successful
performance of this bladder, the remaining two bladders were assembled into
prototype oxidizer tanks for testing,

(ii) Oxidizer Bladder SN 2-3

This bladder was subjected to
vibration in all three axes to the original LM dynamic requirements. This was
followed by 18 propellant expulsions in the vertical attitude after which the bladder
failed. The failure consisted of a 1/4-inch rupture in the flange end caused by bi-
axial stress. Measurement of the bladder disclosed that it was approximately 1/4-
inch shorter than the tank shell and 3/8-inch shorter than its "as fabricated" length,
This represented a one percent decrease in bladder length due to repeated flexure
during test. This length decrease resulted in the bladder being stretched longitudinally
in order to fill the tank shell after the cylindrical section engaged the tank wall.

Although the post-vibration bladder
leakage tests showed that the bladder had not been functionally impaired by this test,
it was removed from the tank prior to the expulsion test and examined for vibration
damage. A number of stressed areas were found in the upper (retainer) hemisphere
in the ullage portion of the bladder. Although these stresses were not nearly as
severe as those found previously on the full size bladders, they appeared to be
sufficiently damaging to adversely affect the subsequent cycle life of the bladder.

As a result, Grumman revised the vibration requirements of the specification to
more nearly approximate the mission requirements. All subsequent testing was
performed to the new requirements. '

iii) Oxidizer Bladder SN 4-3

This bladder started testing simul-
taneously with bladder SN 2-3 and was subjezted to 20 propellant expulsions,
vibration in all 3 axes to the new vibration ré:uirements, volume verification and
an additional 5 expulsions prior to bladder fajlure.
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(aa) Propellant Expulsion Testing -
The initial 20 expulsions consisted of 15 vertical at 70°F, 2 vertical at 35°T, 2 verti-
cal at 105°F,and one horizontal at 70°F. Of the vertical tests, 10 were made in the
flange-down attitude and 9 in the flange-up attitude. Afier vibration and volume
verification testing, one pulsed expulsion at 70°F was made in the vertical flange-
down attitude followed by four horizontal tests, one at 105°F and 3 at 35°F. During
the last three expulsions, the helium pressurant gas was -20°F for the last 10% of
each expulsion and each expulsion was allowed fo proceed until full tank asscmbly
differential pressure was imposed across the bladder. During normal expulsion
testing of a repetitive nature, the tests are automatically terminated when tank
sssembly AP reaches an indicated value of 3 to 4 psi. Expulsion efficiency of the
tank in the vertical attitude exceeded 99% at a tank assembly AP of 2 psi which
exceeded the specification requirement of 95%. In the horizontal attitude, however,
efficiency ranged from 94.2 to 96.8% for the low temperature tests and 89.,7% for
the high temperature test. The lower efficiency in the horizontal attitude was
expected and supported results obtained on the Apollo tank program. Grumman has
since revised the specification to lower the minimum horizontal expulsion efficiency
to 87% and raised the maximum differential pressure at all attitudes to 2.5 psi.

(ab) Vibration Testing - The unit
successfully completed all 3 axes of vibration in accordance with the new specifi-.
cation requirements. The bladder was removed from the shell and examined both
before and after vibration testing and exhibited no evidence of damage due to the
vibration test. A few small stress areas which were found at each end of the
bladder prior to vibration test were not altered in appearance after the test.

(ac) Volume Verification Test - This
test was conducted to demonstrate compliance with the specification requirement that
the tank, when loaded with propellant to specified capacity at 65°F and pressurized
to 25 psig, shall not exceed an internal pressure of 130 psia when heated to a stabi-
lized temperature of 100°F. The actual test pressure was 100 psia which was well
within the specified limit. ‘

(ad) _Failure Analysis - The bladder
failure was determined to have been caused by rolling of a tightly compressed
buckled fold in an area previously weakened by biuxial stress, The tightly coinpressed
buckled fold resulted from the last three low temperature horizontal expulsions being
allowed to progress to full tank assembly differential pressure. Measurements of
the bladder disclosed that, like bladder SN 2-3, it had decreased one percent in
length from the as-fabricated condition and was approximately 3/16-inch shorter
than the tank shell. If was obvious that this was the cause of the biaxial stress
damage in both ends of the bladder which was identical to the damage experienced
by bladder SN 2-3.
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At this time bladder S/N 3-3,
which had been used in the plexiglass tank tests, was measured and also proved to
have shrunk anproximately one percent in length. However, since its original length
was greater than that of the other two bladders, it was approximately 1/8-inch
shorter than the tank and consequently did not have the severe biaxial stress marks.

In the "as fabricated" condition all three bladders were 1/8 to 1/4-inch longer than
the tank shells after the sizing operation. !

The undersized bladder design
was changed to require the bladder length to be a minimum of 1% longer than the
maximum allowable internal length of the tank shell. Procurement of undersized
bladders of the new length for test and delivery was started in December 1965,

(iv) Fuel Bladder S/N 1-1

This was the first of two undersized
fuel bladders of the new length to be tested. The tests performed on this bladder
consisted of 26 expulsions and slosh testing in a plexiglass tank, volume verification,
and 10 propellant expulsions prior to bladder failure,

(aa) Plexiglass Tank Expulsion Testing -
Seven exnulsions (6 vertical and one horizontal) were made with inhibited water to
study bladder behavior and performance with a liquid approximately the density of
fuel. All expulsions, including the horizontal test, showed an expulsion efficiency
greater than 99% at a AP of 2 psi. An additional 19 expulsions were made with
Freon-TF to check performance of the new bladder length with a liquid which approxi-
mates oxidizer in density and physical effects on the bladder material, The latter
group of tests included expulsions made at various attifudes between vertical and
horizontal to establish a relationship between test attitude and expulsion efficiency.
The range of efficiency at AP = 2 psi was as follows:

Attitude No. of Tests Range of Efficiency
Vertical +60° | 12 : 97.8 to 99.4%
(Flange-down or up)

75% from Vertical : 2 96.9 to0 97.8%
Horizcntal | 5 94.7 to 97.8%

(ah) Plexiglass Tank Slosh Testing -
Between the fifteenth and sixteenth expulsion tests, a slosh test was conducted to
establish the fundamental slosh mode of the fuel tank under the same conditions as
described for the slosh test of oxidizer bladder 8/N 3-3, The fundamental slosh
frequency was established at 3.0 cps.
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When the bladder was removed
from the plexiglass tank after the final expulsion and visually examined, some
apparently minor stress points were noted principally in the upper (retainer) hemi-
sphere and several long longitudinal creases were found in the cylindrical portion of
the bladder. In addition,there were many short creases and folds distributed in
random fashion all over the bladder. However, no severe damage could be found and
" the bladder helium leakage raie after the final test was no greater than its pretest
rate. The bladder was therefore installed into a metal shell and prepared for pro-
pellant testing.

(a¢) Volume Verification Testing -
This tegt was conducted for the same purpose ais described previously for oxidizer
bladder SN 4-3, Prior to this test, however, Grumman changed the initial and final
pressures to 40 psig and 145 psia, respectively. The actual test pressure was 111 psia
which was well within the specified limit.

(.a_l_d) Propellant Expulsion Testing - A
total of 10 vertical propellant expulsions at 70°F were completed successiully,
Bladder failure occurred while the bladder was being expanded in preparation for
propellant loading for the 11th expulsion. Performance of the tank assembly was
satisfactory throughout the 10 expulsions and there was no indication of impending
failure prior to the actual occurrence.

(ae) Failure Analysis - Examination
of the bladder disclosed a 0.023 inch rupture located in the retainer hemisphere of
the bladder. The cause of the failure was rolling of a buckled fold in an area which
had previously been damaged by repetitive rolling of a buckled fold. The principal
cause «f failure was considered to be the large number of slosh impulses experienced
during plexiglass tank slosh tests. A study of test records indicated that between 6,000
and 10,000 slosh impulses had been imparted to the bladder during the frequency survey
to establish the critical slosh modes. In addition, the bladder had experienced a fotal
of 38 expulsion cycles (including 2 during slosh fest) with three different fluids as
well as extra bandling during removal from the plexiglass tank and installation into
the metal tank. Since the bladder had accumulated such a varied and rigorous test
‘history, the failure wa = not considered {o constitute an inadequacy in design or
- fabrication.

(vy Fuel Bladder SN 8-1

(aa) Propellant Expu' ion Test - Al-
though fuel bladder SN 1-1 accumulated a total of 38 expulsions, in addition to
extensive slosh testing, it did not complete the 20 expulsions in fuel required by the
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specification. Bladder SN 8-1 was assembled into a tank and subjected to these
20 expulsions to demonstrate that the fuel bladder configuration is capable of meeting
the propellant expulsion performance and durability requirements of the specification,

The vnit performed satisfactorily

throughout the 20 expulsions which consisted of 16 vertical at 70°F, 2 vertical at 100°F,

1lverticalat 35°F, and one horizontal at 35°F with helium pressurant introduced at
-20°F during the last 10% of the expulsion. The final (horizontal) expulsion was

allowed to proceed until full tank assembly AP was impressed across the bladder.
Expulsion efficiency during all tests exceeded 99% at a tank assembly AP of 2 psi.

The bladder was removed from
the tank following the last expulsion and visually examined for evidence of damage
or deterioration. The bladder was found to be in excellent condition with little or no
visible evidence of damage due to testing.

(ac) Conclusion

These tests proved that successful post-
expulsion bladder-to-tank shell orientation ean be achieved repeatedly through use
of a bladder which is 1.5 to 2% undersized in the cylindrical section and at least one
percent longer than the inside of the shell to allow for flexure shrinkage. However,
detailed servicing procedures must be used and strictly adhered to in order to assure
repeated success.

A detailed report of the undersized bladder
development testing described hercin is contained in Bell Report No. 8339-928025.

3. DESIGN VERIFICATION AND OVERSTRESS TESTING

a. Plll:g gse

D.sign Verification Testing (DVT) was performed to provide reason-
able confidence that the design of the LM RCS tankage would satisfy the performance
requirements of the procurement specification,by conducting the specified tests,and
to establish the design margin for the tankage by performing the specified overstress
tests. DVT testing was performed in the period of March to June 1966. Overstress
testing was completed in October 1966. (See Figure III-T).

b. Summary

~ Design verification testing of four tank assemblies, two fuel and two
oxidizer, was performed in accord.ance with the procedures contained in Bell Report
No. 8539-928018. The original fuel tank assemblies (Units X1 and X3) were removed
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from the test series because of test mishaps during vibration test., In addition,
Unit X1 had been assembled without a Teflon bleed tube support. These tank
assemblies were replaced by two new fuel units designated X1A and X5.

All four test units successfully completed the required Design
Verification Test Program (at qualification test level) in accordance with the specifi-
cation requirements and approved procedures. Tests conducted on each unit consisted
of temperature extremes storage, followed by acceleration, slosh, shock, vibration
and expulsion in varying sequences.

In addition, overstress tests were performed on each of the units as
follows to establish the margin above the reliability boundary:

X1A Fuel X2 Oxidizer X4 Oxidizer X5 Fuel
Bladder - 20 Expulsions 20 Expulsions 20 Expulsions
Replacement Vibration Slosh Slosh
Vibration '

¢. Test Sequence

The chronological sequence of tests for each unit was as follows:

X1A X5 - X2 X4
Fuel . Fuel Oxidizer Oxidizer
Qualification ILevel
Acceptance Test i 1 1 1
Temp. Extreme 2 2 -2 2
Vibration/Shock 3 4 6 3
Acceleration 4 5 4 5
Slosh 5 6 3 4
Expulsions (20) 6 3 5 6
Overstress
Expulsions - 1 1
Slosh - 2 -

Vibration 1 - 2

d. Test Results

(1) Temperature Storage Testing

This test was performed on each of six tank assemblies as the
first test in the DVT series. Each unit was subjected to the storage conditions while
in a nonoperating state with the bladder pressurized internally to 20 fa psig. The
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units were maintained at a temperature of -20 fg"F and held at this temperature for
12 hours before being conditioned to room temperature. At this point a helium
bladder leakage test and a tank assembly leak test were performed. The unit was
then conditicned to a temperature of 160 fo °F and maintained at this temperature
for 12 hours before being conditioned tc room temperature. The helium bladder
leakage test and tank assembly leakage tests were repeated at this point.

(2)  Unit X2

This unit was the first to be tested and excessive flange
leakage was evident after the initial (-20°F) storage period. An investigation dis-
closed that the residual torque on the flange bolts varied considerably, and the gap
between the flange and shell varied 0.010 inch indicating improper assembly tech~
nique. As a result of this failure the acceptance test procedure was revised to more
rigidly cont: 7l the bolt tightening operation by including specific instructions for
attzining the required torque values in uniform incremental ste:s. The bolts were
tightened in accordance with the revised procedure and Unit X2 was again subjected
to the temperature storage test and successfully completed the test.

(b) Units X1 and X3

These two tank assemblies successfully completed
temperature storage testing; however, both assemblies were overtested during
subsequent testing and were replaced by Units X1A and X5,

(¢) Units X1A, X4, and X5

All three test units successfully completed the temper- |
ature storage test. ‘

(4}  Jiynamic Testing

All four DVT test units were subjected to acceleration, slosh,
vibration and shock tests. While undergoing the dynamic environments, the following
liquids were used to simulate the propellants:

Oxidizer: Freon-T§F mixed with 3 fﬁ%
methyl aleohol by volume.
Fuel: Distilled water inhibited

with 0.1% chromic acid by
weight.

The units were-presSurized' to 250 psig with nitrogen for all dynamic testing except
Launch/Boost vibration which was accomplished at a pressure of 40C psig.
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(a) Slosh

The tank assemblies were mounted éirectly to the test
fixture (hard mounted) for slosh testing and were installed on the slosh machine in
the vertical flange-down attitude. The units were loaded to 1/3-specification volume

and were subjected to 500 <losh impulses along the Y-axis at the following input
‘levels:

Tank Frequency Input Displacement
Oxidizer 3.2 cps 0.19 inch DA
Fuel 3.0 cps 0. 22 inch DA

All four test units successfully completed the DVT slosh testing.

Upon completion of the DVT test series, overstress
slosh testing was performed on Fuel Unit X5 and Oxidizer Unit X4, The overstress
conditions were as follows:

1.33 Qualification Level - 300 cycles
Oxidizer X4: 3.2 cps at .25 inch DA
Fuel X5: 3.0 eps at .29 inch DA

1.67 Qualification Level - 100 cycles
Oxidizer X4: 3.2 cps at .32 inch DA
Fuel X5: 3.0 cps at .37 inch DA

2.0 Qualification Level - 50 cycles
Oxidizer X4: 3.2 cps at .38 inch DA
Fuel X5: 3.0 cps at .44 inch DA

Both tank assemblies successfully completed overstress slosh tests.

It should be noted that at the completion of each slosh
test the liguid was forced from the {ank by collapsing the bladder,thus constituting
an added expulsion cycle on the bladder.

(b} Acceleration

Each unit was mounted on Grummun support brackets,
loaded to Spemflcatmn volume, and mounted on the centrifuge with the +X-axis
horizontal and extending radially outward from the center of rotation. An acceleration
force of 8.5 g was applied for 5 minutes. The unif was then turned so that the ~X-axis
extended radially outward from the center of rotation and the 8.5 g acceleration force
was applied for 5 minutes. All four test units successfully completed acceleration
testing with ne indication of damage.
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(¢) Vibration and Shock
(i) Test Conditions

All four tank assemblies were installed on the
Grumman support brackets and mounted in the vertical flange-down attitude for
vibration and shock testing. The testing included launch and boost level vibration,
lunar descent level vibration (and shock), and lunar ascent level vibration. Each
level was performed in all three mutually perpendicuiar axes. Each unit was tested
at all required levels in one axis and then was drained and leak tested prior to
starting the next axis.. The sequence of events for each axis was as follows:

e e

e The unit was loaded to specification copacity and
pressurized to 40 psig for launch/boost vibration.
Upon completion of this vibration level, the pressure
was reduced to 5 psig and sufficient liqguid was drained o
to leave 75% of specification volume loaded in the i

!

tank. The tank was then pressurized to 250 psig and
vibrated in accordance with the descent level require-
ments. With the 75% load and 250 psig pressure in
tank, the assembly was given three 15 g shock pulses
first in the plus, then in the minus direction along the
axis of vibration. Pressure was vented to 5 +.5 psig
and the unit was visually inspected.

e Following the shock test, sufficient liguid was drained
to leave 50% of specification volume in the unit. The
tank was pressurized to 250 psig and vibrated in accor-
dance with the lunar ascent requirements. The liquid
was then expelled by collapsing the bladder and the tank
and brackets were visually examined for evidence of
damage. A helium leakage test was conducted to
evaluate internal bladder assembly damage. It should
be noted that the expulsion of liquid affer each axis of
vibration constituted an additional 3-expulsion eycles
for each tank during vibration test.

O T

e After completion of all three axes of vibration and
‘shock tesi .ng each unit was subjected to 2 tank assembly
leakage test and then was X-rayed for possible structuraj
damage. '

Oversiress vibration on the X1A fuel and X2 oxidizer
units was performed with inputs 4t 1.33, 1.67, and 2.0 times qualification levels while -
loaded to specification volume. The tank assemtly was drained and a helium leakage
test was conducted after test in each axis.
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(ii) Test Results

All four units successfully completed qualification
level vibration and shock testing. It was planned to replace the bladders on X1A
fuel and X2 oxidizer units prior to overstress vibration. The planned replacement
was accomplished on X1A,and the unit satisfactorily withstood the entire overstress
vibration sequence with no evidence of damage to the test unit or the vehicle mounting R
brackets.

The planned bladder replacement was not accom-
plished on X2 prior to overstress vibration,iu order to determine the ultimate life
of the bladder. During overstress vibration, bladder failure was indicated after
Y-axis testing at the 1.33 level. This bladder had previously withstood all qualifi-
cation level tests, overstress expulsion tests and Z-axis overstress vibration tests
at the 1.33 level. Testing was continued and the tank shell ruptured during the last
scheduled axis of overstress vibration test. Failure occurred near the end of the
X-axis sinusoidal sweep at 2.0 times qualification level.

(3) Expulsion Cycle Testing

(a) Test Conditions

All four test units successfully completed the series of
expulsions specified in Table III-1. Nitrogen tetroxide was used in the oxidizer
units and hydrazine/UDMH blend in the fuel units. The tests were conducted in % "
accordance with the specified conditions of temperature, flow rate, flow duration, ’
and shutdown AP. The {esting series demonstrated the capability of the tank
assembly to meet the following performance requirements:

¢ Cycle Life ~ Twenty propellant expulsion cycles -
comprised of 16 at ambient temperature (65° to :
75°F), 2 at High (100° to 105°F), and 2 at low
temperature (35° to 40°F).

e Pulsed Flow - Ability to expel propellant in flow
bursts of various durations. This was performed
on the eighth, ambient, flange-down expulsion.

e Expulsion Efficiency Vertical - Demonstrate an
" expulsion efficiency of 95% at a APp= 2.5 psi
at all flow and temperature conditions specified
with the tank in a vertical attitude.

- @ Expulsion Efficiency Horizontal - Demonstrate
the ability to expel a minimum of 87% of capacity
in the horizontal attitude. This was demonstrated
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on the 20th expulsion of each unit. This expulsion -
was made at 35 f8°F, except that the pressurizing v
gas was conditioned to -20 +5°F during the last

10% (high flow) portion of the expulsion. The

expulsion was allowed to run to completion of flow

so that full AP was impressed across the bladder.

The specification requirement that the tank assembly
be capable of expelling 99% of its propellart capacity, in any attitude at a AP of
full operating pressure,was not demonstrated since all expulsions, with the
exception of Expulsion No. 20 on each unit, were terminated at a AP of 3 to 5 psi.
However, data indicated an officiency greater than 98% at a Ap of 2 psi. Extra-
polation of the expulsion curves indicated that the tank assembly is capable of
meeting this requirement.

Overstress expulsion testing was performed on three
units (X2, X4, and X5) after the DVT {est series was completed. This overstress
testing consisted of repeating the expulsion sequence specified in Table III-1, All
three units successfully completed the additional 20 expulsions. Overstress ex-
pulsion testing was not performed on fuel tank X1A because bladder leakage rate
was high after the initial 20 expulsions. Although the bladder had not failed at this
point, it was considered desirable to remove it and identify, if possible, the nature .
of the degradation. Inspection showed a severe stress mark in the upper {retainer) ,;
hemisphere which subsequently failed in biaxial stress when inflated after removal )
from the tank. Rupture did not occur until the bladder was inflated to a pressure of
1 psig while unrestrained.

e. Summation )

The Lunar Module RCS positive expulsion propellant tank design
demonstrated its adequacy to fulfill the intended missivn., All four test units
successfully completed the qualification test levels of the Design Verification Test
Program. The added reliability margin indicated by the overstress testing provided
a high degree of confidence that the tank design is able to meet all the qualification
test requirements of the Grumman Procurement Specification. A detailed report
of this testing is containcd in Bell Report No. 8339~-928024, -

A formal design review was held with Grumman in June 1966 after
- completion of qualification level testing of the DVT Program. At this review the

design configuration was frozen in preparation for entry into formai qualification
testing. -
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TABLE -1 EXPULSION TEST SEQUENCE

Test Flange Orientation Temperature (°F)

Leakage - Helium Down ' 70 £5

*Expulsion No. 1 Down 70 5
thru 8 ,
Leakage ~ Helium Down ' 70 15 '
Expulsion No. 9 Up 70 5
thru 16
Leakage - Helium Down 70 +5
Expulsion No. 17 Down 100 "_'3
Leakage - Helium " Down 70 £5
Expulsion No. 18 Up 100 ¥3
Leakage - Helium Down 70 £5 3 ;‘f;
Expulsion No. 19 Down 35 +3 2
Leakage - Helium Down 70 +5 "‘;
*+Expulsion No. 20 Horizontal 35 +3 ¢
Leakage - Helium Down 70 15 3
*  Expulsion No. 8 pulsed. 4

** Expulsion No. 20 performed so that during the last 10% of the expulsion (high-

flow portion) the pressurizing gas was at a temperature of -20 +5°F and the
expulsion proceeded to full tank AP.

e

NOTE

The low medium, and high flow rate capability was demonstrated on Expulslio_ns
No. 1, 9, 17, 18, 19, and 20 as ‘ollows:

. Low flow rate to 60% expulsion
Medium flow rate 30% expulsion

High flow rate 10% expulsion

All other expulsions were performed at the high flow rate only.
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4, QUALITICATION TESTING

a. Summagy

Qualification testing of four tank assemblies, two fuel and two oxi-
dizer, vas performed during the pexriod of June to October 1966, The two original
fuel tanks were removed fror: fest due to handling dainage to the propellant outlet
tubes and were replaced by two new fuel units. All four test units successfully
completed the required qualification test in comipliance wiih the specification require-
nients and according to the test procedures contained in Bell Report No. 8339-928022.
(See Figure III-7.)

b. Sequence of Testing

" The chronological sequence of testing for each unit was as follows:

Pl P2 P3 P4
Sxidizer Oxidizer Fuel Fuel

Acceptance Test
Temperature Extremes
Acceieration
it otion & Shock (3 axes)
SN
Pwopellant Expulsions (20)
Tiiadder Removal
Pressure Cycle

.- Burst

00 U i LD DO
0 AT LY LN e DD
00 -3 UL B B
LN . O O I

c¢. ‘Tes? Results

All four units successfully completed all the tests. The temperature
extreme, acceleration, vibration, shock, slosh and 20 propellant expulsions were
conducted in the same manner as the qualification level portion of DVT testing
described earlier in this section. In addition, each mmit was subjected to fatigue
n.-cssure cyele and burst testing.

(1) Pressure Cycle and Burst Testing

Upon completion of expulsion testing the units were disassembled
and the bladders removed. They were then reassembled without bladders and subjected
to pressure cycle testing. Each unit was loaded with distilled water and cycled from
0 to 181 to 0 psig for 270 cycles with a pressure rise time of 1,25 +0.25 seconds. The
pressure was increased te 250 110 psig and the unit was cycled from 0 to 250 to 0 psig

T v
e R T R+ W

R
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for 30 cycles with a pressure rise time of 1.25 +0.25 seconds. This sequence was
repeated until a total of 200C cycles were completed. All four units successfully
completed the test. Each unit was then subjected to hydrostatic proof and burst
testing with the following results:

Initial Yield - Burst Pressure

Unit - _Pressure (psig) (psig)
Oxidizer Tank P1 560 767
Oxidizer Tank P2 570 775
Fuel Tank P3 460 589
Fuel Tank P4 490 622
Design requirements for the fuel and oxidizer shells are
as follows:
Nominal Working Pressure 181 psig
Maximum Working Pressure 250 psig
Proof Pressure 333 psig
Burst Pressure 375 psig

The actual burst pressures substantially exceeded the design burst requirement
because dynamic ioading requirements of the specification had to be considered in
- the design of the tank shells, '

5. SUPPLEMENTAL TESTING

a. Vibration and Shock Testing of Fuel Tank With Propellant

(1) Background

Although the LM RCS tankegn was successfully gualified, it
was recommended in the Qualification Report that one fuel and cre oxidizer tank be
subjected to vibration and shock testing at qualification levels with actual propellant.

Information developer on the NASw-1317 contract raised a
serious question concerning the validity of dynamic testing with the specified simu-
lated propellant. There was a reasonable amount of evidence that, through the
interplay of actual propellants and the Teflon bladder material, the cycie life of the
bladder may be lower than that experienced when using alternate test fiuids,

For this reason if was deemed advisable to demonstrate
satisfactory bladder cycle life using actual propellants in order to remove any
uncertainty and increase confidence in the ability of the tank assemblies to meet
mission requirements. |
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In June 1967,Bell received contractual go-ahead to perform
vibration and shock testing of one LM RCS fuel tank with propellant. This test was
to be followcd by 29 propellant expulsion eycles at 70°F in the vertical flange-down
attitude. ' :

{2) Test Description

The required tests were performed in August and September
1967 on one fuei tank designat 4 R~1. Vibration and shock tests were performed at
Wyle Laboratories:; Norco, California test facility. The propellant expulsions were
performed at Bell. At the request of Grumman, a gas bubble formation fes* was per-
formed between expulsions No. 5 and No., 6.

(a) Pretest Checkout and Calibration

Prior to the testing of unit R1, a fuel tank without
bladder was subjected to launch and boost vibration levels in all three axes. This
tank was fully loaded with distilled water inhibited by 0.1 percent by weight of
chromic acid. Nitrogen was used as the pressurizing gas. This test was conducted
to establish input control techniques to provide necessary input level modifications
imposed by maximum response criteria. In addition, this test provided a checkout’
of the equipment and procedure and provided familiarization for test personnel
prior to tank assembly testing.

(b)  Vibration and Shock Testing

Vibration and shock testing was performed to the
qualification test requirements except that 50/50 {uel blend was used in place of
the substitute propellant. The vibration testing was completed without incident.
Satisfactory shock impulses could not always be cbtained,due to equipment limita-
tions,but this was not considered to be significant since shock testing is primarily
a measare of the structural adequacy of the unit while the bladder, being flexible,
is more sensitive to number of flexures than to degree of flexure.

(¢} Expulsion Cvele Testing

_ Twen*y propellant expulsions were performed with
the tank assembly in the vertical flange-down attitude at 70°F. All expulsions were
terminated automatically at a tank assembly AP of 2 psi with the exception of
expulsion number 20. This test was allowed to proceed until full tank assembly
differential pressure was impressed across the bladder.
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(d) Gas Bubble Formation Test

Following expulsion No. 5 and the subsequent bladder
leakage test, Grumman requested that the tank assembly be loaded to specification
volume and stored with a 40 psig helium pad at room temperature to determine the
extent, if any, of gas bubble formation on the liquid side of the bladder. This
request was complied within the following manner:

. 1/  The tank assembly was loaaed, ullage was
drained, and 42 psig helium trapped on the gas side of the bladder.

2/  After approximately 84 hours, the trapped
pressure had decreased to 25 psig. The pressure was increased again to 40 psig
and the upper portion of the tank assembly was X-rayed to determina bladder
position and to detect the presence of a liquid-gas interface.

3/  The top of the bladder was then vented through

the bleed port and into a gas sampler, while maintaining 40 psig on the gas side
of the bladder. '

4/  The upper portion of the tank assembly was then
X-rayed to detect any change in bladder position as a result of the rebleeding.

5/  The sample obtained in step 3/ was analyzed for
helium content.

The results of this test were as follows: -

1/ A study of the X-ray made prior to rebleeding

" disclosed no visible gas entrapment at the top of the bladder. The X-ray made

after rebleeding showed no visible change in bladder position or folds when compared

to the original X-ray, thus indicating that no discernible gas bubble existed within
the bladder.

2/ A 20 cc gas bubble was collected in the sampler
at a sample pressure of 3 8,5 psig. Spectrophotometric analysis disclosed that
5.9 cc of this bubble was helium. The remaining 14.1 cc was probably propellant
vapors trapped at the top of the bladder during the tank assembly loading operation,
since post-load ullage was drained from the outlet tube at the bottom of the tank
rather than from the bleed tube at the top of the tank.

These results led to the conclusion that prelaunch bubble formation within the
bladder is essentially negligible in the case of the LM RCS fue!l tank since the 5.9 cc
bubble would be compressed to approximately 1.66 ce at a nominal tank working
pressure of 181 psig. Since the bubble formation test was merely an extension of
the primary test program, the following variables existed which could not be fully
controlled or quantatively evaluated for their effects on bubble size:

R I

v _ brd .
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1/  Some of the 5.9 cc of helium in the sampler was
in solution in the fuel and wernt out of solution when the fuel,at 40 psig in the tank ;
was bled into the sampler. Solubility data of helium in 50/50 fuel blend indicates
that the entire 5.9 cc could have come out of solution with the 1.5 psi drop in
pressure which occurred when the tank was bled.

2/  Some of the 5.9 cc of helium may have been part
of the trapped gas at the top of the tank after loading, since ullage was not drained
from the bleed tube at the top, but fron: the outlet tube at the bottom. (Helium is
used to supply back-pressure to keep the bladder expanded during loading.)

3/ The pressure drop from 40 psig to 25 psig,that
occurred during the test,cannot be attributed entirely to helium permeating the !
bladder and dissolving in the fuel. Based on the solubility of heliw . in 50/50 fuel,
the pressure should have dropped only to 34.9 psig. It would appear that the
remaining decrease of 10 psi was probably due to miner leakage in the fest system.

4/  Although the bladder had been purged and sub-
jected to a helium leak check prior to loading for this test, it had been exposed to
fuel for three days prior to this test and traces of fuel may have been still present
within the bladder membrane. it is possible that gas permeation rate subsequent
to the initial loading of a dry bladder may be different.

Since the size of the helium bubble proved to be comparatively innocuous during =
this test, it seems apparent that if any or ail of the above 'varxables were applied,
the result would still be effectively negligible,

(3) Conclusions and Recommendations

The LM RCS fuel tank assembly successfully completed
vibration and expulsion testing with actual propellant with no significant degradation
of the bladder,

et ey et e

" The results of this test program yielded a high level of
confidence in the capability of the fuel tank assembly to successfully meet the
Apollo mission requirements,

Although there appears to be no significant prelaunch gas
bubbie problem in the fuel tank, it was recommended that the following conditions
be met during prelaunch servicing for both fuel and oxidizer tanks:

__1_/ Post-load ullage be drained {from the bleed tube.

2/ A rebleed through the bleed tube be made, if possible,
within 24 hours of launch or at least 24 hours after loading.

Report No. 8514-927002 | 3-92 S |




BELL AEROSYSTEMS COMPANY

DIVISION DOF 8€ELL AEROSPACE CORPORATION

3/  The tank be pressurized to working pressure as soon

as feasible after rebleeding.

A detailed report of this testing is contained in Bell Report

No. 8339-928027,

FINAL DESIGN CONFIGURATION

The final design configuration which was qualified and delivered as

flight hardware is shown in Figure II-4 and may be generally described as follows:

Titanium tank shell - not peened (except for 3 oxidizer and
3 fue!l tanks with peened shells which were delivered to
Grumman as flightworthy hardware).

Diffuser assembly of the same materials as Apollo RCS diffusers.
Diffuser and outlet tube 3/4 inch O.D. and bleed tube 3/16-inch

0.D.

Undersized bladder with no buffer pad at the retainer end.
Shipping closure with provisions for expanding the under-
sized bladder during shipping and relaxing the bladder during
storage.

Deliverable tank configuration has no helium inlet port fitting.
A shipping closure fitting is substitufed.
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C. MODEL 8400 SATURN SIVB TANKAGE PROGRAM
1. DESIGN

In December 1964,Bell received contractual go-ahead to supply positive
expulsion tankage for the Saturn SIVB Auxiliary Propulsion System. Each system
includes two fuel tanks for use with MMH,and two oxidizer tanks for use with NgOy.
The fuel and oxidizer tanks are the same size and were based originally on the
Lunar Module oxidizer tank configuration except that the SIVB design ccatained an
additional gas pressurization port at the blind end of the tank for greater ease in
purging and servicing the gas side of the bladder. Since this tank is always operated
in the vertical flange-down position, this port became the primary prassurization
point. The resulting program is shown in Figure III-8. Shortly after initiation of
design effort Bell was directed to incorporate the following additional changes:

e Higher burst pressure (650 psig)
e All stainless steel (347) diffuser assembly

e Tube fittings and MC flares on propellant outlet and
bleed tubes '

Preliminary release of the final design configuration was made in March
1965 with formal release following in April. During this period the Lunar Module
tank program started plexiglass tank testing and experienced a bladder failure due
to bladder-to-tank shell friction during post-expulsion repositioning of the bladder,
Since the SIVB tank design utilized the then current LM oxidizer full size single-ply
bladder, a temporary hold was imposed on bladder fabrication for the SIVB program
pending resolution of the problem. Meanwhile, limited development testing was
initiated with a plexiglass tank to evaluate the effect of various purge and servicing
procedures on bladder behavior. During these tests it was found that post-expulsion
repositioning of a full-size bladder is possible by pressurizing both the ingide and
outside of the bladder to an equal value and control-venting the blind-end gas port
to create a low pressure area at the top of the tank. Consequently, twelve tank
assemblies were assembled with full-size bladders and delivered to Douglas as an
interim configuration for testing purposes.

In the summer of 1965 an undersized bladder configuration proved

-successful’in overcoming the LM repositioning problem and was incorporated into

the LM tank design. In the fall of 1965 the SIVB tank design was altered to incorporate
the undersized bladder. In conjunction with the incorporation of the undersized
bladder, a shipping closure similar to that of LM was designed with a common

line and a hand valve between the liquid and gas sides of the bladder. Since Douglas
had need for such a device on the tanks after assembly into the propulsion system,
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* the closure installation envelope was redesigned te make it compatible with the
SIVB installation. All SIVB APS tanks are now installed and serviced with closure

assemblies installed.

During the Apollo stress corrosion investigation it was found that

internal peening of titanium tank shells would retard stress corrosion caused by

‘red NoOy. Since the specified oxidizer for the SIVB tankage at that time was red
N9O4, eleven tank shells were internally glass-bead peeped at the NASA Langley
Research C~nter in February 1966. Three of the eleven peened shells were re-
tained at Langley for testing, two were assigned for use on the development program
at Bell, and the remaining six were assemb!ed into oxidizer taiik assemblies and
delivered to Douglas. The subsequent adoption of NoO, with a controlled NO con-
tent as an effective stress corrosion inhibiting measure precluded further use of
peened oxidizer tank shells on the SIVB program until the summer of 1967, At
this time Bell was directed to deliver all tank assemblies, both oxidizer and fuel,
with internally peened shells, Tank shell and assembly drawings were changed
to incorporate this requirement. Therefore, after fabrication at Bell, all SiVB
tank shells are peened at Douglas then returned to Bell for assembly into tanks.
Tanks which had been delivered were returned to Bell for disassembly and the
shells returned to Douglas for peening. The shells were then returned to Bell
for bladder replacement, reasseinbly, and acceptance testing.

In order to obtain more beneficial emissivity effects, the final design
configuration also included a polished flange and polished.tubing on both the pro-
pellant outlet port and the bleed port., These modifications were incorporated in
March 1966, The final design configuration now in current delivery is the same
as that of the LM oxidizer tank with the following exceptions:

Thicker tank shell - glass bead peened on inner surface
Stainless steel diffuser assembly

Top gas port for servicing and pressurizing the bladder
Polished diffuser flange and external tubing

Shipping closure designed for storage and servicing on
the APS Module

e "MC'" flares on tube assemblies 5

2. TESTING

a. Development Testing

Development testing was limited to demonstration of compliance
with requirements peculiar to the Saturn IVB APS program; therefore, requirements
identical to those of the LM RCS tanks were not demonstrated. Additional objectives

P S PR R SN < g T i
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of development testing were to assist in establishing optimum GSE servicing
procedures for Douglas,and to check out and refine test procedures and equipment
prior to initiation of formal qualification testing. The development test program
described in the succeeding paragraph was conducted in two phases. The first
phase, which took place in August and September 1965, consisted of plexiglass
tank testing to visually study bladder behavior. The second phase, tank assembly
testing, was initiated in May 1966 and completed in November 1966.

(1) Plexiglass Tank Testing

The purpose of these tests was to establish and evaluate
tank~to-bladder relationships by visual observation of bladder behavior under
various conditions of liquid and gas flow. The specific test objectives were as
follows:

e To study bladder behavior during liquid expulsion
and gas re-expansion in the flange~-down attitude
while using the top (blind end) gas port for pressur-
izing and venting. Since none of the other tanks of
the common technology "family' are equipped with
this port, there was no prior test experience with
this configuration.

¢ To evaluate _servi.c'ing procedures for loading and
bladder positioning.

e To study gas flow characteristics around the bladder
and evaluate purge procedures for elimination of
permeated liquids from ihe gas side of the bladder, -

Since this phase of testing was begun before the undersized

bladder design became established on the LM program, a full size bladder was used.

A total of thirty-one plexiglass tank expulsions were made with the tank oriented
in the vertical, flange-down attitude using Freon-TT as the expulsion medium. A
detailed report of these tests is contained in Bell Report No. 8400-228015. The
principal findings were as follows:

e Use of the additional gas port at the blind (top) end
_of the tank did not measurably zifect bladder behavior,
tank assembly AP, or expulsion efficiency during -
liquid expulsion. The only noticeable difference during
expulsion testing was the absence of bladder "flutter"
observed during LM tank expulsions in this attitude,
due to passage of pressurant gas between the bladder
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and tank shell. Expulsion efficiency during these
tests varied from 98.2 to 98.9% at a tank assembly
differential pressure of 2 psi,which complied with
the specification requirement of 97.5%.

e A successful method of repositioning a full-size
bladder in a tank mounted in the vertical, flange-
down attitude was attained by utilizing the additional
blind end gas port as follows:

1/  With the bladder in a collapsed eondition,
apply nitrogen gas at 25 psig regulated
pressure,simultaneously,to the bottom gas
port and propellant outlet port.

2/  Allow the bladder tu expand by controlled
venting through the fop gas port, mnintaining
a maximum differential pressure of 3 psi
between the inlet gas pressure and the
pressure at the top gas port.

o Elimination of liquids from the gas side of the bladder,
by purging,did not prove to be practical within reason-
able purge times and at pressures, temperatures and
gas flow rates which would not be detrimental to the
bladder. This is especially true of propeliants with
relatively low vapor pressure, such as MMH.

e After completion of 31 expulsions the bladder was com-
pletely functional and showed no measureable indicatis
of degradation. ' "{

(2) _Tank Assembly Testing

{3) Summary

Tank assembly testing was initiated in May 1966. Three
tank assemblies, two oxidizer and one fuel, were scheduled for dry eycles, propel-
lant exposure, dynamic testing, life cycles with propellant, and shell cycle and
burst test. However, testing was cancelled on the second oxidizer tank.

I
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(i) Oxidizer Tank X1

The tank successfully completed five dry cycles,
22 day« propellant exposure, vibration and shock at specification level, vibration
" at reduced level, 19 expulsion cycles, and shell cycle and burst tests, Bladder
failure occurred after propellant expulsion cycle 19,

(ii) Fuel Tank X3

The tank successfully completed 10 dry eycles,
33 days propellant exposure, and vibration and shock at specification level in the
X and Y-axes. Excessive bladder leakage was indicated after vibration and shock
in the Y-axis, The bladder was replaced and the tank (redesignated as X3A) was
again put into test,

(ili) Fuel Tank X3A

The tank successfully completed five dry cycles,
25 days propellant exposure, and two expulsion cycles. Testing was suspcnded at
this point by direction of Douglas.

Under the NASw-1317 program, an additional
development unit, fuel tank X4, was assembled and tested in accordance with the
qualification test requirements which iincladed vibration with actual propellants.
This tank was subjected to five dry bladder cycles, three-day propellant exposure
and vibration and shock testing with actual propellant. After vibration and shock
testing in two axes (X and Y) excessive bladder leakage occurred, indicating bladder
failure.

(b) Test Results

(i) Dry Cycle Testing

Prior to any tests with propellants, a series of
dry cycles was performe.’ on each tank assembly. Prior to each dry expulsion the
bladder was positioned in accordance with Douglas GSE procedures. Bladder leak
checks were performed prior to the first dry eycle and after every five cycles.

(ii) Propellant Exposure Testing
(2a) Oxidizer Tank X1

This unit was scheduled for minimum
mission requirements; therefore, the propellant exposure time for this unit was to
be 10 days at varying temperature and pressure conditions, However, to reduce the
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time interval between completion of propellant exposure and initiation of dynamic
testing, the propellant exposure time was extended to 22 days. At the completion
of the 22-day propellant exposure, the temperature was reduced to ambient and an

expulsion test was successfully completed.

(ab)  Fuel Tank X3

The unit was originally scheduled for 30

days propellant exposure under varying temperature and pressure conditions. The
time was extended to 34 days *» gain supplemental information on gas formation on
the liquid side of the bladder which occurred in a Model 8400 tank during checkout

of an APS system at Douglas Aircraft. As part of the study, Douglas requested that
fuel tank X3 be X-rayed for evidence of gas inside the bladder. The initial X-rav

of tank X3 was taken after 27 days of exposure and after temperature and pressure
cycling, and showed gas formation above the liquid inside the bladder. The gas was
vented and, when analyzed, revealed 400 parts helium to one part nitrogen with a
volume of approximately 3000 sce. However, since the exposure test was well under
way prior to investigation for bubbles, little analytical information could be gained.
After the gas was removed from inside the bladder, the temperature was lowered to
+40°F for most of the remaining portion of the exposure test. X-rays were taken

at approximately 8-hour intervals and no gas or vapor bubble was detected during
this period of 7 days. A propellant expulsion performed at the end of this test
appeared to be normal in every respect. During the exposure test the gas side

was monitored for evidence of MMH permeation across the bladder and samples
were taken at varying intervals. Analysis indicated that there was no MMH on the
gas side of the bladder; however, evidence of methane and ammonia, which are pro-
ducts of dissociation of MMH, were obtained in amounts varying with time. Detailed
results of this analysis are contained in Bell Report No. 8400-928012,

(2¢c)  Fuel Tank X3A

In order to obtain rore valid data for

better understanding of the extent of the propellant perineation problem, an additional
evaluation was made during the propellant exposure test on tank X3A under more
rigidly controlled conditions. In this {est propellunt exposure was conducted in two
parts using helium and then nitrogen as the pressurant. The test performed with
helium had a duration of 22 days. Gas samplings on the liquid side were taken
periodically for monitoring the possible formation of a gas bubble. X-rays were
also taken to confirm the results of the sampling. A 56cc gas bubble was bled from
ti:.e tank approximatzly 14 hours after ioading. After the initial bubble was bled off,
7 days elapsed hefore another bubble became evident,at which time 192 cc of gas
were bled “rom the tank. Analysis of propallant samples at this time indicated that
the propellant was saturated with helium. It should be noted that during this 7-day
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period the tank was pressurized twice to 200 psig for 8-hour intervals and vented
back to 35 psig,and the temperature was raised from 70°F to 105°F for approxi-
mately 3 days during this period. The gas bubble was bled from the tank at 75°F
and at 35 psig, Three additional bubbles were bled from the tank,at one-week
intervals,which were 53, 25, and 58 cc respectively. Again, it should be noted that
pressures and temperatures were varied throughout the test period which most
certainly drove gas in and out of solution and made impossible any assessment of
the rate of bubble formation under any specific set of conditions.

In the second test, using nitrogen as the
pressurizing gas, X-rays and samples were taken and evidence of a small gas
bubble was observed in each gas sample. This test was conducted to determine
whether the use of nitrogen would either eliminate the bubble or extend the time
for the bubble to materialize. It was hypothesized,tha. zince nitrogen has a molecule
larger than helium it would not penetrate the bladdc as fast as helium. Also,
nitrogen is much more soluble in MMH than is helium. The results ¢. the two »
tests, however, indicate that the use of nitrogen represents no significant improve-~ -
ment in this problem. A detailed report of the gas formation testing of fuel tank
X3A is presented in Bell Report No. 8400-928010.

".

(iif) Vibration and Shock Testing

Vibration and shock testing were accomplished
using vehicle mounting brackets supplied by Douglas. Freon-TF (mixed with 3 to
5% methanol by volume) was used for oxidizer tank X1 and inhibited water was used
in fuel tank X3 as simulated propellants. Fuel {ank X4 was tested with MMH,
Original requirements included 12 minutes of random vibration in each axis. How-
ever, during the vibration fixture/mounting bracket evaluation extremely high
temperatures were experienced at the top (retainer) end of the tank during X-axis
vibration,due to a "pumping' action of the tank retainer boss within the Teflon
hushing of the vehicle upper mounting bracket. This condltlon was alleviated, some-
what, by addition of an O-ring at the retainer end of the fank to limit the pumping
motion and by lubricating the Teflon bushing with DuPont PR-240 AC grease. As
an additional measure to help minimize temperature rise, the random vibration
duration requirement was reduced fron: 12 to 5 minutes.

(aa) Oxidizer Tank X1

The tank completed vibration and shock
testing in all three axes. During the five-minute random vibration in the first axis
(X-axis), the temperature at the top end of the tunk reached 180°F. To eliminate
the temperature problem, the random endurance requirement was reduced to three
minutes. After completion of this test the tank was subjected to an additional random
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vibration test at reduced levels in all 3 axes. For this test the tank was loaded
to 10% of rated propellant volume and, while vibrating, pulsed expulsions at the
rate of 2 per minute were conducted. A total of nine 60-millisecond pulses were
made in each axis, expelling an average of 7.5 cc per pulse. The duration of each
of these tests was approximately 5 minutes.

(ab) Fuel Tank X3

The tank was vibrated and shocked in
the X-and Y-axes only. Bladder failure was encountered while servicing the tank
in preparation for testing in the Z-axis. Laboratory investigation disclosed that
the failure was of a fatigue type, resulting from repetitive rolling of buckled folds
during vibration. .

The results of the laboratory investigation
were confirmed by a review of the dynamic test history of the tank., The test data
indicated random vibration was conducted throughout the vibration frequency range
of 0 to 2000 cps, instead of 20-2000 cps as required by the specification. Since the
bladder/liquid system has a fundamental frequency in the range of 0-20 eps, this
confributed to bladder fatigue. It was also determined that a great amount of test
time was used to achieve equalization prior to random vibration testing in each axis.
As a result,an excessive number of vibration cycles were accumulated on the bladder.

The dynamic test procedures were subse-
quently revised to omit any dynamic testing in the range of 0-20 cps for random
vibration. Furthermore, attempts were to be made to minimize equalization time
at frequencies under 100 cps,to reduce the accumulation of excessive vibration
cycles on the bladder. The details of the failure investigation are contained in Bell
Report No. 8400-928008. At this time, laboratory tests conducted on the NASw-1317
Program verified that the cycle life of Teflon bladder material in the rolling-of-
buckled-fold mechanism is affected by the fluid medium which the bladder contains.
For this reason,no further dynamic testing with simulated propellants was performed
on this program,

(ac) Fuel Tank X4

_ The tank was vibration and shock tested
with MMH and, like fuel tank X3, bladder failure was indicated after testing in the
X-and Y-axes. Investigation disclosed that this failure was nearly identical to that
of fuel tank X3. A review of test records from both tanks showed that a significant
amount of vibration time had been accumulated on both bladders during random
equalization runs,which were necessary to set up the equipment to provide vibration
inputs within specified limits during the random vibration test. Thus, the bladders
were subjected to a considerable amount of overtest in each axis prior to actual
vibration at specification test levels.
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While investigating the reason fo.” the
difficulty in equalization during setup for random testing,it was found that the inside
diameter of the Teflon bushing, which supported the top of the tank, was enlarging
during the test. It was felt that this cumulative clearance hetween the tank retainer
boss and the bushing resulted in some unrestricted motion at the top of the tank,
thereby making the task of equalizing more difficult, It should be noted that when
installed new the Teflon bushings have a slight interference fit on the retainer boss
of the tank. A corrective action was implemented at this time to monitor bushing-
to-boss clearance during any subsequent testing and to replace the top mounting
bracket whenever the clearance became excessive. ' |

(iv) Expulsion Cycle Testing

{aa) Oxidizer Tank X1

Expulsion testing was performed at ambient,
high, and low temperatures at nominal tank pressures and flow rates. One ambient
temperature expulsicn (80 to 90°F) had been previously accomplished after propellant
exposure test. Seven ambient temperature (80 to 90°F), 1 low temperature (35 to
40°TF), 1 high temperature (100 to 110°F), 8 ambient temperature and 1 low temper-
ature expilsions were accomplished,in that order, during expulsion cycle testing.
Expulsion efficiency on all tests exceeded the minimum specification requirement
of 97.5% at a AP of 2 psi.

TFollowing the last low temperature expul-
sion, which was the ninteenth propellant expulsion, excessive leakage was encountered
during bladder expansion, indicating bladder failure. Investigation of this failure
disclosed that, after the low temperature test, bladder expansion was accomplished
before the bladder had been allowed to warm up. This resulted in a brittle rupture
of the bladder at the apex of a double buckled fold. The test procedures for low
temperature expulsions, which were based on Apollo and LM, required that the tank
assembly be stabilized at room temperature prior to bladder expansion. However,
the criterion for determining tank temperature was based on a thermocouple attached
to the tank flange and was not truly indicative of bladder temperature. As a result of
this failure the procedure was adjusted to more closely control tank assembly heating
prior to bladder expansion.

a8

In support of this failure investigation,
laboratory tests were conducted with bladder material specimens soaked in water
at temperatures of +35°F, +40°F, and +45°F. At each of these temperatures a |
buckled double fold was manually induced in ten specimens. The fold was then rolled
out (re-expanded) at the same temperature. All specimens at +35°F and +40°F
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failed when re-expanded while none of the specimens at +45°F failed. Additional
specimens were folded while immersed in water at +35°F and then unrolled after
warming to room temperature. These specimens did not experience failure even
when this process was repeated ten times on each specimen, '

(ab) Fuel Tank X3

Only one expulsion was accomplished at

ambient temperature following the propellant exposure. No additional expulsion
cycles were accomplished on the fuel tank because of the forementioned failure
during dynamic testing. Expulsion efficiency exceeded the requirement of 97.5% at a

tank assembly AP of 2 psi.

(ac) Fuel Tank X3A

Expulsion cycling was restricted to two
cycles following the propellant exposure tests. The first expulsion was performed
with helium as the pressurant and the second with nitrogen. All further testing was

suspended by direction from Douglas,

(v) Shell Pressure Cycle and Burst Test

(aa) Oxidizer Tank X1

After the bladder was removed, the tank
shell was hydrostatically pressure cycled from 0 to 275 psig 500 times. This was
followed by a burst test. No yielding occurred at design proof pressure of 413 psig.
The actual burst pressure was 740 psig, with rupture occurring in the cylindrical
section approximately 9 inches from the closed-end weld. Actual burst pressure
compared favorably with theoretical burst for this unit of 760 psig,which indicates
that glass bead peening of the shell interior had no measurable adverse effects upon
burst pressure. No pressure cycle or burst testing was accomplished on fuel

tanks during the development test program.

The tank assembly development testing is
reported in detail in Bell Repoxt No. 8400-928011. '

(3) Conclusions

The oxidizer tank successfully completed all testing up to the
final propellant expulsion cycle. It was concluded that the final expulsion eycle could
have been successfully accomplished if bladder failure had not occurred due to a
servicing error. The primary reason for failure of the fuel tank fo complete
dynamic testing was the excessive number of bladder fatigue cycles experienced during
vibration test, principally during setup and equalization of the test equipment prior to

random vibration test in each axis.
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Also, although propellant expulsion cycle life was not demon-
strated on the fuel tank, a reasonable confidence level did exist in the capability of
the tank assembly to meet the expulsion requirements. This confidence stemmed
from successful testing on the LM tank program which used hardware of similar
configurati.n, '

b. Qualification Testing

(1) Summary

Rualification testing of one fuel and one oxidizer tank assembly
was started in October 1966,and completed in January 1967, Both tank assemblies
successfully completed all tests which consisted of 5 dry cycles on the bladder using
nitrogen gas as the pressurant, propellant exposure and dynamic tests, expulsion
cycle testing, shell pressure cycle with bladder installed, and shell burst testing.

The dry cycles, propellant exposure, and dynamic tests were
accomplished under NASA Contract NASw-1317. The propellant exposure and dynamic
tests, using ~ctual propellants, were conducted at Wyle Laboratory's Norco California
Test Site. All other tests were performed at Bell's test facilities.

(2) Test Results

(a) Dry Cycle Tests

Prior to each of the 5 dry expulsions, the bladder was
positioned in accordance with Douglas GSE positioning procedures. Bladder leak
checks, using nitrogen and then helium, were performed prior to the first cycle and
after the last cycle. '

(b)  Propellant Exposure and Dynamic Tests

Both fuel tank P1 and oxidizer tank P2 were filled to
rated propellant load and subjected to a nominal four-day propellant exposure test.
This test, which was programmed to simulate prelaunch conditions, was conducted
with the tank assembly mounted in the vibration fixture on the shaker head just
prior to X-axis vibration, At the end of exposure testing the test units were not
drained, hut werevented 12 to 48 hours prior to initiation of vibration test.

During propeliant exposure test of the oxidizer tank
an attempt was made to study gas formation inside the bladder. No valid data were
obtained due to limitations in the sampling equipment and anomalous results from
the ouiside laboratory which was contracted to perform the analyses.
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The sequence of testing for fuel tank P1 consisted of
sinusoidal and random vibration testing followed by shock testing in each of the
three orthogonal axes (X, Y and Z) with the tank assembly pressurized to 200 psig.
After dynamic testing in the final (Z) axis,an expulsion of 857 of the propellant load
was made at 200 psig tank pressure and at approximately rated flow rate. This
incomplete expulsion was specified to compensate for limitations in the expulsion
_equipment at Wyle's Norco facility which did not have accurate flow measuring
capability, or the capability of automatically terminating flow in time to avoid im-
pressing full tank pressure differential across the bladder.

The number of vibration cycles imposed on the bladder
of fuel tank P1 during randoin equalization runs were reduced somewhat from those
of X3 and X4 during the development phase,due to some extent to extremely close
monitoring of the vibration control console settings and adjustment. The upper
mounting bracket was replaced between the second and third axes due to increased
clearance between the tank retainer boss and Teflon bushing. However, a great
deal of difficulty was experienced in random equalization on this tank. In view of
these difficulties, several meetings took place among personnel from NASA, Douglas,
and Bell. At these meetings it was agreed to refurbish the vibration fixture and to
modify the test procedures and specification requirements. The fixture refurbish-
ment consisted of the following:

e Repair of séveral visual eracks in the fixture welds

o Dye penetrant check of all fixture weldments for
evidence of other cracks.

e Installation of additional threaded bolt inserts for
attaching the lateral axes adaptor to the fixture

® Refacing of the surface areas around the holes in
the lateral axes adaptor

Procedure and specification requirement modifications a
consisted of the following:

e Inputs below 100 cps were to be attenuated as much
as possible during initial random equalization attempts

e Representatives from NASA, Bell, and Douglas

" Aireraft Company were to give total on-the-spot
concurrence as to the acceptabilily of some peaking
and notching outside the +3db level during full
level portion of random equalization prior to the
random endurance test.

R e B
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e The three minute random vibration run at endurance
level acceleration spectral density was to include
the time of the approved equalization burst run at
full level.

e The sequence of testing for all three axes was
changed to be random vibration, sinusoidal, vibration
and shock in order to minimize bracket bushing wear
prior to random equalization.

e The sinusoidal sweep rate for all axes was to be
changed to 3 octaves/minute from 1 octave/minute

¢ The Douglas supplied 1B52219-1 Bracket was replaceable
at the end of any axis of vibration with Douglas con-
currence.

Dynamic testing of oxidizer tank P2 was completed successfully. The tank was sub-
jected to the same test sequence as fuel tank P1 with the above modifications in

procedures and requirements.

(¢) Expulsion Cycle Testing

The fuel and oxidizer tanks were each subjected to a
series of twenty propellant expulsion cycles. The first expulsion on each tank was
performed at the end of Z~axis vibration and shock at Wyle Laboratory. Expulsions
No. 2 through 20 were completed at Bell test facilities. The twenty cycles consisted
of 16 ambient temperature (65-75°F), two high temperature (100 to 110°¥F),and two
low temperature (35 to 45°F). Both tank assemblies completed all expulsion tests
successfully. The required minimum expulsion efficiency of 97.5% at a AP of 2 psi
was exceeded on all tests except the first expulsion on each tank at Wyle Laboratory
which was manually terminated at 85% expulsion.

(d)  Shell Pressure Cycle and Burst Test

Each test unit, with bladder installed, was hydrostatically
pressure cycled from 0 to 275 psig for 500 cycles with a pressure rise time of 1.25+
0.25 seconds. The bladder was then removed and the shell and diffuser assembly
subjected to a hydrostatic proof and burst test. There was no permanent set at
design proof pressure of 413 psig. Burst pressures were 789 psig for the fuel tark
and 779 psig for the oxidizer tank with failure initiafion in the center of the cylindriecal
section in each case. '

(3) Test Report

The detailed qualification test results are contained in Bell
Report No. 8400-928014,

Report No. 8§514-9227002
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D. MODEL 8330 - LUNAR ORBITER POSITIVE EXPULSION TANKAGE
PROGRAM

In March of 1964, Boeing and Bell started discussions concerning positive
expulsion propellant tanks for the Lunar Orbiter Velocity Control System with
particular attention given to use of the command module tank configuration. In
June 1964, Boeing procu.sed two fuel and two oxidizer command module tanks from
Bell for engineering evaluation. These tank assemblies were transferred to
Boeing with North American Aviation's concurrence and were replaced under the
Boeing procurement.

At this time, Bell was engaged in a program to develop an in-house tank
shell fabrication capability. This included development of processes and procedures,
design and fabrication of tooling, and qualification of the weld for the command
module fuel and oxidizer tank shells. In February of 1965, shells fabricated by
Bell were fatigue cycled and burst tested and shortly thereafter a qualification
report was submitted to North American and to Boeing for approval. In the absence
of timely approval or disapproval action by North American, Boeing concurred that
fabrication of tank shells by Bell would be satisfactory for the Lunar Orbiter
Program.

In October 1964, Bell received a full go-ahead on the Lunar Orbiter positive
expulsion propellant tank program. The resulting program is sliown graphically
in Figure III-9. The original program consisted of the procurement, fabrication,
assembly and acceptance test of 21 fuel and 21 oxidizer tink assemblies of the
existing command module configuration. This configuration consisted of titanium
shells, aluminum diffusers, and oversize single-ply bladders. The tanks were to
be assembled and acceptance tested in accordar ce with the command module pro-
cedures. Tank shells were to be fabricated by Bell and the design requirements of
the Boeing specification were to be considered as design objectives to provide the
latitude necessary for the commonality concept in the event of design changes on
the command module program.

In December 1964, the liquid bleed tube and net size bladder were incorporated
into the Command Module/Lunar Orbiter tank design. Progress on the program
continued until February of 1965,at which time Boeing chose not to adopt the command :
module oxidizer bladder change which incorporated 9-mil ends. Because of this
change,and because North American had not taken action to approve Bell as a source
for tank shells, Boeing directed that Lunar Orbiter top assembly part numbers be |
established to provide configuration control.
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FIGURE III-2

MODEL 8330 LUNAR ORBITER PROGRAM HISTORY
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In February 1965, Boeing made two major changes to the program, The first
of these was to incorporate a vibration requirement into the aceceptance test of each
deliverable unit. The second change was the establishment of a test program de-
signed to augment the command module qualification program in the area peculiar
to the Lunar Orbiter mission. (The original intent of NASA/Langley and Boeing
had been to conduct such unique testing at the vehicle qualification level.) A quali-
fication test program consisting of expulsion and vibration testing plus overstress
testing consisting of thermal cycling,were incorporated into the program. It was
requived that these tests be performed on one fuel and one oxidizer tank. The test
program started in April 1965 with slosh testing of one fuel and one oxidizer hladder
in plexiglass tanks for the purpose of establishing slosh .nodes for vibration. Quali-
fication testing was started in June 1965 and a bladder failure occurred in the
oxidizer tank during vibration testing. As 4 result of this failure, vibration levels
were revised by Boeing and the qualification program was restarted in July 1965.
Qualification and overstress testing of the fuel and oxidirer tanks was successfully
completed in September 1965, The test results are contained in Bell Report 8330-
928004.

The first set of tank assemblies was delivered to Boeing in March 1965, After
the fifth set had been delivered a hold was placed upon deliveries pending completion
of qualification testing. During this hold period (July 1965), the Apollo program
experienced siress corrcsion failure in the oxidizer tank shells and the stress
corrosion investigation was started. Because of very tight schedule requirements,
Boeing was unable to wait for the investigation to be completed. The immediate way e
to solve the problem was to keep the stress below the danger point by thickening the
oxidizer tank walls. A set of boiler plate tanks with 130 mil thick walls was fabri-
cated and delivered in support of Boeing spacecraft testing. Meanwhile, the flight
configuration oxidizer tank design was changed to incorporate a 55 mil tank shell,
While this redesign was being accomplished on the oxidizer assemblies, the remaining
fuel assemblies were completed and delivered to Boeing. In November 1965, the
first oxidizer assemblies incorporating the 55 mil shells were delivered and 12
assemblies of this configuration were placed into production.

In January 1966, the oxidizer bladder was redesigned to include aluminum
foil to act as a permeation barrier and prevent saturation of the NgO4 with nitrogen
gas during the mission. Twelve assemblies of this configuration were completed i
and shipped, to Boeing, consisting of both new assemblies off the production line
and assemblies returned from Boeing for refurbichment. The laminate construction
of this bladder consists of 2 mil TFE/1 mil FEP/1/4 mil Al foil/3 mil FEP. In May
1966, the last tank was shipped to Boeing, completing the project.

Report No. 8514-927002 3-111




BELIL. AEROSYSTEMS cOMPANY

DIVISION OF BELL AENOSPACE CORPORATION

The Model 8330 tank assemblies were subsequently used on Lunar Orbiter
Missions I through V. The fuel and oxidizer tanks performed flawlessly throughout
the five missions in accomplishing a toial of 29 velocity maneuvers. During Mission
I and the 339 day mission IT, the propellants were allowed to flow until completely
expelled, demonstrating expuizion efficiencies of better than 99%. A summary of the
propulsion system operation during each mission is presented in Table 11I-2.
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TABLE 1II-2

LUNAR ORBITER PROPULSION SYSTEM FLIGHT HISTORY

EVENT

Launch
Midcourse
Injection

Orbit Transfer
Orbit Transfer
Impact Maneuver

Launch
Midcourse
Injection

Orbit Transfer
Inclination Change
Orbit Phasing
Orbit Transfer
Impact Maneuver

Launch
Midcourse
Injection

Orbit Transfer
Orbit Phasing
Orbit Transfer
Orbit Transfer
Impact Maneuver

Launch
Midcourse
Injection

Lower Perilune
Lower Apolune

Launch
Midcourse
Injection

Orbit Transfer
Orbit Transfer
Orbit Phasing
Impact Maneuver

LAUNCH DATE OR

DAYS FROM LAUNCH

August 10, 1966
2

4

11

15

80

Nov. 6, 1966
2

4

9

32

159

233

339

Feb. 5, 1967
2
4
8
67
163
207
247

May 4, 1967
1

4

32

35

August 1, 1967
2

4

6

8

70

182

ENGINE BURN
TIME (SEC)

32.1
578.7
22.4
3.0
94,4

18.1
611.6
17.4
61.3
3.2
4.6
356.5

4.3
542.5

© 337
3.6

8.9
127,1
32,0

52.7
501.7
117.9

42,7

26.1
498.1
10.8
152.9
40.8
16.4

*Engine valves opened until propellants were exhausted
** Propellants loaded at launch

Report No. 8514-927002

PROPELLANT
EXPELLED (LB)

276.8%*
11.7
212.2
8.2
1.2
40.1%*

277.0%*
6.6
222.4
6.4
22.0
1.2
1.7
15,5%

275.9%%
1.6
195.9
12,2
1.3
3.4
44.6
11,3

276.3%*
191
181,7
. 43.2
15.6

276.2%*
9.5
181.8
4.0
55.6
15,0
6.3
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E. ASSOCIATED PROGRAM HISTORIES

1. BELL MODEL 8460 - DESIGN CRITERIA AND QUALITY CONTROL
STUDIES FOR TEFLON EXPULSION BLADDERS

This program was performed between late 1965 and the early part of
1967 for the NASA Manned Spacecraft Center under Contract NASw-1317.

In the early development phases of the propellant expulsion tanks for
the Apollo program, a variety of bladder failures occurrec which could not be
readily understood. Therefore, this program was established to determine bladder
design and quality criteria for evaluating the expulsion units of the Apollo-type
tankage. Another purpose of this study was to provide timely support to the main-
stream Apollo tankage programs with respect to bladder performance and to
recommend modifications in design, operational and test procedures, or quality
control, if these would benefit function or reliability.

An extensive review was made of bladder failures which occurred in
the development phases of the mainstream tankage programs. This review, in
conjunction with prior analytical and experimentu:l studies performed at Bell,
identified and defined the failure modes of the Teflon bladders and hence aided in"
refinement of design criteria.

The following two failure modes were established as the principal limiting
factors in bladder service life:

e Biaxial tension forces develop in the hemispherical sections of the
bladder during filling and pressurization if the bladder is incorrectly
positioned. These forces greatly extend local strains at fold and
buckle sites to produce ruptures. In vertical tanks this condition
is initiated by accumulation of bladder material at the bottom of the
tank during expulsion. If the frictional resistance between the tank
wall and the bladder is great enough, determined by the length of
the tank, the bladder is unable to lift completely during pressurization
and remains displaced, This causes large strains in the upper hemi-
sphere as pressure forces this part of the bladder to the tank wall.

In horizontal tanks, the bladder tends to twist, thereby folding the
material and reducing the available bladder volume. If the twist

angle is large enough, severe bidxial tension strains develop in the
bladder hemispherical ends upon complete filling of the tank. These
failure mechanisms had been identified on the mainstream tank programs
and the findings of this program aided in their clarification and helped to
quantitively establish critical stress loadings which result in this type of
failure, '
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o Rolling of double fold motion is generated in the bladder during
vibration, slosh, and fill and expulsion operations. This motion
gradually fatigues the material at the site of the buckled fold.
Since a large number of motion cycles are needed to develop a
rupture, this failure mode is associated primarily with vibration.

Mechanical tests were performed which defined selected properties of
Teflon-TFE, FEP and TFE/FEP laminates. The effects of temperature and fluid
environment were particularly large in such tests as uniaxial tension and rolling
of double folds. in the case of the latter tests, which were used to simulate the
rolling of buckled fold failure mode in bladders, a large range of variation was found
in the number of cycles fo failure in given environments. The number of tests per-
formed in this study did not permit statistical definition of the cycle life of the
material in the various simulated and actual propellants, but the tests did indicate
comparative performances. Material cycle life was high in Freon-TF, methylene
chloride, and MMH; moderate durability was measured in NpOy; and a relatively
low cycle life was measured in 50-50 fuel blend. Temperature had a pronounced
effect on mechanical properties of the Teflon.

These findings resulted in the qualification,vibration and shock testing
of the SATURN APS tankage with actual propellant in lieu of the alternate fluids
originally specified, These tests,which were performed as part of this program,
are described in Section IIL,C of this report.

The processing methods and controls used to fabricate Teflon bladders
were reviewed and experimentation was conducted to determine the potential for
increasing the service life of the material and obtaining improved uniformity. These
studies indicated that quenching techniques can strongly influence the properties of
Teflon-TFE. Rapid quenching after sintering decreased the crystallinity, which
resulted in an order of magnitude increase in the rolling of double fold life of TFE
in 50-50 fuel blend. The influence of other parameters such as spraying rates,
sintering times, etc. were not investigated but it is possible that these may also
have an appreciable effect on material constancy and performance in bladders.

This program is reported in detail in Bell Report No. 8460-933012.
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2. APOLLO TITANIUM - N2(54 STRESS CORROSION INVESTIGATION

The effort on this program was performed by Bell under subcontract with
the Space and Information Systems Division of North American Aviation under NASA
Prime Contract NAS9-150. The original titanium - N9O4 stress corrosion problein
occurred at Bell; however, it soon became apparent that this was an industry wide
problem of serious magnitude. Bell was designated as the focal point for the investi-
gation; however, the NASA agencies, Apollo prime coutractors, and many other
organizations materially participated in the program.

The failure of SMO Unit Y-2 (Shell SN 5) after 23 days exposure fo N20y4
(MIL-P-26539) during the Model 8271 development program was the starting point
of the stress corrosion program. A detailed investigation of this failure identified
the cause as stress corrosion. The original theory was that the stress corrogion may
have been caused by unintentional sensitizing of the titanium during fabrication of the
tank shell.

A comprehensive series of tests was initiated on ten titanium 6A1-4V tank
shells to determine if the initial failure was a random occurrence or if the titanium
alloy and Specification NoO4 were incompatible. The ten tank shells were selected
based on their fabrication dates so as to have shells fabricated both before and after
. failed shell SN 5. The selected tank shells were assembled without bladders and
loaded with Specification NgOy4. Eight of the ten tank shells failed in test and the
remaining two shells were burst tested. One of the burst test shells ruptured above
the design pressure but the second shell failed below the design burst pressure.
Evidence of stress corrosion was found on the inside surface of all ten tank shells.
The only differences noted among the shells were crack intensity and crack density.

The ten-tank storage program proved that a stress corrosion problem
existed between the titanium 6A1-4V alloy and Specification NgO4 and established
that the problem was not random in nature. The stress corrosion investigation at
Bell was then directed to resolve the problem by determining the cause of the stress
corrosion and/or to determine a practical solution to the problem.

Allison Division had successfully stored Specification NgOy4 in titanium
6A1-4V alloy tanks. Compared with the failure at Bell (both using Specification N204),
the Allison success indicated that the Bell fabrication process or handling used for
the Apollo RCS tank shells was introducing some factor which resulted in stress
corrosion. Chlorides were a prime suspect based on previous stress corrosion
test results,
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¥ Bell Aerosystems Company representatives.toured various manufacturers'
3 facilities to discuss the stress corrosion problem,and several metallurgical meetings
were held at Bell. Knowledgeable persons from government agencies, acrospace
companies, and universities were present for discussions on the problem.

As the result of this work, several tank shells were treated and exposed to
Specification NoOy4. The titanium surface {reatments evaluated included air furnace
oxidation, anodizing, and Teflon coating. Only the Teflon-coated tank shells showed
any promise of meeting the 30-day storage requirements of the Apollo RCS propellant
tanks. The test effort also showed that galvanic action (aluminum/titanium couple),
annealing, cleaning method, and heat treatment were not significant factors in the
stress corrosion problem. Temperature was found to be an accelerating factor while
stress level was found to be a lesser factor.

During this time, NASA/Langley Research Center undertook the evaluation
of inducing residual compressive stress as a solution to the stress-corrosion problem.
NASA/LRC demonstrated that glass bead peening of the tank shell internal surface was
a candidate as a solution to the stress corrosion problem.

At the same time that these tank tests werc being accomplished, Bell
developed and utilized stressed titanium specimen testing which was representative
of the tank shell failures. The stressed specimen testing evaluated titanium surface
treatments and NoOy4 additives. The results of the stressed titanium specimens in
Specification NoO4 demonstrated that titanium surface treatments did not eliminate
stress corrosica (with the possible exception of Teflon coating) and that fabrication
processes were not significantly contributing to the cause of stress corrosion. The
stress corrosion of commercially pure annealed titanium as well as material from
an Allison tank demonstrated that the problem was not the result of the fabrication
used on the Apollo RCS tank shells, Further evidence that the stress failure of Apollo
RCS tank shells was not the result of fabrication processes was demonstrated by the
failure of one Surveyor and two Gemini titanium tank shells at Bell after exposure to
Specification NoO4 at Apollo stress and temperature requirements.

The possibility of determining an inhibitor which could be added to Speci-
fication N5Q4, to stop the stress corrosion,was considered as a possible solution to
the stress corrosion problem. The stressed titanium specimen testing program
included the evaluation of various additives; i.e., water, nitric acid, nitrosyl chloride,
silver nitrate, etc. Only limited testing of these additives was accomplished at the
time NO was found to be an effective inhibitor, but some of these additives (e.g.,
nitric acid) also appeared to be effective in inhibiting stress corrosion.
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The results of the test specimen and tank stress corrosion testing indicated
that the stress corrosion attack of titanium was not the result of fabrication since
commercially pure titanium was found to be as susceptible to attack as the 6A1-4V
alloy. The fact that Bell Aerosystems-fabricated tanks did not fail in test at North
American also indicated that processing was not the source of the stress corrosion
problem. Greater attention was then given to the chemistry of Specification NoOy.
Once again Bell made use of available information by contacting and meeting with
knowledgeable persons from governmant agencies, aerospace companies, and unj-
versities.

The chemical approach considered not only the chemistry of Specification
NoO4,but also the probable reactions occurring at the titanium surface. The principal
goal of the chemistlry approach remained the same as that held previously, which was
to determine the cause and/or solution for the stress corrosion problem,

The presence of nitric oxide in Specification NyO4 was found to be a solu-
tion to the stress corrosion problem during the stressed specimen test program.
A comparison of this finding with a check of the N9O4 used with the tanks that did
not fail in test at North American Aviation/S&ID and with tanks that did fail in test
at Wyle Laboratories, NASA/MSC, and Aerojet substantiated this fact.

A series of tank shell tests was initiated at Beill to confirm that the
presence of nitric oxide did indeed effectively inhibit stress corrosion of the tank
shells. Three tank shells were tested and all exceeded the 30-day requirement at
temperatures in excess of the required 105°F. ’

To verify that the stress corrosion solution was not random in nature and
that the presence of the Teflon bladder did not negate the solution, two bare wall tank
shells and two tank assemblies with bladders were tested with N0, containing 0.030%
NO. The test results verified that the presence of nitric oxide did inhibit the stress
corrosion failure of the titanium 6A1-4V tank shells and that the presence of the
bladder had no discernible effect.

This investigation culminated in the issuance of NASA Specification-
MSCPPD-2 for procurement of N9O4 with controlled NO content.

The detailed results of the tests and investigations are contained in the
four volumes of Bell Report No. 8271-928060.
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3. BELL MODEL 2312 - SERVICE MODULE ALUMINUM TANK SHELL

This program was performed from October 1965 to December 1966 under
Contract NAS9-5330 for the NASA Manned Spacecraft Center. The effort included
the design, fabrication and test of one tank shell plus production of four deliverable
units,

|
i
The existing titanium command and service module RCS propellant tank j

shells are designed to have the lightest possible structural weight, As a result,
these thin wall shells are not capable of withstanding complete internal evacuation ' {
because of low buckling strength. This program was established to develop and :
fabricate an aluminum alloy tank shell which was capable of withstanding complete ;
internal evacuation and designed to be functionally and dimensionally interchangeable [
with the service mcdule RCS oxidizer tank shell, i
|
t
|

The design and fabrication of one test and four deliverable tank shells was
completed. Detailed weight estimates showed that the 6061T6 aluminum alloy oxidizer
tank shell would be approximately 1.40 1b heavier than the present 6A1-4V titanium
oxidizer tank shell.

The structural adequacy of the aluminum shell was demonstrated by
successful completion of an internal proof pressure test to 331 psig and an external
proof pressure test to 22 psid. The burst test requirement of 372 psig was surpassed
and the pressure was increased to 422 psig before failure occurred in the form of a
small leak in the circumferential weld. The leak was cealed and an ultimate external
pressure test was completed which successfully demonstrated that the external pressure '
requirement could be met. After passing the specified exteinal pressure of 30 psid,
the test was continued until an abrupt change in the slope of volumetric expansion
versus external pressure occurred at 41 psid.

The design, fabrication, delivery, and test requirements of this program
were successfully completed and a detailed account is presented in Bell Report No.
D2312-950001.

i
I
|
|
i.
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4. BELL MODEL 8508 - NITROGEN TETROXIDE EXPOSURE TEST PROGRAM

This test program was performed in the early part of 1967 under Contract
NAS9-6660,for the NASA Manned Spacecraft Center. The testing was designed to
provide added confidence in the ability of the Apollo grade (green) NoOy4 to prevent
stress corrosion.

Two service module tank assemblies and a command module tank without
a bladder were subjected to NoOy4 storage conditions which simulated the more
demanding aspects of a space mission in terms of potential problems with stress
corrosion.

The two service module tank assemblies (R1 and R2) weie loaded to approxi-
mately 50 percent capacity with NoOy4 and pressurized with helium on the gas side,.
This condition allowed the N9O; fo permeate through the bladder and contact the highly
stressed (90 ksi) areas of the titanium shells., These two units were stored for 30 days
to determine if a large ullage volume (increased bladder permeation) would increase
the possibility of stress corrosion of titaniura at the specified test conditions. The
presence of gas bubble formation within the bladders during the storage period was
also studied. Tank R1 was tested at constant elevated temperature and pressure and
tank R2 at constant elevated pressure and variable temperature.

Test Unit R1 successfully completed 30 days of NoO, exposure testing at a
constant pressure of 288 +28 psig and a constant temperature of 100 +5°F. A gas
bubble formed during testing as verified by the post-test X-rays.

Test Unit R2 successfully completed 30 days of NoO4 exposiire testing at a
constant pressure of 302 +28 psig and a variable temperature of 60 +5°F to 100 +5°F,
A gas bubble formed during testing.

- The command module tank without a bladder (Unit R3) was half loaded and
subjected to a 30-day storage and slosh test series to evaluate the possible effects of
stress corrosion on titanium from propellant in motion at elevated temperature and
pressure. It was considered possible at this time that the success of the Apollo
grade N9O4 under static exposure conditions was due to protective films formed on
the titanium and that these {ilms could be washed off by liquid motion during a mission.

Test Unit R3 successfully completed 30 days of N9O4 exposure testing at a
constant pressure of 388 +38 psig and temperature of 100 +5°F. The test unit was
sloshed each normal working day at a rate of one cycle per second at 2 inches double
amplitude (which is equivalent to 0.1 g loading). The test unit completed approximately
536,124 cycles or 1,072,128 sloshes during the test period.
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The three units were subjected to hydrostatic burst test to determine the
effects of prolonged nitrogen tetroxide exposure on titanium tank shells. The burst
pressures were as follows:

Minimum
Required Actual
(psig) (psig)
Unit R1 (SMT) 372 650
Unit R2 (SMF) 372 603
Unit R3 (CMF) 540 1074

Metallurgical, chemical, and X-ray evaluations were made before, during,
and after the testing to provide data in the following areas:

Tank material before and after test

Bladder position before and after test

Analysis of permeants into gas

°
®
e Propellant quality during loading and draining
°
e Analysis of gas intb propellant

°

Bubble formation .

Metallurgical analyses of the tank material showed no evidence of stress
corrosion cracking or degradation of tank shell integrity. This was verified by the
burst test results.

X~-rays showed movement of the bladders to the wall confirming the results
of chemical analyses and models describing bubble formation and growth. The bubble,
which formed during test prior to propellant saturation, was rich in helium; however,
quantitative analysis of the phenomenon was rendered impossible because of changes
in the temperature and pressure during the test.

The only deterioration noted in propellant quality were decreases in NO
(nitric oxide) content and an increase in dissolved helium content. The NO decay

appeared to be a matter of sampling procedure and the results were within the limits
of experimental accuracy.

z
s
H
i

Permeation of the bladder by propellant was obvious within four hours.
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The detailed test and analytical results, contained in Bell Report No.
8508-928002, showed no problem on exposure of highly stressed (90 ksi) areas
of titanium 6 A1-4V tanks to permeants from Apollo grade NoO,4 (Specification
NASA-MSC-PPD-2A),within the limits of the test program.

L
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5. BELL FUNDED R & D BLADDER MATERIAL PROGRAMS

a. Purpose

Apollo tankage studies and experience showed that the Teflon expulsion
bladders have limitations in cycle life during expulsion and vibration,;and resistance
to permeation of pressurizing gas and propellant. Increased cycle life is desirable
to increase the reliability above that presently attainable with Teflon bladders; per-
meability is desirable to prevent the pressurizing gas from accumulating in the
propellant side of the bladder., To achieve these features, Bell has been investigating
improved and new materials and methods such as elastomers, improved Teflon, and
permeation barriers.

b. Elastomeric Bladder Material

(1) Oxidizer Application

The need for an elastomeric material compatible with NoO4
and possessing the desired elastic strain capability for repeated folding and buekling,
without material damage, resulted in intensive effort by Bell in development of nitroso
rubber expulsion bladders. The development of optimum techniques and methods for
compounding nitroso rubber for bladder application has been actively pursued since
early 1966. This effort resulted in the fabrication of a 10-inch diameter spherical
- bladder by a spray dispersion technique. A photograph of the bladder is shown in
Figure III-10.

Although nitroso rubber yields the desired improvements in
bladder cycle life, this material is highly permeable to NyO,, helium, and nitrogen.
Thus, the effort in 1967 concentrated on the development of a nitroso rubber bladder
having a metallic foil permeation barrier. The major problem encountered was
insufficient adherence of the rubber bladder to the metallic foil. Although some
degree of success was obtained, the adhesion problem was not completely solved and
efforts were shifted in 1968 to the incorporation of a proprietory plastic permeation
barrier (Vapolock) into the nitroso rubber. This barrier reduces the permeation
rate of a nitroso rubber bladder,10 fold. The 1968 prog-am will culminate in the
fabrication of several Nitroso/Vapolock 10-inch diameter bladders which will be
subjected to storage and expulsion tests.

(2) Fuel Application

For several years elastromeric materials have been investi-
gated for fuel bladder use. These materials include ethylene propylene copolymer
(EPR), ethylene propylene terpolymer (EPT), and butyl rubbers. These elastomers
were subjected to specimen compatibility tests in MMH and 50/50 fuel blend for
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1-day, 7-day, 28-day, and 63-day storage periods at 80°F. EPR and butyl rubbers
were found to be equally satisfactory for use with fuel,except that EPR exhibited
greater durability. EPT was found to be unsatisfactory. In addition to the specimen
compatibility tests, 10-inch diameter spherical and hemispherical bladders were
stored for 20 days in MMH at 80°F,with no adverse effects.

Based on the results of the material studies, work was con-
tinued in 1967 and 1968 in the development of EPR and butyl rubber bladders.
Although some degree of success was achieved in incorporating a metallic barrier into
these bladders, the metallic barrier was dropped in 1968 so that the full effort could
be concentrated on the incorporation of Vapolock into the EPR bladders. To date,
considerable success has been achieved and the 1968 program will culminate in
the fabrication of several 10-inch diameter, hemispherical EPR/Vapolock bladders
which will be used for propellant storage tests.,

c. Improved Teflon Bladder Material

In an attempt to develop a Teflon bladder with an improved cycle
life, redundant and codispersion films were investigated. The redundant film bladder,
shown in Figure III-10, consisted of three-plies of TIFE with graphite laminated hetween
each ply. This provided for ply-to-ply slippage which, in turn, minimized sharp
creases and folds, In addition, the use of graphite was intended to keep the plys
intact and thus prevent the entrapment of gas between the plys. Results of specimen
tests showed that the redundant film construction exhibited a cycle life three times
greater than the 6 mil TFE/FEP laminate. The redundant film helium permeation
rate was equivalent to that of the laminate,but the N,O4 permeation rate was five
times greater. Because of the promising cycle life, an SMF size redundant film
bladder was fabricated and successfully subjected to vibration, 14~day NoO4 storage,
and 10-expulsion cycles. However, extensive delamination and entrapment of gas
occurred between the plys. For this reason,the redundant film bladder concept
has been discarded.

The codispersion material is a mixture of TFE and FEP sprayed
and sintered together into a uniform film. Specimen testing of 3%, 5%,and 10% FEP
loadings indicated that the only codispersion film that offered an advantage in fatigue
cycle life over the TFE/FEP laminate, was a codispersion film with a FEP loading
of 5%. How:zver, the helium permeation rate of the 5% FEP codispersion film was
four times greater than that of the laminate, which made it undesirable as an alter-
nate film construction.
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d. Permeation Barrier Development
(1) Metallic

A technique for fabricating a Teflon bladder with a metallic
permeation barrier was successfully employed during the Tunar Orbiter program.,
Company-sponsored research has established a +35°F expulsion cycle capability
and a 17 expulsion cycle life capability at ambient temperature for the Teflon/
metallic foil bladder. At the completion of 17 cycles with NpOy, the bladder leakage
rate was 12 cc,/ 15 minute of helium compared to 80-90 cc/15 minute of helium for
an equivalent size TFE/FEP laminate bladder. Prior to eycling, the leakage rate
was zero. The metallie perrieation barrier effort is continuing with emphasis on
the development of methods for depositing uniform nonporous metallic coatings on
nonmetallic substrates,

(2) Nonmetallic

Experimental work in 1966 and 1967 resulted in the develop-
ment of a proprietary plastic permeation barrier (Vapolock) which reduces the
permeation rate of a Teflon bladder by a factor of 7 to 10. Development of optimum
bladder/barrier fabrication techniques is continuing. The 1968 program will yield
both nitroso and EPR bladders with the Vapolock permeation barrier.
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SECTION IV
MANUFACTURING AND QUALITY CONTROL

At the inception of the Apollo tankage programs the plan for the command
and service modules was to have all fabrication within existing capabilities for
manufacturing and inspection techniques because of the extremely tight schedule
limitations. In reality, the state-of-the-art had to be advanced in many areas
because of the stringent specification requirements and continuous refinements to
lower the weight and increase the reliability of the tankage.

The existing technology base at this time was the experience with the Model
8101 Agena SPS tankage,which was a low production item. The Apollo type tankage
necessitated advancements in the following areas:

High Production Rates - The need for high production
on a tight schedule basis required fabrication and
inspection of components on an assembly line basis
with elimination of all "model-shop" type operations.
Special tooling, fixturing, and inspection equipment
were devised to give repeatable results.

Titanium Shells - These were the thinnest-walled
titanfum pressure vessels known at that time. Fabri-_
cation, inspection, and handling techniques were
refined to assure compliance with the stringent
requirements and to minimize scrappage due to re-
jection or damage.

Teflon Bladders - Although the fabrication process

was essentially the same as for the Agena SPS bladders,
the Apollo tankage requirements led to much tighter
fabrication control and many advancements in inspection
techniques.

Diffuser Assemblies - The difficult welding and critical
drilling operations required for this assembly,coupled
with numerous design changes,resulied in continuous
‘refinement of the fabrication and inspection operations.
The use of the stainless steel-to-aluminum bimetallic
joint added to the complexity of this component.

Report No. 8514-927002 4-1




BELL AEROSYSTEMS comMPAaNy

DIVISION OF BELL AEROSPACE CORPORATION

Assembly and Acceptance Test - Although Bell had
produced other tankages with equally stringent cleanli-
ness requirements, the production rate demands and
configuration of the Apollo tankage necessitated major
refinements in facilities, personnel training and
specialized test and handling equipment.

Identification and Traceability - The stringent identi-
fication and traceability requirements required
implementation of special procedures and controls
“to maintain a closed loop system on all aspects of
the raw material, special processing, fabrication
. and testing.

The major fabrication problems were solved during the early stages of the
command and service module programs. The solutions and advanced techniques
were automatically implemented on the programs which followed.

A. Tank Shell Fabrication

The tank shells for the CM, SM, LM, SIVB, and LO tank assemblies are
fabricated from titanium alloy. The 12.5 inch inside diameter is common to all
configurations and the shells vary in length from 17.3 inches for the CMF to 38.8
inches for the LM oxidizer. The CM/LO tanks are made by joining two elongated
hemispheres while the other configurations require the addition of a cylindrical
section. The tank shells for the command and service module and the lunar module
tankage were subcontracted to Sargent-Airite. During the early stages of these
programs Bell developed an in-house capability, for fabricating titanium shells and
later manufactured all of the shells for the Lumar Orbiter and Saturn IVB.

1. Processing Sequence

Material for the Apollo shells is forged from billets of titanium
6A1-4V alloy which are rolled from ingots produced by double consumable electrode
vacuum are melting. Each billet is cut into forging multiples which are serialized
and recorded as to location in the billet.

The forging multiples are heated to the required forging temper-
ature with the temperatures and reduction ratio controlled to produce as fine a
grain size as is practical. Specification limits are for equiaxed primary alpha
particles to be pré dominantly ASTM No. 8§ or finer, as determined by ASTM Practice
E112., The hemispherical components are forged in a closed die and the eylindrical
components are made from upset and pierced dises which are extruded and rolied
to cylindrical shape,. ' ' ' '
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The forgings are completely inspected and partially machined to
remove excess material in heavy sections prior to solution heat treatment and
stress relieving. Solution heat treatment is made at 1725°F for two hours followed
by a water quench. Stress relieving is at 950°F for a maximum of two hours
followed by air cooling to room temperature., The cylinders are rough machined
before stress relief while the hemispheres are rough machined after stress relief.

The outside and inside diameters of the hemispheres are rough
machined and then the inside diameters finish machined. The closed end hemisphere
is finish turned on the outside diameter. The open end hemisphere is profile milled
on a vertical mill and the flange contour is formed on a Hydrotel. The boss is then
formed on a vertical mill, the outside diameter is finished on a tracer lathe, and the
flange and gas port are drilled and tapped. The ¢ylinders are rough bored and turned
and finish bored and turned on an engine lathe with tracer. The O.D. of the cylinder
has a profiled weld lip for fusion welding to an identical lip on the hemispheres. Mea-
surements are made after each machining operation and recorded in ‘2rms of amount of
metal removed per surface to assure that all surface contamination is removed
during machining. '

‘The parts are cleaned in preparation for welding to remove all

_ surface defects and sub-surface conditions of oxidation, scale, grease, etc. The
cleaning process includes submersion of components in a hot alkaline bath, scrubbing,
rinsing w.th water, submerging in a 35-45% nitric acid bath, spray washing, and
forced-air drying.

All welding is done on parts in the solution treated and stress
relieved condition. The cleaned components are assembled in the weld chamber
and the weld areas are inspected to assure the absence of all foreign particles.
For the welding operation an expandable backup fixture is used and locating pins
are employed to control alignment. Parts are first tack welded in a vacuum-purged
inert atmosphere welding chamber. Tack welds are made in 16 places,approximately
equally spaced using a skip sequence. After tacking, the assembly is TIG fusion
welded with one continuous single pass. This procedure is performed so that
craters or other stopping defects are prevented. '

After welding, the assembly is cooled under inert gas flow before
removal from the welding chamber. The backup fixture is removed and the shell
assembly is inspected. Inspection criteria for the weldment include mismatch,
penetration, porosity, bead width, buildup, and drop-through. The tank shells are
then alkaline cleaned, water rinsed, placed in 35-45% nitric acid bath, spray washed,
and dried.
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The shells are aged at 1050°F for 2 hours to meet required prop-
erties. TForgings for each shell are selected on the basis of similar heat treat
response and chemical composition, so final mechanical properties will be uniform,
After aging, the shells are removed from the furnace and allowed to cool to room
temperature.

A final surface treatment is performed to remove sufficient metal
after aging to assure freedom from contamination resulting from aging. The
process used is a modified 'Ti-Brite' prccess which is an electrolytic method of
removing high temperature oxides and scale from titanium and its alloys.

After '"Ti-Briting',the shell flanges and Losses are finish machined
to insure accuracy of mounting dimensions. The nut plates on the flange are riveted
in place after final shell inspection.

Final inspection and acceptance test is made to insure conformance
tc the Bell Drawing requirements. It consists of the following:

Dimensional Check

Hydrostatic Test at proof pressure
Helium Ieak Test

Radiographic Inspection
Fluorescent Penetrant Inspection

2. TFabrication Problems

It is believed that the Apollo tankage became the thinnest walled
titanium pressure vessels ever fabricated on a production basis. Because of the
relatively thin walls, imperfections such as nicks, dents, or scratches could not
be tolerated. Special motivation training of personnel,and the use of special handling
fixtures and containers, resulted in negligible loss or damage to tank shells or details
despite the many handling operations required for fabrication and inspection.

Numerous problems were encountered during fabrication of the
early command and service module shells. The following is a summary of fabri-
cation problems which occurred during the early manufacturing period:

a. Wall Thickness

Maintaining the wall thickness of .022 +.000 ~.005 inches
resuited in a 25% rejection rate. The following corrective action was implemented
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which shortly reduced the rejection rate to 10% and eventually to less than 1%
over the long-term:

Use of vacuum chucks to hold the thin wall hemispherical
sections firmly in place during final machining operations.

Use of contour templates to assist the machine operator
during intermediate setups,

Stress relieving of the parts after partial machining.

Thickness measurement of the hemispherical sections
in 12 quadrants spaced one inch apart.

Use of special deep-throat micrometers as an added
- check of the Vidigage readings.

b. Mismatch

Mismatch between the mating surfaces of the closed-end and
open-end hemispherical sections (and between the cylindrical section on service
module tanks) resulted in a rejection rate of 33% on the first 30 shells fabricated.

The following action reduced this rate to 15% within 3 months and eventually to less
than 2%: |

Use of internal and external backup rings to align and
hold the hemispherical sections firmly in place during
welding. ’

Implementation of special tools and techniques for proper
measurement of mismatch after welding.

Use of special sizing rings to selectively measure and mate
cylindrical and hemispherical sections,

c. Porosity

Rejection due to porosity, pore spacing, and inclusions amounted
to more than 50% during the early stages of shell fabrication. The following were

some of the pertinent factors that resulted in lowering the rejection rate to less
than 5%: |

Development and careful monitoring of special
cleaning processes.

‘Establishment of a time limit between final cleaning
and welding.
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Preparation of the weld area by draw filing to remove
oxide scale.

Special wrapping and packing procedures to maintain
cleanliness level of parts awaiting welding.

Training and certification programs for welders and
inspection personnel,

Establishment of rigid control of chemical composition
and cleanliness level of cleaning solutions.

d. Weld Bead Height, Width and Drop Through

Failure to meet these requirements caused rejection rates in
excess of 20% at the beginning of the shell fabrication process. They were reduced
to less thun 2% as a result of the following actions:

Refinement of the step-by-step weld procedure to
tightly control voltage setting, current control,
rotational speed of weid, and vacuum chamber environ-
ment.

Weld operator training and certification.

Tack welding at specific intervals prior to full single
pass weld.

E. Bladder Fabrication

The bladders used on the Apollo type positive expulsion tanks are fabri-
cated from laminated Teflon TFE and FEP, by Dilectrix Corporation, using the spray
dispersion technique. The fabrication of the bladder is a rather unique process

which consists of spraying and curing thin layers of Teflon onto an aluminum mandrel.

After the layers are built up to the required thickness, the mandrel is removed
chemically.

1. Processing Sequence

The soft aluminum mandrel is made up of two or three spun sections.
These sections are welded together and the entire exterior is polished fo a 32 RMS
finish. The outside diameter, overall length and concentricity are precisely con-
trolled since these dimensions control the size and shape of the completed bladder.
The length and diameter of the mandrel are slightly oversize to compensate for
bladder shrinkage encountered when the mandrel is dissolved.
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The bladders are fabricated on an assembly line in a level C clean
room environment. A maximum of three bladders may be, processed simultan-
eously as an individual lot. A cylindrical mandrel is processed with each lot to
produce a test "pipe" which is representative of the bladders in that lot. The test
pipe is subjected to destructive testing to determine the physical properties of the
" lot of bladders which it represents,

The Teflon TFE is sprayed on the mandrel while it is rotating in
a horizontal chuck. Each spray application deposits a layer approximately .00025
inches thick and, after each application, the Teflon is allowed to partially air dry.
The Teflon-coated mandrel is then cured at approximately 670°F in a temper-
ature controlled oven. After drying, it is removed from the oven and «llowed to
cool in preparation for the next application of spray dispersion. Approximately
fifteen spray applications of the TFE laminate are used to attain the required 3 mil
minimum thickness. Thickness measurements are made with a Dermitron and
Permascope at specific intervals to assure completion to drawing thickness re-
quirements. The spray cycle of applying the 3 mil of FEP is the same as for the
TFE except that the oven-temperature for curing the FEP is approximately 560°F.
When the required 6 mil thickness is attained, the mandrel is removed.

Dissolving the coated mandrel is accomplished using a caustic
solution and sodium gluconate. Proper amounts of these chemicals are measured
out info charges which are added to the dissolving tank slowly to limit the temper-

ture of the dissolving solution. After the mandrel is completely dissolved, the
bladder is removed and cleaned. Atfter cleaning, the bladder is inflated to approxi-
mately 1/2 psig and dimensional measurements are checked with contour templates.
At this point in the manufacturing cycle, the undersized bladders for LM and SIVB
are subjected to an additional sizing operation. Upon completion of the sizing opera-
tion and corresponding dimensional inspection, the bladder flange is trimmed and the
flange mounting holes are punched. The bladder is then placed in a special holding
fixture, pressurized to 1 psig, and the entire surface is visually checked for leakage -
first by water immersion and then by helium mass spectrometer leak tests.

After the leak test the bladder is visually inspected in accordance
with a detailed procedure with the help of visual aid samples of actual bladder film
which define acceptance and rejection criteria.

In preparation for shipment the bladder is placed into a polyethylene
bag and a clean commercial rubber balloon,of sufficient size to support the entire

- bladder,is inflated inside the bladder to prevent collapse during shipment and storage.
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2. Tabrication Problems

At the beginning of the Apollo program, bladders were of the 3 mil
3-ply construction. Several fabrication areas at Dileetrix had to be improved to
maintain the level of cleanliness required on the Apollo program. Since the three
individual plies had to be assembled and bonded at the butt and flange ends with no
particulate matter between the plies, special laminar flow work areas were employed.
The bonding or heat sealing of the ends required the designing of special dies and
sealing techniques, as well as destruetive tesiing of material samgl2s to assure
repeatable and adequate bonding of all bladders. To assure strict compliance with
the critical dimensional requirements of the bladder, special fit tanks were used
and each bladder was tank fitted at the supplier's facility as part of final inspection.
In the summer of 1964, the bladder design was changed to 6 mil single-ply and an
entire new set of process and quality control procedures was generated.

Changes in various contractors’' resident quality representatives
caused a fairly high rejection rate of bladders in the final assembly stage because
the acceptability of a bladder was based, in part, on visual inspection and conse-
guently on judgment which varied between individuals. This lack of firm, positive
acceptance and rejection criferia resulted in Bell and Dilectrix collaborating on
preparation of a set of visual aid samples of acceptance and rejection criteria.

A special procedure, Report No. 8339-928006, was written and a special illumination
inspection fixture was developed to establish the same set of standards of inspection
both at Bell and at Dilectrix. Implementation of these procedures resulted in a
marked decrease in bladder rejection. ’

In the latter part of 1965, during the measurement of test pipe
thickness at Bell, it was discovered that several test pipe specimens were slightly
under the minimum 6 mil thickness requirement. Micrometer measurements were
made on various bladders associated with the thin test pipes and the bladders were
also found to be slightly under the drawing thickness requirements. An investigacion
disclosed that bladders that were exhibiting these defects were fabricated during a
peak production period which required maximum loading of the electric curing ovens,
Tests showed that this peak loading resulted in a decrease in line voltage,at the
Dermitron thicki.uss tester,fo 95 volts which was too low for the voltage regulator
tubes in the tester. Corrective action for this condition consisted of changeover
in the power distributing circuits at Dilectrix and, in addition, providing a Sola-
transformer in the source line of the Dermitron measuring device. In addition,
mo. stringent controls were imposed on equipment calibration and servicing.
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Detailed measurements of approximately 150 bladders and test
pipes during this investigation revealed that the standard 14 measuring points on
the bladder profile 180° apart were not sufficient to assure compliance to drawing
requirements, As a result, a semi-automatic process was developed which utilized
an eddy current measuring device called the Permascope. This device was more
accurate than the Dermitron and the thickness reading was indicated directly on
the meter in mils,

The final concept resulted in utilizing the Permascope ¢ :.led with
a strip chart recorder which gave an instantaneous ¢nd permanent recording of
Teflon thickness the entire length of the bladder in uny plane desired. Implementa-
tion of this new measuring technique on production bladders was initiated in July
1966 and is currently in use. '

Concurrently, a program was conducted by Bell and Dilectrix to
refine and optimize all the process specifications, inspections, and test procedures
utilized in the fabrication of all Apollo type Teflon bladders for Bell. This effort
culminated in the creation of Dilectrix Quality Document No. 166 which controls
all phases ¢ pbiadder fabrication, inspection and test.

This document became effective in April 196€ and there have been
‘no subsequent problems requiring corrective action by Bell.
[

C. Diffuser Assembly Fabrication

The basic configuration of the diffuser assembly fostered complications
in welding and inspection techniques. There are a total of five welds plus one bi-
metallic brazing operation required for this assembly. In addition, drilling and
deburring of the many holes (approximately 1000 for the SMO Configuration) required
complete inspection to prevent surface discrepancies which could result in bladder
damage.

The original diffuser tube assembly used on the CM and SM positive
expulsion tanks was fabricated t.-om 347 stainless steel. Problems were encountered
in welding thin wall stainless eteel tubing to the heavy section of the flange and
retainer because of shrinking and distortion which made it extremely difficult to
meet the critical concentricity requirements. While these problems were being
resolved, weight restrictions imposed by North American necessitated a change to
a lighter weight diffuser assembly. The redesigned diffuser assembly used 6061
aluminum alloy in lieu of stainless steel.
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1. Bimetallic Joints

Since the interface to the spacecraft plumbing required stainless
steel connections, the use of an aluminum/stainless steel bimetallic joint was re-
* quired. Bi-Braze Corporation was selected to produce the bimetallie joint; however,
this firm had no prior exposure to aerospace quality and reliability requirements.
As a result Bell personnel were required to develop refined processes and controls.
Desgpite the successful implementation of the controls, rather extensive destructive
and nondestructive festing was required to assure reliability of this joint, The
following tests and controls were implemented: '

e Control of the aluminum alloy dip solution and
furnace temperature.

o Proper sizing of the outlet tube 0.D. diameter to
the inside diameter of mating aluminum alloy.

e Lot control and corresponding destructive testing
of 1/3 of each lot of 24 pieces.

Toward the latter part of 1964, the bimetallic joint configuration was
changed to coincide with the introduction of the bleed tube to the diffuser assembly.
The aluminum portion of the joint was machined as an integral part of the flange '
assembly and new tooling and holding fixtures were required at Bi-Braze. The
first lots processed were rejected because of an excessive amount of braze spatter
that was firmly attached to the stainless steel tubing in the area of the bleed tube
weld. This problem was solved by modification of the holding fixtures and intro-
duction of a special graphite masking operation which confined the bonding of the
aluminum braze solution to the actual joint area. The new joint configuration in-
creased the cost of the bimetallic assembly since it required precision machining
and drilling operations, The destructive sampling plan at Bi-Braze and Bell consumed
33% of the hardware. Early in 1966, after careful review and analysis of the resulis
of destructive tesis performed on a total of over 500 bimetallic joints, during which
no failures were detected, the number of destructive test pieces was reduced by 50

percent,

2, Flange-to-Cone Weld

Welding of the bimetallic zone assembly to the flange required rather
heavy weld geometry in very close proximity to the stainless steel-aluminum joint.
The first approach was to attempt to weld the joint with a single-pass weld; however
the amount of current required for full penetration produced excessive heat and
annealed the flange to the point that it would not respond to subsequent aging pro-
cesses to attain the required TS condition (45000 psi tensile strength). In addition,
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full penetration at the root of the weld could not be achieved. As a result, the first
lot of flange assemblies processed was rejected. An attempt to remedy this con-
dition employed special large mass heat sinks to eliminate the annealing

caused by welding plus packing the cavity of the cone adjacent to the bimetallie
joint with weld foam heat absorber. The welding technique was changed to a two-
pass weld which effectively solved the full root penetration problem. However,
the weld foam heat absorber migrated to the joint and a high rejection rate due to
porosity was encountered. Improvements in welding techniques and weld holding
fixtures with a critically positioned heat sink ultimately resulted in eliminating the
use of weld foam and satisfactorily reduced the rejection rate on this assembly.

3. Drilling

Due to a design change for improving expulsion efficiency, the cone
of the flange assembly was modified by drilling .032 inch diameter holes similar to
those in the diffuser tube. Drilling of these holes at an angle through the heavy wall
portion near the hase of the flange resulted in a high rate of rejection due to numerous
broken drills. This high rejection rale was due to the configuration of the assembly
and the inordinately large L/D of the drilled holes caused by the thickness of the
material, This problem was solved by enlarging the cone holes to .040 inch and
lHquid honing the holes to chamfer the edges to protect the bladder.

The change to the .040 inch hole greatly reduced the number of
broken drills; however, broken drills still occur occasionally. The rather lengthy
chemical milling required to remove the small portions of broken drills imbedded
ir the thick portion of the flange cone resulted in some scrappage of flanges thus
processed,because of corrosive pitting. A method of removing broken drills using
electro-chemical drilling was developed and is currently being used successfully,

4, Tubhe-to~Cone Weld

The initial problem with this weld was in developing the proper
techniques and fixtures to weld thin wall aluminum tubing to the heavy machined
sections of the flange cone. Development of this process required a considerable
amount of time and the first 16 production units had to be scrapped. Separaie
detailed procedures were specified for each joint configuration to control voltage,
current, rotational speeds, type of filler wire, cleaning requirements, time limi-
tations between the cleaning and welding operations, argon purge flow rates, and
specific acceptance and rejection eriteria. During the latter part of 1964, a tofal
of 120 diffusers were fabricated of which 100 were acceptable as fabricated while

the remaining 20 required rework.
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At the end of 1964,a failure was experienced on a diffuser tube
during vibration. The failure consisted of a break through the diffuser tube approxi-
mately 3/8-inch from thé tube to cone weld at the center of the first set of .032
diameter holes. As a result of the failure investigation, this row of holes was
deleted and certain acceptance criteria for the weld were changed. Prior to the
failure, the requirement for this weldment was that the weld should not penetrate
through the interior of the tube wall. After the failure, this requirement was changed
to full penetration with reaming out of excessive drop through as required. An
additional change required that the tensile strength, approximately 3/8-inch from
the center of the weld, be 32,000 psi minimum. As a result, the heat affected zone
adjacent to the weld had to be held to 2 minimum so as not to anneal the fube and
prevent response to the subsequent aging after welding., Various heat sink and
chill bars were tried but proved unsuccessful. Unsuccessful attempts were made
to automate the weld so that faster rotational speeds could be used to minimize the
heat affected zone. The problem was finally resolved by using Weld-Dun foam as a
heat barrier. This process required packing the area adjacent to the weld with
Weld-Dun foam just prior to welding and removing it immediately after and cleaning
the material off. This method was used for approximately 18 months during which
time 240 diffuser tube assemblies were fabricated. The rework rate, due to porosity,
increased sharply with ultimate scrappage of approximately 7% due to unsuccessful

.rework.

The source of the porosity in the weld was traced to moisture
emitted from the foam heat barrier. Special tests were conducted and meticulous
fixturing and preweld preparation finally produced welds that were porosity free;
owever, the el.'+ ., 1te preparation proved to be too costly and time consuming. ‘
During this time, new welding equipment and advancements in welding technology
resulted in a capability of making this weld without the use of foam while still meet-
ing the tensile strength requirements adjacent to the weld. The rework rate due to
porosity has decreased to approximately 1/8 of its former rate since the Weld Dun
foam heat barrier was eliminated. There are stiil some rejections due to incomplete
penetration, but the overall rejection rate has decreased {o approximately 1/4 the
original rate. The possibility of automating this weld is being explored to further
increase the yield while still meeting all requirements for this particular weld.

5. Bleed_ Tube Weld

The configuration of this critical weld necessitates manual welding.
Extreme care is required as the point of the actual weld through the stainless steel
diffuser outlet tube is in the center of a 90° bend radius where the tubing is thinned
because of metal stretchout, and also because of a dimpling process which is neces-
sary to precisely locate the bleed tube, A bleed {ube weld failure experienced early in
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qualification testing during vibration was resolved with the addition of a special
buttering operation fo reinforce the thinned out area by applying a weld bead around
the periphery of the dimpled hole. This improvement rendered the weld joint struc-

‘ turally sound. This weld geometry has produced a high rate of rejection which
necessitates a large amount of rework and repair. Several bleed tube welds that
successfully passed acceptance test criteria at the diffuser assembly level were
subsequently rejected during final tank assembly level acceptance tests. To correct
this condition, Engineering drawings and detail test procedures were amended to
subject the weldment to more stringent test requirements at the detail level,
utilizing higher pressures and substituting helium gas and mass spectrometer

leak detectors in lieu of nitrogen gas and water immersion fests.

Continuing efforts to reduce the rework rate of this weldment have
yielded some improvements. In May of 1967 weld specifications were changed to
provide a more positive argon gas purge during welding,and the welding electrode
tip was changed to a smaller size, which provides greater accessibility to the weld.

D. Assembly and Acceptance Test

The siringent cleanliness requirements for the positive expulsion
tankage dictate that the entire assembly and test operation be performed in a clean
room environment,

When the Apollo program started,Bell was using clean room operations
for other programs such as the Gemini/Agena secondary propulsion system. The
facilities consisted of clean room trailers which were operating at the current
state-of-the-~art in clean room facilities and were adequate to meet the requirements
for the Apollo tankage. Special ulfrasonic equipment capable of cleaning the tank
shell and associated hardware was designed and built since olf-the-shelf commercial
equipment of sufficient size was not available. Thorough cleaning of the bladder
presented a unique problem because of the bladder shape, flexibility, and suscepta~-
bility to handling damage. Special equipment was designed and fabricated which pro-
vided for spraying the bladder while it was held in an expanded but unstressed
condition during the cleaning cycle.

This equipment and the related procedures proved adequate for cleaning
the hardware to the required contamination levels; however some problems had to

Report No. 8514-927002 4-13

Lama s e o o

et Lo i ars caciat e

e el
h

gt e B




BELL  AEROSYSTEMS cOMEANY

DIVISION OF B8ELL AEROSPACE CORPORATION

be resolved during the processing of early preproduction tank assemblies., The oo
most notable of these were as follows:

1. The bladder, once asscmbled to the diffuser tube, had to remain
exposed to the clean room environment for as much as three
days in order to comply with the 24-hour retorque requirements
for the sealing surfaces of the hladder. Due to the dielectric
properties of Teflon, the bladder develops a high electrostatic
charge which attracts whatever impurities are in the air near
it. This tends to compromise the previous cleaning accomplished
in the detail stage.

To solve the problem several approaches were tried,suc¢h as the
use of static brushes to neutralize the electrostatic charge and
nylon bags to protect the bladder. The most effective approach,
which was adopted as standard practice, was the use of a 5%
methanol/Freon TF mixture to wipe off the surface of the bladder
within one hour of installation into the tank shell. The alcohol T
neutralized the elastrostatic charge and permitted the particles
to be freely wiped off. A final black light inspection was used to
assure that the bladder was free from particulate matter just
prior to installation into the tank shell,

2. Bladder folding for insertion into the tank shell is a very critical
operation from the standpoint of causing bladder damage due to
multiple folds and creases. It was necessary to develop an optimum
folding technique which could be rigidly controlled to minimize the
human variable which is inherent in such an operation. Various
techniques were investigated, including a hot folding technique in
which the folding was accomplished with the hardware stabilized
at 105°F,

Wk mapd ok WA TR
) PR
FURRISIEE SO 1T

An optimum folding technique was established in 1964 and a detailed
step-Ly-step folding procedure, supplemented with a sequence of
photographic visual aids, was formalized. This method, which is
still in use on all the Apollo tank configurations, consists of a set
pattern of folding in which the bladder is first folded from the
retainer end toward the center section and then from the flange

end toward the center section. This leaves all surplus bladder
.mafterial in the center of the bladder which is the area of least
stress concentration in the tank assembly. This operation is per-
formed at room temperature.
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A training program was established and assembly personnel
were thoroughly trained to perform this critical operation,
In 1964 ,Bell's expanding involvement in spaceflight hardware including

positive expulsion tankage with rigid cleanliness requirements necessitated an
expansion of clean room facilities. As a result, a new facility was designed and
constructed embodying the latest concepts in clean room technology. This new
faéility located in the main manufacturing building with easy access to the various
support departments, became operational in September 1965, A primary considera- .
tion in the design and construction of this facility was special provisions and equipment '
for assembling and testing positive -expulsion tanks for the Apollo program.

The new laminar flow clean room, which provides 2485 square feet of
working space, provides an environment of Clagss 100 to 100,000 (Federal Standard
209) depending on the location within the room. This facility includes automatic
equipment for obtaining particle count and non-volatile residue as well as continuous

recording of temperature, humidity and positive pressure.

Tn addition to the laminar flow clean room, several laminar flow tunnels
of Class 10,000 (Federal Standard 209) are utilized in the Functional Test department

to provide contamination-free testing of tanks,

In the latter part of 1966, due to recent findings which indicated stress
corrosion problems involving methanol and titanium, Bell was directed to stop using o
methanol on all positive expulsion tanks. The only place alcohol was used at that "
time in the tank programs was on the final wipe-off of the bladder assembly in order
to remove the electrostatic charge on the bladder. From that point on, trichloro-
trifluoroethane has been the only liquid allowed to perform this process. The
resultant patenied problem of electrostatic attraction of airborne particles by the
bladder has been solved by use of an air ionizing unit installed in the clean room

in the final assembly area.

During the course of the Apollo tankage programs, constant optimization
of clean room. procedures, equipment and techniques has been pursued with great
emphasis on those applicable to Apollo and associated tankages. As a result, all
assembly and test operations on the Command and Service Module tanks including
the final envelope check and packaging for shipment are performed in the laminar
flow clean room. Other tanks, such as the Lunar Module and Saturn, which require
additional testing after assembly, are tested in a laminar flow tunnel of Class 10,000

(Federal Standard 209) prior to shipment.

Tl RSy

On the Apollo tank programs all critical assembly operations, such as
bladder folding and insertion,are performed in the Class 100 area of the laminar flow

T room.
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SECTION V -
RE LIABILITY

A. PROGRAM CONTROL

Reliability programs were conducted during the Apollo tankage contracts
from the initial design stages through qualification testing and havrdware delivery.
Effort was focused principally on achieving the specilied reliability goal by imple-
mentation of tasks which would insure early recognition of problem areas and
initiation of appropriate corrective actiong. Although no specific reliability require-
ments were prescribed for the Lunar Orbiter program, testing was monitored for
impact on the other programs.

O

Following a review of the preliminary design, a Functional Block Diagram
(.See Figure V-1) was prepared. Although the Apollo Spacecraft contains six
slightly different tank configurations, the basic design is typical of each. There-
fore, for convenience of discussion of the reliability aspects of Apollo type tanks,
the Lunar Module tankage illustrated in Figure V-2 is used as a representative
example and for correlation with remarks in the text, tables, and figures in this
section. Pertinent differences are noted where applicable.

B. FAILURE MODE & EFFECTS ANALYSES

Failure Mode and Effects Analyses of the type shown in Table V~1 were con-
ducted on the Apollo tank components indicated in Figures V-2 and V-3,to identify
the "Assumed Failure', '"Possible Cause", and the "Operational Effect" on the
"Function" (equipment and system) and on the "Mission". Shown under "Function"
are also those problems which may be encountered during various test phases.

In this instance, the failure is isolated to the "Mission Lowest Affected Level". In
all cases, except one, where a mission effect exists at all, the lowest affected level
of assembly is the total tank assembly. The one exception is a crack in the diffuser
tube ( without a separation of parts).

R

"Failure Detection'', as enumerated, relates to prelaunch conditions only..
The assigned "Failure Class' is the worst case mission effect whenever a degree
of failure is involved {(e. g, leakage rates). Failure classes are:

1. Equipment inoperative or degraded to the exter;t that it will no
longer perform its intended function.

P R s

1. Equipment slightly degraded (will function but possibly not within
required limits) '
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HI. Nuisance type failure (No mission effect)

The analysis is based upon an occurrence of a single failure mode. Two cases
of a double malfunction are cited (A.I1.2.b and C.III) for general information only.

C. QUALITATIVE AND QUANTITATIVE ANALYSIS

Surveillance of all testing was conducted throughout the program. Test results ;
and data were reviewed and timely qualitative and quantitative analyses of tank ;
assembly performance were gonerated. Analysis of the command module and
service rmodule tankoge was reported qualitatively because of the relatively small
amount of available data for each of the four tank configurations. During the Lunar
Module and SIVB programs, quantitative analyses were alse presented based on all
applicable actual propellant expulsion data. The command module oxidizer tank
data were excluded since this bladder has 9 mil thick hemispherical ends with a 6 mil
cylindrical center section as opposed to the other tanks which contain bladders of
uniform 6 mil thickness.

Table V-2 summarizes all propellant expulsion data, including the CMO,
accumulated throughout the programs. The reliability at the 50% and 90% LCL
is also presented; however, it should be noted that they are primarily a reflection
of the small amount of data available for each configuration.

The periodic accumulation of all expulsion data (CMO excluded) as applied to
the LM and SIVB quantitative analysis are contained in Table V-3, The data are
shown beginning with April 1966 since all CM and SM formal testing ended at that
time. As noted in the table,all discrepancies were carried as reliability failures (F)
in the calculations until'Failure Recurrence Prevention'was established. That is,
no ohserved "failures" were discounted until a thorough investigation was conducted
and adequate corrective action (where applicable) was implemented.

D. RE LTIABILITY BLOCI DIAGRAMS

A typical Reliability Logic Block Diagram is presented in Figure V-3. The
tank assembly was divided into three main subassemblies (tank, bladder,and diffuser
assembly) with associated failure rates. Subdivisions are listed to correlate with
the failure mode and effects analysis. The diagram is a simple series arrangement
since no redundancy (parallelism) exists for the primary function of propellant
expulsion. The two vent lines are servicing aids only.

Report No. 8514-927002
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Figure V-3 shows that the failure rates for the tank (A) and diffuser assembly ‘s
(C) are insignificant in arriving at the tank assembly reliability. Tauk assembly ;
reliability, therefore, is primarily a function of the bladder failure »ate and it has
been adequately demonstrated that, given satisfactory pretest leakage checks and
propellant loadings, successful complete expulsions can be effected repeatably on
all configurations. The failure rates presented were established, as explained above,
for the LM and SIVB programs. The attendant reliability is 0.9993 at a 50% LCL
(or 0.9977 at 90%.)

R e e
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HELIUM PRESSURIZING
PORT-OXIDIZER

Provides For Charging .
of the Gas Side of

Oxidizer Tank

TR PR

POSITIVE EXPULSION
OXIDIZER TANK
A. Bladder Type Tank o XXX
B. Contains Expellable NoO4 x
C. Contains Helium at
Approx. 181 psia | Y
OXIDIZER BLEED PORT X
Provides For Venting ;
During Filling Operations :
and Access During Drying g
and Flushing Operations '{ﬂ
REACTION
HELIUM PRESSURIZING CONTROL o
PORT-FUEL SUBSYSTEM -
Provides For Charging 3

of the Gas Side of
Fuel Tank ’

S S

POSITIVE EXPULSION |
FUEL TANK

A. Bladder Type Tank "
B. Contains Expellable

Hydrazine/UDMH Fuel
C. Contains Helium at
|~ Approx. 181 psia B

- FUEL BLEED PORT

X - OXIDIZER Provides For Venting

/ - FUEL During TFilling Qperatio.ns
and Access During Drying
and Flushing Operations
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FIGURE V-1 TYPICAL POSITIVE EXPULSION TANKAGE
FUNCTIONAL BLOCK DIAGRAM
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A) TANK B) BLADDER C) DIFFUSER ASSY
From I She:11 I Bladder I Diffuser Tube To
Gas . H  Gasket, Flange § Outlet Elbow ———— Thrust
Supply |IIl Fitting, He Press. III Vent Lines (2) Chamber
- ete.
A= 0.16 x 1076 A= 711 %1078 A= 0.20 x 1076
per cycle (a) per cycle (b) per cycle (a)

Tank Assembly Mission Failure Rate‘

A=A+ B+C _
711.4 x 10-6 /per cycle at 50% LCL
(or 2335 at 9¢%)
Tank Assembly Mission Reliability

R = 0.9993 at 50% LCL
(or 0.9977 at 90%)

1 NOTES:

j (a) Estimated from BAC experienced combined with BUWEPS data published by

g3 NOL-CORONA.

‘,; (b) Calculated from BAC data: 985 propellant expulsions with zero reliability
failures utilizing 42 tank assemblies (Models 8271, 8339 and 84G0).

FIGURE V-3 RELIABILITY LOGIC (BLOCK) DIAGRAM,
i ' POSITIVE EXPULSION TANK, TYPICAL
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TABLE V-]
TYPICAL FAILURE MCDE AND EFFECTS ANALYSES

PART NAME OPERATIONAL EFFECT FAIL-
ITEM BART WVMDER FURTTICH MISSINN URE >
{REF. | (REF. FIG.V-2) {EsuIp- LOWEST | 1) INMPRENT CruPENCATION [CLAZC :
FIG. | assyMeED PTB5IBLE MEST x T |AFFECTEN P) FALLURE DETECTINY (wr sy !
Vv-3} CAUSE CYITEH) MISSICH LEVEL 3) PFEMARFS TASE) .
A TARK !
b Shril
339471110 )
i. External |{Pcresity Pverbeard loss  [Partial tn com- Tank | 1) Acceptance Tests: T {.
gas leak- } or cracks. pf hellun plate loss of ASSY. Hydro precf pressure i
uge pressurizing tani {and check of each tank 3o
through jros resulting seurce) pres .- assy (minus bladder)
wall or fn partial to uyre.  Prenne at 333 psig {MEP it
wolds bomplete loss turs termina- 250 palg); Hellum
W tunk pregs- tion of missiun. leak ciiwerk at 250 -
hres, U.crease -poigs x-ray and dye !
En cperating check of ull welds. [
Huration ! :
2% Pre-launch gas pressure
check of tank assy at }
[ 250 psig {minus pro-
pellant}), Lcss of sup-
pression pressure (40
psig) post propellant -
londing. ;_
2. Rupture a. Overpres-| Complete over- la. lo effecs a, None |1) Acceptance Tests: III '
suriza- Ihoard loss of since assem- Hydro proof pressure
tion dur-{prescurizing bly weuld be check ol each tank !
ing serv-|gas and asser- replacad asgy {Wiinus bladder) -
feing. bly cperation prier to at 333 psig (MECP iz "
at time of launch, 250 psig & nom. s :
otCurrence. 181 pslg). [eslan -
Bladder rupture burst Is P.0 times 3
will probably nem. Helium lewnk 3
b. Info onlylaelsc ocodr with|b., *iTemature b. ®Tank check at 250 psig; ntr? -
Double overboard lass teralantion Assy ¥ K-ray and dye check ¥
malfune- [of propellant. of mission® of all welds, F+
giggéer {re. double malf.)=only .
. spazified flush flulic, -
leakage % =
use of or peened ghelis mugy -
I be used ;
insompatad = . 5
ble oxi- - =
dizer (or 2) Pre launch visual/audio .
flush . cbhservations during 27
fluids pressurization, i
e,.g.methanol [
could 3) Strict adherence to b
result in . servicing provedures t
GLress required.
corrosion
of shell. Louble malfuncticns
are not neemslly cone-
sldered, Included for
iaforwation only,
3, Bunkling |Internal Assembly may Ho effect since Hone 1) Hone Iz
vacuum (ar- fnot held - tank assy would . .
plicablé to [full load of e replacgd ?) f;sb}??:;ht:1i23§ or :
loading in 1opellatt, rior to launch. ol ¢
horizomiar [T f decired mmpunt., . #
attitude Gtrict adherence to
only - bleed} 3 service procedure
tube partiaily required.
affective), ‘
I CGasket,Flange . f
Ba71-871025-1
1. ternal ‘1. Improp- Overboard Partial to com- Tank |1) Acceptance Tests: I
gas ilenknge er insteal4d loss of mlete loss of EsSsY. Tankx assy helius lesk
&t sheil to larion, pressuri- vank {and source) ¢hecl: 2t 250 psig.
flange zing gas re- [mressure. Pre- Serrations on flange
gasket sulting in »a pature termina- rovide u redundant
2. Lous of partial to tion of wmission. sealing surface,
torgue comnplete forgue-retorque pro-
on 8271~ | lose of tank cedure nirimizes
471015-1 | pressure. De- pessibllicy of lenksage,
balts. erease i cpee Bolts letk-wired to
ating durstion. mintmize 1055 of torgue.
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TABLE V-I (CONT)
TYPICAL FAILURE MODE AND EFFECTS ANALYSES

w C PERATICHAL EFFEUT ] FAIL~
1rem | BART i PO HIssIon URE
{REF.| {REF. FiGy-2) (EQUIP- —“LMEST 1) INHERENT COMPENSATFION JCLASO
FI1G. ASSUMED POSSIBLE VERT & AFFECTED] ?) FAITURE DETECTING (RCRST
V-3} | FATIURE CAUSE SYSTEM) MISSION LEVEL 3} REMARKS CAEE)
b (coNt)

11 2} Pre launch gas pressure
check of tank aosombly
at 750 psig (minus pro-
pellant}. Less of sup-
pression pressure (40
pslg} after propellant
londing.

3) Yew gasket must be
used T tank is
disasoembled,

IIT | Heltum Port
?ittins .
’ where appli-
eablgz 8335-
471026-1
1. External | Incorrect overboard Partial to com~ Tank 1) Acceptance Tests: I
gas leak- | installa- loss of plete loss of tank | Assy Hydro proof pressure
age tion of pressuri- (and source) pres- check of each tank
parts or oing gas sure, Premature assy {minus bladder}
defective resuliing temination of at 333 psig and a
. fitting or in a par- jmission. elfum leak check at
gaskets(two)! tial to 250 psig assure that
complete fitting 1s not defec-
loss of tive, A secoud 250 .
tank pres- paig helium check Is
sure. De- subsequently performed
crease in during the acceptance
operating tests after removal
duration. and relnstallation of
rfitting with new gas-
kots,
Two goskets cre used,
providing redundant
seals, therefore both
* must leak.

2} bre launch gas pressure
cheek of tank agsy at
£50 peig (minus propel-
lant}, Loas of supprea-
slon pressure.afver pro-
pellant loading.

3) Wew gaskets muct be
used if disassembly

. OCCUrs.
T — e —— e el — —
B BLADDER
I | Bladder
8339-4'71080
1, 1lnakage Mishand- Propellsant |Premature term- Tank 1) Acceptrnese Tests: T

due to 1ing, con- {1iquid) ination of Ansy Helium leak check of

pirhcle tarmination, und?o: gas |mission depen- bladder at 10 psig,

leaks or | twisting transfer or [ding on degree liquid to gas side

small or wearout. interchange |and duration after Tinal assembly. =

cuts, may occur of leakege Assenbling conducted
which could |rince: In clenn romm for
result in cantamination cuntrol.
atsy perfor- .
mence deg-
radaticn 2) Pre launch helfum leak
from; check of bladder zt

&, Leaksge &. Excessive|a. Thrust cham- 10 peig,

of pres- zac dilu- ver(s) per-

surizing tion of formence mey

£as rrepellant, be out of

{helium) See also specificulion,

to llguid B.I.3.a

side, Gas

. Bubkle)
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TABLE V-I (CONT)
TYPICAL FAILURE MODE AND EFFECTS ANALYSES

FART NAME CPIRATICNAL EFFECT FAIL-
ITEM PART WMBER Bl (¢ ) MISSION URE
REF. {REF. FI1G.V-2} {EqurIp- LOWEST 1) IMHMERENT - CMPENSATION CIASS
FIG. ASSUMED P NETBLE | VENT & AFTECTED] 2) FAILURE LEIECTION {WORST
v-3) FAILURE CAUSE SYSTEM) MISSION LEVEL 3} REMARNS CASE
B
T |({cONT)
b. Lenkage b. fTrap- b.Expulsicn Observations for odor
of pro- ing of efficiencyy or vapors at gas port
pellant some will ve during oropellant L
(1iquid) propel- lesc than Loading. ’
to gnc lant on specifich-
side, gas side tion, "~ 3) Strict adharence to
thereby . established procedures
reducing will elininate discre-
expulsion panclies due to mishande
efficiency. . ling, or twisting during

installation. Twisting
during horizontal ex=

J ’ pulsicn can possibly
present & problem from

the stendpoint of hori-
zontal relcading for
sybseguent expulsions
only, Wearout is e
problem crly from use out- 5
side of spec limits (vibra- *

tion, cxpulsions ete.}. 4
?. Leakage due Loss Transfer ol Premature]{ Tank 1) Acceptance Tests: Y
to bledder of propellans to ternina- Assy Helium leak checks &t
loosening torque { gas slde where tfon of 28 inches of water pressure
from hard- it will be missicn (mounted on diffuser)
ware at either trapped, there- depending with mass spectrometer and
end. (6271~ by reducing the on degree algp water immersion.
711451 re- asny expulsion and dura=- Helium leak check at 10
tainer washer efficiency- tion of psig after final assembly.
r 8271-471137-1 amount dependent leakage.
ring) upon degree and
duraction of leake
age.
Serrations on wWasher and
ring provide redundant seals.
. ‘'Torgque retorgue procedure
compensates Tor cold flow.
Lockwiring of 8271.471021-3

retaiper nut and E271-47i1lk-1
ring holts minimizes loss of
torque.

2) Pre launch helium leak checks
of bladder at 10 psig.
Observations for odor or
Vapors, at ga5 port, during
propellant locding.

3. Leakage due to Basic Hote: Similar Premature 1} Acceptance Tests:
permention b. -ider to B.I1.1, termina- Helium lear check of
;.. oinl  however tion of bladder at 10 Psig,
design quantitites mission liguid to gas side,
transferred depend- after finel s5Sembly
are much ing on gssures that permae
less, and dagree tion is within speci.
only the and dur- fication reguirements.
propellant ation of
. vapors {net permes-
iiquid) are tion
involved in sinee:
(e} below.

o Assembly pera

. formance deg-
radation may
result from;
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TABLE V-I (CONT)
TYPICAL FAILURE MODE AND EFFECTS ANALYSES

PART IWMBER OPESRATIONEL EFFRCT FAIL-

PART HAME | ForeTIon HISSION URE
&m (REF. F16.V-2) (EQUTP- LOWEST .| 1) INHERENT COMPENSATION CLASS
Fig. ASSUKED PUSSINLE| MENT & AFFECTED | #} FATLURE DETECTION {wORST
Vve3) VATIAIRE FAUSE SYSTEM ) MISSION LEVEL 3) REMARHS CASE)
B
I
3 {CONT)
#. Permeaticn a. Gags bubblela. fThrust  la. Tank | ) Pre launch heltum lesk check |8+ I
of gas to formation Chamber(s} AssY. of bladder at 10 psig.
liquid side, {follaw- ignitlion
ing perm- run and
eatlon shutdown
and pro- character-
pellant isties may
satura- be adversely
tion by affected, 3) Re-bleeding and increasing
dissolu- the helium pressure to opera-
tion) ting level pre launch is an
which in effective means of retarding
effect 13 gas bubble formation,
an unde~
sirable
foreign
elemant ,
" capable s
of being
expelled
- from the
tank assy,
b, FPermeation of b, No effect |u, No effect |b. Nene b. HA
propellant
vapors Lo gns
side.
. Rupture of Mishand1 Propelliant Premature ter- Tank 1) Acceptance Tests: 1
Bladder 1ing or ] and gas in- |mination of ASEY Visual observations, wnile
twisting terchange mission, pressurized, after assemblirg
during | resulting bladder to diffuser should
assem= ) In erratic detect any twist,
bling. and unpre- Hellum leak check of bladder =
Undue dictable at 10 psig after final mssembly
Etress assy. opera- * affords assurance of probable
axperi- ] tion and & freedom from handling or
lenced decrease in | twisting diccrepancies. The
expulsion 8339-471080 bladder is specl-
efficiency. fically designed to minimize

possibility of undue stresses N
resulting {rom propellant B
loading or operational shrink- - :
age.,

. 2) Pre launch helium leakage
check of bladder at 10 psig.
Obsarvations ror odar or
vapors, at gas port, during
propellant loading,

3) Strict adherence to established
procedures will eliminate
possibility of rupture due to
mishandling or twisting,

Report No. 8514-927002 | | - | 5-10
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TABLE V-I (CONT) |
|
ca
TYPICAL FAILURE MODE AND EFFECTS ANALYSES { }
PART RAME CPEXATICNAL EFFEST FAIIL- ol
ITEM PART INMMBER TORCTICH MISSION URE, . ]
(per.| (REF, FIG.V-2) (FQuIP- LOWEST 13y INHERENT CoMPENSATION CLASS
FIG. ASSUKED proSIsLE | MENT & AFFECTED! 2) FAILURE DETECTICH (WonsT P
V-3) FATLURE CAUSE SYSTEM) MISSToN LEVEL | 3} REMARES {CASE) E
(o DIFFUSFR ASSEM- F 3
BLY .

8339-471053-3 Fuel i

8339-471054-3 -

(Oxld) . [ H

1 | Diffuser Tube . }

8339-471036 .

1. Crnek or Defective |a. Hone for e, None Tar L_Difru- 1} Acceptance Tests: All s, IIT i ?
Tragture at wold, Mis- crack gor fracture ser welds are x-reyed and S
f339-571030-11  hundling fracture only. dye checked at diffusar b, ‘ i
ovutlet end cone of parte only. assy level, The outlet -
or at 8339~ holes must be located S
U7I057-5 re= b, If the b, Pasalble b, Tank outside of tho waeld heat I
tainer cone, retainer premature ABSY affected zones, B

shifts termina- b 5
(scpara- tion of Fo
tion of the mig- ?} Visual inspection prior s
parts at sion with to final assembly. b
fracture) complete 5 j
tha bled- separation 3) Strict adherence to L
der might estagblished procedures ¢
be cut on wlll preclude transmission g
the retain- of torque to welded joints 2
e¢r boss eir4 during retainer nut instal- 3
cumference lation.
or rough The bleed tube & Spacer . .
edges of will tend to limit diffu- p
either fracd sayr tube movements if . 3 :
ture, If separation of parts occurs.
bladder 1s
cut propel- s
lant trens- 3
fer will
result with
a decrease ;
in expulsiof - .
" efficiency, s F .
L [ i’ - -
Ti{outlet. Elbow S
Tube B339- N
471031 . s
. " r

1. Crack or Defective iriedtpasd loss Premature Tank |1) Acceptance Tests: Hydro I 20
fracture at | foint, of predet lant termination Assy provf pressurc check at .
bimetallic Defective 2 A In of missicn tank assy. level (minus ' )
joint or of |lweld, '${s.] .i 20 cemd  due to bladder at 333 psig; g
weld at the |[handlly: l:seew luss of aveilable Hellum leak check at 260 "
B339-471059 {of partX, jepspoilant propellant psig. X-ray and dye check 2|
bleed tube, jeusily depend- volumn and/or of welds, i

ing on degree thrust chamber Bimatal joint samples are vl
and duration off mixture ratio subjected Lo temperature - %
leakuge, A being out of eycling, fatigue (pressure) _
large leak can specification. cycling, helium lenkage ;Ki
rlso reduce thd check, shear strength and £
flov rate helow N metallographic examination. L]
specification L
requirements, ?) Fre launch gas pressure L
check of Lank essy at 250 £
psig {mipus propellant},
Observation for odor, fumes :
liquid or loss of suppret- 3
sion pressure during & ]
after propellant leading. i

I

i
et e e B 330
i
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t
4
TYPICAL FAILURE MODE AND EFFECTS ANALYSES
PART NAME CPERATICHAL EFFECT TAIL- 2
ITEM PART WUMBER FUNCTICN MIS3ICN ULE R
(REF. | (REF. FIG.y-C] (EQUIP- LLWRST 1} INHERENT COMPENCATTON CLASS .
FIG. ASSUMED PIESTRLE MENT A& AFFETTED| P} FATLIFE DETECTICN {wiR=T
¥-3) FAILURE CANEE SYSTEMY MISSICN LEVREL ) PEMARVS TACT)
c (conT) :
IIel (cour) [
2. Insuffic¢~| Incerrect Line (5) wimld |Ko effect Hone 1} Lines are overcive to TTr :
. lent iinnrs or cut tne bladder/ providne surficiant .
slack installation, | Lin=2s and blad- slack, are coptrollad 2
{on2 or der would be by Pi Tor each tank size -
both} replaced prior and are instaliad rith
to shipment. bladdar {nflated to
visually assure that B
thay are ne: taut. 5
?} Excessive bladder leak- =
age would be da-ectad | B
. during tnitial nssembly ¢
%

and neceptance tasting, 1

s SR R s A S e

&

A

R R it iy i

ot et ek
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TABLE V-2
PROPELILANT EXPULSION DATA SUMMARY - APOLLO TYPE TANK ASSEMBLIES

T¥pe No. Cf No. Of Test ‘Relia. at ?g% LeL at ?g% LCL
Program _ T/A% Assys Expul's Period Falls, A x 10 "/eye | R/cye  JA x 10 /eye | R/eye ° 0
Aggél" SMF 7 217 6/64 - 1/66] o 3226 .9968 10599 .0894 ;} E
SMO 10 230 6/64 - 3/66] © 3043 .997 10000 .9900 o D
CHF 7 155 |1/65 - 3/66] o 4828 .9952 | 15862 .98k . %
MO o 209 2/65 - 4/66] o ¢ 3349 .9967 11005 .9890 v 8
LM RCS Oxis 6 163 8/65 - 9/66] o i2gl 9957 14110 - .9859 e
Fuel 8 170 |3/66 - 9/67| o 4118 .9959 | 13529 .9865 : g
STVB APS | Oxid 2 39 5/66 - 1/671 © 17949 .5821 58974 .9l10 E I'ZI'I
| Fuel 2 21 [6/66 - 1/67| © 33333 .9667 | 109523 .8905 o
. = 0
90
3
-
5 2
z <

* Al]l tank and bladder assy's are final configuration except two of tue six LM Oxid blacdders.

These were of the undersize cylindrical section type but did not have

a) the heavier area

at the retainer washer and b) were not slzed to assure a 1% greater than tank length, as did

the final design.
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b TABLE V-3
g
ot PRCPELLANT EXPULSION DATA BREAKDOWN
- . THRU e TEPND * PATLUPE/
& FOIBL L T/A I PHASE T8 ST I F/A SN | APR 66 WAY | JUNE U JUTY | AUG F_EP ocT IEC JIan 671 seer CORKECTION ACTION FOw.
. Apollo | 5MF | R%D - 1-5 IR e i
BeT1 £-D 5-5 40 tma,e Fhave Dceignation -
<1 huiigy X2 22~5 32 UK e
cc vr X-1 21-5 6 lng,a DIT = Deelgn Verification Test
W ovr L. X2 17-5 19 Uk & o ¢ 1 T
erac-n | pe1 535 70 A = Cualification Test
- ereg-t| F 2 | 50-5 |2k nngec O-L - 0ff-Limite
S it T = feptification Tewt
1 o, ¢ ArD - 1-7 24 ney o= Leglpgn Dubstantiatlion Test
0 L x-2 5-7 24 Nre,e Dev,= Drvelopment
Gl p-2 2k-7 16 F we 1 nf = Nuverstrese Test
ro «T Fa2n | s0-7 8 F NE 4 Fpecial - Lyn. *s W/irop. Mrlor RO
*8 o1 B 13 ée-7 lia rF KR 1 : Fapulelone
Teflon Coate "
&) i ":h&-n” . 50-7 ?’5 F - l'leerepancy carriced as & reliin-
™o : €6-7 36 NRg,h,e ) ti1lity fatlure 2uring perlod of
A CT P14 T2-T 9 M4 h,e fnvertigation,
cT F 2F | 104-T LN NP - Investipatien cowploted,
oreO-L) peRc | 1C2-T 57 tallure "F) c'!--ter-!ncd to be Nen-
. . _ telinbility "IT) type due to one
CMF ;“f,? g_‘? g_i ) glll ;fg ;.e or more of following:
lI)J::L'II: };‘cél _ lg-l %g NR © a) Human or Procedurv Error or
" -1 . . Test Fauirment
| pop FA-1 | 4p-1 35 b)Y Data mieinteryreted *
- peT PC 2 60-1 12 e} fubiected to I-1 or OF testing
| Dpst FH-1 T6-3 12 d) rubjected to excespive prior
- - ' toves
L | O%id} Dev. o 3 18 R ae e} rorrective Action re. trocedure
o - " 4 v gr detlpn Precludes pecurrence.
8339 DVTe05 [ X-2 2-3 |20 20 \
DVILON X & 11-3 18 22 wne ) Damuge only, not a Fallure
oF -1 513 [ 17 3 g; l%aﬁw:rinf?!\ure or discrepancy
_ R Faile IN. pre or post
eT -2 583 20 expulcion tect.
. Puel Dev. - 31-1 10 KR d.e ' 1)} rorpective Action recomsended
AL - 8-1 4] bared on 2éditionel testing,
gt'; § %l i’{"i 19 N 18(+2) (ry |LP) (F) (N Inef +2)
{ovrros | x-5 163 16 n | l‘z
T P 3 Nn-1 . o
e 24| B £
Speelinm - - 20
stvs | oxtdl pev. | x-1 21-3 1 2 16 P |NRa,e
8400 oT P2 _96-3 1 19
Fuel! Dew. X-3 43-3 1 » (r) |{P) (P) (F) »!l’tﬂnc.e
l QT 2-1 T5-3 1 77 2 _1
Sub Total - ] 59 =7 7 =0 3 18 21 20
-ix;ot-;.‘e!l:ﬁul;;ﬁo. of Aszays -Tokgao Tah/32 333/35 30/35 8§0/37 35/39 023/39 gasﬁc 9&:/&1 9656'!:1 98 /42
- . . - > o
Birdder Pail. finte x 10 6.#':: e at 5256 k) aise 1353 3068 3 56 Th2 725 ™
Rellabilsty/tye 50 _I€L / ~gouT 9991 | .9966 9955 |.9969 [.997T0 |.9971].9992 | .9993 | .9993 {.9993 \
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