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PREFACE

Part I provides an outline of the Panel's most significant ob-
servations and assessments based on fact-finding inspections this past
year.

This volume, Part II, summarizes the information developed dur-
ing these fact-finding inspections. It is organized along the lines
of the Panel's eight Task Teams. The team approach was used this
year to enable the members to focus on areas of Shuttle critical to
mission reliability and crew safety. The intent here is to provide
the reader with both (a) an accurate description of the data examined
including its relevance to the achievement of a safe and successful
mission, and (b) a status report on each area with particular atten-
tion to the resolution of technical and managment challenges.

Part II of this volume when used with the related portions of
the Panel's last Annual Report (June 1975) provides the reader with
substantial background on the Space Shuttle's design and expected
performance, and many of the critical management systems and organ-
izations. Since the Panel's reviews are cumulative, the statement
in last yezr's Annual Report continues to be true: "This material will
be utilized by the Panel in further reviews during the coming year as

a baseline and reference manual."
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1.0 INTRODUCTION

1.1 Operational Mode

The Panel's operational mode since its inception has been to

conduct monthly inspections by the full Panel. These are held at ‘
both NASA and contractor sites. With the completion of the Apollo

Soyuz Test Project in July 1975, the Panel was able to focus on

the Space Shuttle. As a result, the Panel agreed that they would

augment the full Panel inspections with individual fact-finding

in areas requiring more intensive review. Thus the Panel held in-
spections and/or reviewed data at Rockwell International, Downey,
California on October 29-30, 1975, at Monsanto Research Corporation

in St. Louis, Missouri on December 8, 1975, and at thz Job=son

Space Center, Texas on February 9-10 and May 24-25, 1976. Members used the
time normally allocated for full Panel inspections in September,

November, January and March for fact fin-ing research.

1.2 Operational Scope

The Panel's use of a '"task team" fact-finding approach as well
as full Panel inspections enables the Panel to cover a large number
of significant tasks in much greater depth while continuing to monitox
the status of the program as a whole. The task areas have been stated
in broad terms so that each member can define the specifics of his

task based on his analysis of the situation. The task areas are:
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Program.

Systems Integration and Technical Conscience.
Space Shuttle Main Engine (SSME).

Avionics and its Management System.

Risk Management.

Ground Test Program and Ground Support Equipment.

Flight Test Program (Approach and Landing, Orbital,

Orbiter Thermal Protection System.

External Tank Program and the Solid Rocket Booster

team to reflect the interdependence or commonality between task

areas, In each team one member has accepted responsibility for the

team product to assure clear accountability.

The task teams use a variety of ways to obtain the information

they feel is necessary to the completion of their tasks. In addition

to specific fact-finding visits to the NASA Centers and contractors,

they have been attending various in-house reviews as well. These

include Quarterly Status Reviews and System Design Reviews. Also, the

Panel uses telephone conferences and correspondence with the program

offices to assure a thorough understanding of the area under con-

sideration.

This also provides the Panel's conclusions and recom-




mendation to the program organizations so that they may make use of
the Panel's findings as quickly as possible.
Full Panel inspections provide the forum for members to share

their findings and observations.
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2.0 SYSTEMS MANAGEMENT

2.1 Introduction

The Panel reviewed those management functions which integrate
the project management elements into a program management system and
assure integrated flight hardware and software systems. Particular
attention was given to those management functions which provide a
check and balance on the various project elements and assure a tech-
nical conscience. The Panel's last annual report recommended that
the "check and balance' capability be further strengthened. The pro-
gram's response to this recommendation is included as Attachment 2-1.
The NASA Deputy Administrator asked the Panel to continue this re-
view of the evolution of these management functions to assure that
the program continues to develop a management capability appropriate
to the challenge of this program.

Systems management as used here includes the following manage-~
ment functions:

a. Systems integration refers to the management functions

which provide for systems engineering, technical integration, and test
and ground operations. These management functions include the pro-
gram level office for systems integration and a large number of
technical panels

b. Technical conscience refers to those forums which pro-

vide people throughout the organization suitable opportunities to
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express their concerns to management. The Panel and review systems
are classic examples.

c. Check and balance refers to the techknical management

capability outside of these day-to-day operations to provide independent
assessments on key technical and management issues. The new technical

assessment groups are an example.

2.2 Systems Integration - NASA

The systems integration office is involved in defining Shuttle—
wide requirements such as {§) the flight dynamics, loads and structural
dynamics environment for the total vehicle, (2) the design require-
ments for such Shuttle wide flight systems as propulsion and avionics,
and (3) common requirements and specifications for materials, pro-
cesses and manufacturing. They are also involved in managing the
systems for development of the Shuttle specification and interface
documents and monitoring the activities of the individual elements to
meet these specifications. They develop trade studies and assessments
of proposed engineering changes that affect more than one element as
well as participate in working problems that are faced by more than

one element.

The office faces a large responsibility and workload and so they
have augmented their capability by establishing a systems integration

support contractor, and developing a system of inhouse panels and
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system management reviews. Their approach is to develop a system
which brings together knowledgeable engineering and other personnel
from the "line" organizations to work common problems and critique
each others efforts and then to manage this system by chartering
each group,defining its task/product, and evaluating its processes
and results. This also assures efficient use of manpower while
giving up some degree of "independent assessment' capability. Among
the major management steps this year, MSFC established a Space Shuttle
Main Propulsion System Integration Office to review and evaluate the
plans and activities for the design and verification of the individual
elements and assure that there is an adequate basis for confidence in
the end-to-end system from the External Tank to the SSME nozzle.

A "systems engineering plan' is also to be released this year.
It will be the single source document on how the systems engineering
function in the program is being implemented: (1) what needs to be
done, (2) who is doing it, (3) how is it being accomplished, and
(4) when it needs to be done. The main text will have the data on
the management organizations roles and responsibilities, management
techniques and interfaces, task descriptions and implementation, and
the expected products and documentation. Appended to this main text
will be a set of sub-plans detailing major integrated areas of concern,

e.g., integrated schedules, flight performance, loads and dynamics,
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guidance, navigation and control.

2.3 Systems Integration - Support Conttwartor

The contractor has two principal tasks: (a) to assure compatibil-
ity of hardware and software for form, fit and function of elements,
ground support and facilities, and (b) assure that there is known
compliance with the design requirements and performance requirements
from a systems viewpoint. This is in effect an expanded configuration
control system across the entire program.

The role and principal functional areas involved in this work are

as follows:

deals with subsystem and ground
system compatibility along with related software and test require-
ments.

b. Systems engineering covers mission and operations
analysis, trajectory analysis along with thermal analysis and re-
sultant requirements, and flight dynamics requirements.

c. Design integration provides requirements allocation,
interface analyses and requirements between hardware and software
between all elements of the Shuttle system, and the attendant soft-
warc, requirements, change analysis to support program and element

change control board operations. A special area is the integration

of measurements and stimuli for both ground and flight tests and operations,
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d. Maintainability seeks to assure that the many elements of
the system can be serviced and maintained in the shuttle operational
phase once "he DDI&E program is complete.

Their activities support and help to produce such items as:

a. System Requirements Definition. The JSC 07700, Level II
documents, ''Space Shuttle Level II Program Definition and Requirements"
and the "Shuttle Master Verification Plan,' Volumes I and II.

b. Requirements Analysis. The Contract End Item Specifi-

cation, Requirements Definition Documents, Volume III of the Master
Verification Plan "Orbiter Verification Plan,' Test Requirement Require=-
ments' Specifications, Test Plans, Shuttle Operational Data Book

c. Integration Analysis. Integrated schematics, Inter-

face Control Documents (ICD's) for Level II (across elements),
Master Measurements List,

d. Compatibility Analysis. Problem reports and their

resolution.

2.4 Technical Conscience - Technical Panels

The Systems Integration Office identifies the needs for a panel,
charters it and defines the task/product. The engineering organization
staffs it, defines the approach and implements it. OQver the years
the number of panels has grown until there is now at least fifty-four

panels. Since these are listed in Attachment 2-2 and the directives




spell out in considerable detail the purposes, responsibilities and
procedures the work of the individual panels is not described here in
detail. However, one case study is cited here to illustrate how the
system operates.

The Manager for Systems Integration is responsible for the in-
tegration of propulsion and fluid systems. He in turn has delegated
responsibility to the Manager, Systems Engineering Office., The
Systems Engineering Manager has established a technical manager for
this area and the principal management mechanisms to help him. These
include the Main Propulsion System Panel and coordinators to support
the manager in the areas of integration of the solid propulsion system
and integration of the auxiliary propulsion and fiuid systems with
other elements of the Shuttle. The Main Propulsion System Panel is
responsible for assuring sufficient detailed understanding of the
total vehicle to recommend specific overall vehicle requirements, allo-
cation of these requirements to each major element and the interface
relationships between elements. The panel by continuous assessment
insures that test results satisfy system performance requirements.
Through its periodic technical reviews and studies the panel identi-
fies problems, determines corrective action and recommends such action
to the technical manager. The systems engineering office maintains

contact with the operation of this management system through a desig-
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nated liaison officer.
Earlier it was noted that technical conscience implies suitable

forums for knowledgeable personnel to raise questions and critique

each others work. Many panels by their intercenter and interdisci-

plinary membership are such forums. The Crew Safety Panel is a classic
example. The panel is chartered to assure (1) development of crew
safety and crew-vehicle risk assessment requirements for the Shuttle
and all its mission phases, (2) identification of individual and inte-
grated subsystem failure modes and hazardous operating conditions which
might lead to luss of vehicle or crew, and then (3) identification of
modifications in hardware, software, and procedures to reduce or
resolve these hazards. Thus they have both policy and operating
responsibilities. The membership illustrates the scope of the panel

as a forum for it is not limited to safety personnel. Members are
drawn from the disciplines represented by the Systems Integration
Office, the Operational Integration Office, the Orbiter Project Office,
Engineering and Development Directorate, Data Systems and Analysis
Directorate (software). Flight Operations Directorate and Life

Sciences Directorate., In addition each of the three manned flight
centers, as well as the Dryden Flight Research Center with its
experience in experiemental aircraft and lifting bodies and the Air

Force have members on this panel.
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The Systems Integration Office continues to review the structure
of the system as well as the operation of individual panels so they
can adapt the system to current requirements. This past year they
compleéed a comprehensive review and consolidated some panels where
their activities had turned out to be interdependent. For instance,
the avionics panel now has responsibility for lightning and EMI effects
since avionics may be vulnerable to them. They also identified new
needs and established the Ascent Flight Systems Working Group as a
senior management group responsjible for the trade-offs between the
integration of the individual flight systems that are critical during
the ascent phase.

The Panel monitors the operation of this system by evaluating
the role and contribution of individual panels in areas under review

by panel members such as propulsion, avionics and crew safety.

2.5 Technical Conscience =~ The Review System

The review system also'provides a number of forums to bring to-
gether knowledgeable people to raise and work concerns rather than let
them slip by without the appropriate management attention.

The Shuttle Program Manager has the responsibility to control
and manage the overall integration of the vehicle. His personal
management tool is the Program Requirements Control Board. The delib-

erations of this board are supported by the activities and resultant

11
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information provided by the Systems Integration Review (SIR) tech-

nical management system.

The SIR's, chaired by the Manager for System Integration, are to

assure that specifications are in fact defined and met, These specifi- .

cations may be for various areas of the environment such as the ascent
phase or such integrated systems as avionics and propulsion. Here
is a list of the functions to be accomplished by the SIR's.

a. Specificncio; of the ascent f£light vehicle systems
integrated performance requirements for the Shuttle system and the
analysis of integrated vehicle design and test data to assure com-
pliance and compatibility.

b. Specification of the flight performance requirements
for the Shuttle system and the analysis of clement design and test
data to assure compliance and compatibility.

c. Specification of the loads and structural dynamics
requirements for the Shuttle system and the analysis ol clewment de-
gign and test data to assure compliance and compatibility.

d. Specification of the guidance, navigation and control
system performance requirements for the Shuttle system and the analysis
of element design and test data to assure compliance and compatibility.

e. Specification of the integrated avionics requirements

for the Shuttle system and the analysis of element design and test

12




data to assure compliance and compatibility,
£ Specification of the integrated propulsion systewn
and fluids requirements for the Shuttle system and the analysis of
element design and test data to assure compliance and compatibility.
g, Specification of the requirements for the integrated

vehicle attachment, release, a\d “:paration systems and the analysis

of element design and test data to assure compliance and compatibility.

h. Specification of the integrated thermal design require-
ments for the Shuttle system and the analysis of element design and
test data to assure compliance and compatibility.

i. The development of element-to-element and element-to-
ground interfaces and preparation of necessary documentation.

j. Specification of’the ground operations requirements
for landing, turnaround, launch preparation, and major ground test,
including GSE and facilities, and analysis of element design and
test data to assure compliance and compatibility.

To exercise control over such a wide range of functions the
systems integration office found it necessary to establish technical
managers for specific areas. Thus there are managers for flight
performance, loads and structural dynamics, flight control integrated
avionics, integrated propulsion and fluids, mechanical systems,

system interfaces, thermal design integration and ground operations.

13

.



The membership of the SIR Board is composed of these tech:. rcal
managers as well as representatiocns from a variety of organization
to assure all informed viewpoints are represented. Thus there are
representatives from:

Space Shuttle Program Systems Engineering Office, JSC

Space Shuttle Program Operations Integration Office, JSC

Space Shuttle Program Management Integration Office, JSC

Space Shuttle Program Resources and Schedules Iptegration
0ffice, JSC

Engineering and Development Directorate, JSC
Office of Aeronautics and Space Technology, NASA Headquarters
Space Shuttle Projects Office, Engineering Management QOffice, MSFC

Science and Engineering, System Analysis and Integration
Laboratory, MSFC

Science and Engineering, Systems Dynamics Laboratory, MSFC
Space Shuttle Projects Office, KSC .

Orbitexr Project Office, JSC

Space Shuttle Main Engine Project Qffice, MSFC

External Tank Project Office, MSFC

Solid Rocket Booster Project Office, MSFC

Rockwell-~Space Division

In addition to these reviews the Systems Integration Office mon-

itors techmical progress through attendance at such project reviews
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as the ALT design review and the Orbiter 101 and 102 design review.
These reViews bring together the knowledgeable people to critique
each others work and raise issues. Issues that cannot be resolved
at one level are referred to a higher level of management., Manage-
ment also has the opportunity to review significant decisions made
at the lower levels.

For instance, the Approach and Landing Test Critical Design
Review completed in April covered in detail the test and test support
operations to be performed, the facilities and equipmenrt to be used,
and the management and working relationships of the test organizations
conducting the approach and landing test program. Further, §he ALT
Critical Design Review covered the activation of the ALT capability,
the conduct of the test program itself, and the deactivation of the
program.

The design and manufacturing status reviews for a vehicle en-
ables people to express their concerns about individual flight and
ground systems as well as the status of systems integration and
reliability, quality and safety work before proceeding to the next
phase, These concerns, expressed in the format of RIDs, are officially
tracked and formally dispositioned. To give the reader a sense of
the issues raised and worked through this system, there were 2400 RIDs

identified through the Preliminary and gritical Design Reviews and

15




Customer Acceptance Reviews on the first flight vehicle 10l. Almost
all have been worked and closed at this time,
The Panel monitors this area actively by attending selected re-

views to evaluate the process as well as issues and their resolution,

2,6 Check and Balance - The Technical Assessment Groups.

It is through the system of technical panels and reviews that
technical conscience can find its expression and because people from
differing backgrounds can critique one anothers work there is a check

and balance and independent assessment process at work. The Panel's

recommendation was that this process be further strengthened by per-

kI e

sonnel outside day—-to-day responsibility for t

1.

hie program. This last
section describes what the Panel found this year.

Technical Assessment Offices have been established at each of
the three manned flight Centers and Rockwell. These are small, well-
knit groups of highly skilled engineers who are on the lookout for
problem areas to prevent any significant problems from "falling
through the crack." These personnel stay abreast of the program and
determine their task areas by participating in day-to-day discussions
with subsystem managers and working level reviews and discussions
using their own personal experience for lessons learned that may be
applicable to the current situationms,

The program assessment offices are set up as follows:

16
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a. JSC - The office reports to the Shuttle Program Manager
and Center management. It defines its own tasks. It has been functioning
the longest of the Center offices and has made substantial contribution
in such areas as avionics and contingency abort requirements. Currently
it has about ten specialists.

b, MSFC - The office reports to the Associate Director,
Science and Engineering, and is particularly active in assuring inte-
gration of flight systems involving more than one project office.

Thus they are actively involved in the work of the Main Propulsion
Test Office and Ascent Flight Systems Integration Group. They are
still in the process of staffing.

c. KSC - The office reports to the Manager, Shuttle Project
Office and is staffed by experienced trouble shooters. The office is
still in the process of staffing and getting fully underway.

d. Rockwell International - The Vice President identifies

critical areas where foresight and planning now can preclude problems
downstream and he staffs as he identifies the need and therefore the
expertise required.

So the groups are in place and beginning to function. Next year's
report will report on their evolution and their contributions. The

Panel monitors this system by working with these groups.

17




ATTACHMENT 2-1

Systems integration management needs to strengthen ''check and balance"
capability.

Response: This comment is similar to that made by the Hawkins team.
The actions that have been taken include:

a, A special group has been established at JSC to provide an
overview of the system engineering/integration function and will
report directly to R. F. Thompson, Program Manager.

b, Effort and scope have been increased on the RI/SD contract
for system evaluation. A few highly competent individuals are be-
ing assigned to provide independent assessments and will report directly
to W. Dean, V.P., Systems Integration. The scope of this activity
specifically includes problem evaluation and avoidance options, trades,
and alternatives; technical and programmatic interrelationships; and
contingency planning.

c¢. A review of the JSC/MSFC panel relationships has been com-
pleted and selective changes in membership and panel structure are
being made to improve integration across Center/Project interfaces.

d. Program and system level planning is being developed in more
detail and will provide more visibility and support to the integration
management and decision making process.

18




Directive No.*

24
25

26

27
29

30
31
33
36

* Latest Issue

ATTACHMENT 2-2

SPACE SHUTTLE PROGRAM DIRECTIVES
THAT ESTABLISH PANELS, WORKING
GROUPS AND SIMILAR OPERATIONS

Subject

Simulation Planning Panel (for simulation activities)
Crew Safety Panel

Configuration Management Panel

Ground Interface Working Group

Crew Procedures Control Board

Information Management Systems Panel

Systems Integration Reviews (SIR)

Payloads Interface Panel

Program Management Information Center Integration Panel
Program Performance Management Panel

Flight Test Program Panel

Electromagnetic Effects Panel

Flight Performance:

23,1 Ascent Performance Panel

23.2 1Integrated Entry Performance Panel

23.3 Abort Performance Panel

23.4 Separation Performance Panel

23.5 Aerodynamic Performance Panel

Main Propulsion System Panel

Loads and Structural Dynamics

25.1 POGO Integration Panel

25.2 Loads and Structural Dynamics Panel

25.3 Ground Vibration Test Panel

25.4 Particles and Gases Contamination Panel
Mechanical Systems

26.1 Spacecraft Mechanisms Panel

26,2 Shuttle Vehicle Attachment and Separation SUBpanel
26,3 Payloads Docking, Retention, and Deployment SUBpanel
26.4 Llanding Systems and facilities SUBpanel

Shuttle Training Aircraft (STA) Review Board
Communications and Data Systems Integration Panel

29.1 Functional Requirements SUBpanel

29.2 Vehicle Communications Interface SUBpanel

29,3 Ground Based Data Systems SUBpanel

29.4 Science and Engineering Data Processing SUBpanel
Flight Operations Panel (FOP)

Operations Integration Review (OIR)

Computer Systems Hardware/Software Integration Review (CSIR)
Training Simulator Control Panel

19




39

40
43
45

46

49
51
52

37
58
62

ATTACHMENT 2-2 (Continued)

Guidance, Navigation, and Control Integration

39.1 Ascent Flight Control/Structural Integration Panel
39,2 On~Orbit Guidance, Navigation, and Control Panel
39,3 Entry Guidance, Navigation, and Control Panel

39.4 Guidance, Navigation, and Control System Panel
Safety, Reliability,and Quality Assurance Management Panel
Procurement Integration panel

Intograted Avionics Technical Management Area

45,1 Shuttle Avionics Panel

45,2 Flight Communications Panel

45,3 Shuttle Avionics ChecRout Panel

45.4 Avionics Verification Panel

Thermal Design Integration

46.1 Thermal Control Panel

46.2 Thermal Protection Panel

DOD Shuttle Requirements Review Panel

Communications and Tracking Systems Ground Test Panel
Operations and Maintenance Requirements and Specification
Control Board

Ascent Flight Systems Integration Group

Integrated Logistics Panel

Resources and Schedules Management Panel

20
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3.0 SPACE SHUTTLE MAIN ENGINE (SSME)

3.1 Introduction
The Panel has given special attention to the challenges during

the past few years, the concerns expressed by NASA management, and
the fact the engines are critical to the accomplishment of the Shuttle
missions. Specifically, the areas under current review are:

a. The use of new and in many cases unprcven technology.

b. Adequacy of design margins to meet the requirements
for repeated use,

¢. Ability of the engine electronic controller to accom-
modate the environment and needs of the engine and the total Shuttle
system,

d. Results of credible failures.

e, Hardware availability and the test program require-
ments.
The Panel considered the impact on the hardware and software develop-
ment program of both (a) cost and schedule constraints, and (b) the
numerous interface requirements involving other Shuttle elements such
as the Orbiter, Solid Rocket Booster, Ground Support Equipment, and
External Tank.

In meeting the objectives of this task the Panel and the task

team has relied on briefings, face~to-face discussions with NASA and

contractor personnel, participation in in-house reviews, and review

21




of relevant documents.

A part of this effort is a follow-up on

open items in the NASA Shuttle Program Qffice's response to the

Panel's annual report

report on the

The Program's responses to the last annual

ngine is included as Attachment 3-1. This material

reflects the degree to which analyses and test programs have evolved

in providing answers to challenges in the areas of materials be-

havior under severe environments, weldments, POGO suppression, and

controller performance.

A brief look at the Level I (NASA Headquarters) controlled mile-

stones are valuable for they show the program's progress and the work

ahead.

Completed first preburner test

Began fabrication of Main Propulsion
Test Article (MPTA) Engines for the
integrated test of the toal system

Completed first integrated Subsystem
test

Complete first SL firing for a
minimum of 60 seconds at Rated Power
Level

Complete first throttling test (MPL-~
RPL)

Complete SSME "all-up' throttling test
Critical Design Review (CDR)

Delivery of Main Propulsion Test
Engines (3 of) to NSTL

22

Accomplished April

Accomplished May

Accomplished June

Scheduled for Feb.

Scheduled for Mar.

Scheduled for Sept.
Scheduled for Sept.

Scheduled for May

1974

1975

1975

1976

19706

1976
1976

1977




- Deliver first flight engines (3) Scheduled for Aug. 1978

- QConduct first manned orbital £light Schedu’ d for Mar. 1979

3.2 Observations

There have been a number of changes in the Rocketdyne organi-
zation since last year's annual report., This is readily seen from
the comparison of organization chart= from September 1974 and October
1975 (Figures 3-1 and 3-2). These changes continue to strengthen the
program management system. For instance an Associate Program Manager
has been appointed for the engine controller and the engineering

areas have been 'beefed-up." Mr. Norman J. Ryker was appointed
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3.2.1 Review System

The management system holds a number of reviews on a regular
basis, The Quarterly Technical Review for MSFC Senior Management
and weekly telecons are two examples. In addition, a special SSME
Design Margin Review was conducted in July 1975. Prior to this
Design Margin Review, there had been a general concern about the
safety factors on many of the components. The margin review showed
that most of the components actually had more than the minimum
safety factor of l.4.

Attendance at SSME reviews and discussions with both NASA and

Rocketdyne personnel indicate that the review system is working well
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in that it provides a formm for frauk discussions of technical :nd
management areas ard provides necessary information on costs,
schedules, and technicai performance for day-to-day work and decision-
making.

To further assuve that nothing ''falls through the crack," a
technical assessment group has been established and is now being
staffed. A Space Shuttle Main Propulsion Systems Integration
Office was recently established at the Marshall Space Flight Center
to serve as the responsible body for the review and evaluation of
Msin Propulsion System design criteria and to assure compatibility
of Level II/Level III design and performance requirements. They
are responsible for the definition and compatibility of mechanical,
structural, electrical and fluid interfaces, and design verification
of the system.

JSC established a technical manager's position in mid-1974 to
oversee the integrated propulsion and fluids technical management
areas (Program Directive 24),

To support the Technical Manager they also established the Main
Propulsion System Panel. Finally, they appointed a Solid Propulsion
Integration Coordinator and an Auxiliary Propulsion Coordinator. The
Aerospace Safety Advisory Panel's interests are (a) the Propulsion

Panel's achievements in identifying incipient failures including the
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means by which early clues to such failures may be determined, and
(b) the extent to which prior review RID's remain open, are delin-

quent or have some further impact not identified previously.

3.2.2 Design Progress

Previdusly the Panel had raised some questions in the follow-
ing four areas:

a. Allowable SSME Heat Eichanget Oxidizer Coil Leakage Rate.

b, Use of Teflon Balls in POGO Suppressor Unit.

c. Delays in Receiving and Testing of SSME Components.

d. Data on SSME Controller.

The Program's response to the Panel's concerns are shown in Attach-
ment 3=-2.

The Panel was one of those groups interested in getting definitive
data on the component design margins to assure that, from a structural
and thermal standpoint, the SSME was designed to meet the environ-
mental and time requirements imposed by thé overall Shuttle program.
The SSME Design Margin Review established the following points:

a. The structural and thermal audits indicated that the
current analyses were extensive and technically sound. A few items
required further analyses, such as the low pressure oxygen turbopump
housing. An example of the factors of safety arrived at during these

analyses is shown in Table 3-1. As used on the SSME the definition of
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factor of safety is Failure Load, This accounts for those data points
Limit Load
falling within 2@ on the pressure and 3¢ on vibration.

b. Many of the design requirements of '"one engine out"
conditions are still under analysis and test. Consideration has to be
given to the expected impact on both the engine that goes out and the
other two engines which continue to operate. The [ollowing state-
ments are a summary of what we understand the situation to be. It
is known that a non-thrusting or shut-down engine will not be cooled
sufficiently during ascent so that the engine nozzle will have to be
replaced before another mission. This is based on analyses that show
a no;zle metal temperature of about 1600° F. versus an allowable of
1200° F. The engines are designed to provide for sensing of critical
parameters. The current challenge is to develop the engine controller
and the Orbiter flight control procedures that will safely shut an
engine down without damage to the other engines or the Orbiter.

¢. This review produced a number of recommendations and
action items that are currently under active consideration. Among
the major ones are: (1) develop data review methods that can be
used to identify incipient failures and devise a solution that is
practical within cost, schedule and value received boundaries, (2)
use maximum throttling ramp rate, (3) limit thrust for early flights

to rated power level thereby achieving additional factor of safety
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. (See Table 3-1), (4) continue to obtain materials properties to assure
understanding of the SSME hardware in various environments and in

‘light of life requirements, and (5) increase hardware confidence by

r | conducting tests at higher pressure and temperature. lev.ls with added
instrumentation.

d. Other recommendations include.(l) increase confidence in
structural margin by specific burst tests throughout the program,

(2) improve fabrication producibility and thereby confidence in the

S m—— -

margins of the engine nozzle, the lines and ducts, the hot gas mani~-

' fold liner and the injector, and (3) improve post assembly inspection

procedures,

3.2.2,1 Mass Properties

As in every element of the Shuttle program both the weight
specified ys, actual weight and the inertial properties are watched
closely for their impact on performance and payload capability.
While weights are discussed in terms of an individual engine weight,

it is important to remember that these numbers must be multiplied

by three since there are three engines on each Orbiter if ome is to
appreciate the full impact of any design changes. The program monitors
three weight values - the contract end item (CEI, value, the design
goal weight which is 99.5% of CEI weight, and the control limit

weight used to manage the growth rate of the development weight
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throughout the program. The table below indicates the latest weight
conditions at the time of the Panel's review in January 1976,
Specification Weight (CEI) 6445 lbs. (Dry) 6892 lbs. (Burnout)
Current Weights 6348 6790
Contingency (lbs/%) .97/1.5 102/1.5
This would indicate that stringent controls must be used to assure
that by the time of the SSME CDR in September 1976 the weights are
still within the specified limits, always keeping in mind that one
pound overweight on an engine is in effect three pounds overweight

for the Shuttle Orbiter and system.

3.2.2,2 Engine Integration

Not only must the many engine components be designed, assembled
and operated as a system, but the engine and its controller must in
turn be a part of a well-designed and operable Main Propulsion System
within the Shuttle total vehicle. The Main Propulsion System (MPS)
includes the External Tank (ET), the Space Shuttle Main Engines, pro-
pellant feed, propellant fill and drain, propellant conditioning and
pressurization control and purge and the Orbiter interface components.
This overall system is shown in Figure 3-3., The following is a brief
description of how the MPS operates. The ET provides 1.55 million
pounds of usable ascent propellants to the SSME's. Following engine

thrust build-up, tank pressure is maintained with vaporized propellants
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extracted from the engines. The ET ullage pressures during boost are
maintained at 20-22 psia in the LOX tank and 32-34 psia in the liquid
hydrogen tank. Pneumatics are supplied by a 4000 psi helium storage
system with 750 psi regulation. The helium is used for valve actu-
ation, SSME purge and backup shutdown, expulsion of residual pro-
pellants after main engine cutoff. The propellant management con-
trols propellant loading and a low level cutoff which is a backup to
the normal velocity cutoff.

The Panel is reviewing the SSME interface to assess whether (1)
there is compatibility between the SSME requirements and the MPS, (2)
the system/subsystem test programs demonstrate hardware integrity and
capability to meet system level requirements, (3) there is schedule
compatibility between the design, development and test activities and
the availability of hardware , and (4) there is the necessary degree
of management and technical liaison between various elements in-
volved in the MPS on issues related to the SSME. While the Panel,
including its task team, has not completed its review, its obser-
vations to date are noted in both Volume I of this report and in the
following sections dealing with the SSME components and assemblies
and systems testing. Requirements compatibility will be examined
later and the integrated test program will be examined in more detail.

Part of this work will be accomplished by participation in Ascent
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Systems Design Review Panel operations which are conducted periodically.
The last ones were on January l4, 27, and 28, 1976. This was the

third such review conducted for the First Orbital Flight Test (OFT-1).

3.2.2.3. SSME Redundancy Management Requirements

Redundancy management deals with control and decision-making

necessary to assure the ability of the system to accommodate failures

and operate properly. Terms used in this area are defined in Table 3-2.

With regard to the SSME the Redundancy Management Requirements have

been stated as follows:

a. Fail-Safe Design in the Propulsion System. In the

event of any single failure jin a functional component, the engine
shall be capable of shuting down in a manner which will not damage the

neighboring systems.

b. Fail-Safe Design for Electrical Assemblies. All elec-

trical critical subsystems shall be fail-operational after the first
failure and fail-safe after the second failure.

Implementation of these requirements can best be demonstrated
by looking at typical designs. For the fail-safe design, shutdown
of the hydraulic system occurs when a specified limit is exceeded
such as pump overspeeds, turbine over-temps, loss of high pressure
oxygen turbopump seal pressure or ignition pressure that is either too

high or too low. Shutdown of the pneumatic system occurs when there
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is a loss of both electrical/data busses for over 50 milliseconds

or with the loss of both segments of the engine electronic controller
unit. As currently set up the Or’,iter can inhibit all the sensors
except the ignition pressure detection device and thus has an over-
ride capability. To meet the fail operationally/fail safe criterion
redundancy has been provided for all critical electrical subsystems.
A part of this fail op/fail safe design is the electrical hold=-cap~-
ability to control t¢ the '"last" valve position cormand and a hy-
draulic hold capability to continue operation at the last valve
position. When there is a loss of vehicle/engine commands the system
will continue operation at the last valid command and if necessary
shutdown the vehicle. The comparison of thrust versus time for hy-

draulic and pneumatic shutdown are shown in Figure 3-4.

3.2,2.4 Engine Controller

The Panel continues to give the Controller particular attention.
From the standpoint of design and development testing, the Controller
posture at this time is very encouraging. The major areas reviewed by
the Panel included the latest design configuration, test program and
results, software and the integration of the Controller into the SSME
and Orbiter systems. In addition the SSME throttling requirements
and concerns were examined as a part of the SSME control system and

Space Shuttle ascent performance.
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The Controller design is basically completed with some redesign
i Lort to alleviate problems as they have shown up during the develop=-
ment test program, While the hardware is proceeding through test
the softwarg programs are being developed that will both test and
sperate the SSME and interchange data with the Orbiter vehicle and
ground support equipment. The software to hardware compatibility
focuses on the computer/memory capability in terms of words and time-
to-process input and outputs as well as the expected programming
errors and deviations,
| Controller design is well into the test phase. Development
testing has been continuing using the structural thermal engineering
model (SM-1). The production prototype controller (PP-1) has been
undergoing a very thorough test process since early 1975 and is now
teing used in the software development program. Production proto-

vvpe- (PP-2) is now being used in the test program. The Integrated
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bystem Test Bed program has been using flight type hardware and the
v 7.~1 rack mounted controller for the numerous test firings conducted over
. itore than ééﬁ months at.the Naﬁional Space Testing Laboratory (NSTL).
+ince the Controller design is in the test and specific redesign period
E iiiat comes after the basic design and assembly has been completed prob-
lems are expected. Most of these have been acceptably resolved.
A major challenge was to protect the Controller from the vibration

caused by the total environment system. To screen the PP-2 controller

from assembly and workmanship problems, it was subjected to the following
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environment: .X2 and X3 axes at 2g sine sweep, 5 Hz to 2000 Hz up and down
for 17 minutes; 6g random duration of three minutes; 2g sine sweep, 5Hz to
2000 Hz up and down for seventeen minutes. At the same time SM-l1 was used
to develop a vibration mounting for an environment beyond that of the PP-2
tests. PP-2 was then subjected to 25 hours of vibration testing with
isolators (intended use) as follows: 22.5 hours (7.5 hr per axis) at
22,5 g RMS, 2.5 hours of transient and sinusoidal vibration, and 120 starts.
The overall results were good. Four anomalies were found and all were
attributed to assembly/workmanship problems. The causes were determined and
the unit was repaired. PP-2 has been delivered to the NASA MSFC Simulatiun
Laboratory for continued testing and SSME operational support. The PP-3 unit
with isolators has been delivered and is installed on SSME engine 0002 and
successfully operating on test stand A-2 at NSTL with 16 engine tests to date.
The vibration test results for PP-3 are as follows:

a. In a soft mounted condition the unit successfully passed
30 minutes per axis of random vibration at 22.5g RMS, 25 starts and
cutoffs, and sideeload simulations.

b. In a hard mounted condition the unit successfully passed a
10 minutes workmanship test in one axis at 4g RMS and 2g sine.

c. An additional test of 9 minutes at 22,5g RMS was con-
ducted successfully.

The PP-1 controller was subjected to the following vibration

conditions earlier in 1975:

a. Thermal tests included 8 hours of operation at =-50° F.
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and 48 hours of operation at +95° F.

b.  Vibration tests included: 3.5 hours sine at 2g and 6g
random for acceptance test program; 0.75 hour with 18 to 22.5g ran-
dom for diagnostic work; 1.5 hours of 22.5g random for Development .
Verification Levels; and, 8.5 hours of 22.5g random with isolators
in place.

¢. Functional performance tests to evaluate the 'pre"
versus "post" test performance ..... pre-thermal test and pre-
vibration test followed then by post thermal and vibration tests.

A number of small problems, as noted before, have been en-
countered and resolved, such as memory noise, cracked solder joints,
minor circuit design problems, problems with a number of jumpers and
piggy-back components affecting circuit board reliability and some
manufacturing difficulties. The problem of electromagnetic inter-
ference (EMI) emanating from the power supply may not be fully re-
solved as yet and will be followed by the Panel.

The current major redesign effort has been directed toward the
broken wire problem where so-called "stitch-welding" of wires to pins
has been used. The connection would break under the vibration
expected on the missions. This is a problem found on both the out-
board Master Interconnect Board and the inboard Master Interconnect

Board.
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The redesign program put into action in December 1975 was in
two phases. The first phase completed in February 1976 definec the
problem and requirements to the satisfact’on of Rocketdyne and MSFC.
The second phase, if implemented, is to develop a board design that
could eliminate the wiring/weld breakage which has occurred in test
vibration environments. Such designs would be directed toward de-
velopment of multilayer boards to eliminate the wires and hence the
wire breakage. If they are used, the multilayer board design can
be used on the P-4 and subsequent controllers. If necessary a retro-
fit can be made on the pre-production units at a later date.
Controller software includes the operational programs, command
and data simulator executive program, and controller acceptance
test program. The software for the ISTB (Integrated System Test Bed)
engine has been in use since May 1975 at the NSTL. The next software
to be released is for engine 0002, The Operational Program is sched-
uled for May/June 1976 and the Command and the Data Simulator Executive
Program for March/April 1976. Updates to the 0002 engine operatiomnal
program is scheduled in two steps - the Block I update by the end
of 1976 and a Block II update at an unspecified date.
Software and hardware compatibility aspects of the SSME con-
troller will continue to be studied in an effort to provide proper

margins and process times. The current situation looks like this:
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Memory Size Process Time

SOFTWARE FOR (16,384 words) (20 milliseconds)
UTILIZED BUDGET UTILIZED BUDGET
ISTB 14,595 - 17.36 ms -
ENGINE 15,270 - 18.4 -
BLOCK I (Pre Scrub) 20,040 14,000 18.265 16.0 ms
BLOCK I (With Scrub) 13,585 14,000 13.63 16.0
BLOCK II (Prel. Est.) 14,700 14,700 15.18 16.0

Software scheduling problems include the availability of Honey=-
well personnel and facilities to support NSTL ¢perations on simulation
runs and software changes for the ISTB program, and an even more severe
condition when two of the NSTL test stands are operating at the same
time. The available support for the current multiple software program
(ISTB changes into the 0002 software and those within the 0002 programs)
is also a problem due to manpower and facility availability. The im-~
pact of this scheduling difficulties will be an area of continuing

review by the Panel.

3.2.2.5 SSME Hardware Components

A discussion of the design progress of the engine components and
assemblies at this point in the program must focus on the development
and acceptance test programs since the engine design is basically

complete, What design work is still going on is more in the line of
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redesign and upgrading of designs based on test results. Therefore
these areas of design are covered in the next section on "Test Program

and Plans' or in the section on "Manufacturing."

3.2.3 Test Program Plans

The engine development program consists of a Design Demonstration
Phase and a Certification Phase. The design demonstration activity is
scheduled to be completed by the SSME Critical Design Review (CDR)
in September 1976. This CDR will cover the completed and released
design, the basic engine concept and the tests to demonstrate their
validity. The certification activity will then include work neces-

sary after CDR to successfully complete the Preliminary Flight Certi-

flcation scheduled for N

L321 SRS ACa

Q

vember 1978 and the Final Flight Certification
scheduled for Spring 1980.

Testing during the design development and demonstration phase
includes laboratory testing as well as subsystem and engine hot-firing
testing.

The laboratory testing is performed at all hardware levels to
accelerate the verification process and to minimize hot-fire tests
by detecting problems early at the fundamental part level. The test
program includes basic mechanical tests to verify material properties,
dynamic tests of turbopump bearings in the operating fluid at full

operating speed, and simulation of engine operational checkouts and
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meintenance. Since laboratory tests are extensive, they provide con-
fidence in many areas: (1) mechanical, (2) vibration, (3) flow,
(4) environmental, and (5) functional.

Subsystem hot~fire testing is concentrated on the verification
of those requirements and assumptions for which the engine environ-
ment is not required. Included in this test program are the ig-
nition system, preburner, turbopumps and combustion assembiy.

The third element in this test phase is the hot-fire testing using
the Integrated Subsystem Testi Bed (ISTB) - an engine with a develop-
ment nozzle and breadboard controller. The ISTE program objectives

: are:
(a) Development of the engine control.system.

l (b) Extended-duration testing of the oxidizer and fuel
{ turbopumps.
(c) Hot-fire verification of the engine hot-gas manifold.
| (d) Verification of engine starts, shutdown, and throttling
‘ throughout the range from minimum power level (MPL) to rated power
; level (RPL).
T (e) Supplementary verification of preburner and turbo-
pump requirements.

The* ISTB with its controller provides control system and transient

performance verifications as a supplement to engine testing. Thus
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there is a demonstration of bhasic system integrity prior to the first
engine test.

Following the ISTB tests, hot-firing tests are scheduled at NSTL
to (1) test equipment, and (2) to extend the power level to full
power level (FPL). Equipment to be iocluded in these tests are gim-
bal actuators, inlet ducting, and interface panels for fluid,
electrical, and thermal protection. Testing at sea level conditions
will range from RPL to FPL. A test stand nozzle diffuser at NSTL
allows operation of tﬁe engine between MPL and RPL.

An integral element of any test program plan, including that for
the SSME, is the series of Design Verification Specifications (DVS)
because these define the development plan for the engine system,
subsystems and components. Table 3-3 lists all of the current DVS's.
Section 3 of these documents contains the design requirements while
Section 4 contains the verification methods, hardware levels, and
other criteria necessary to demonstrate that each Aesign requirement
has been satisfactorily met. In addition to the DVS's development
plans there are special plans for "life demonstration" tests to
ensure that a conservative margin is maintained and plans for "hard-
ware recyclinf'in which test components and assemblies are made up
of "new" and 'recycled" units. Also, there are materials evaluation

plans for the selection, development, and specification of all materials
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and processes for the SSME.

3.2.3.1 Test Status and Results

The ISTB has been in a hot-firing condition since May 1975 at
NSTL on test stand A-l.l Engine 0002 has begun hot-firing at stand
A-2, Engine 0003 when ready will take over the A-l stand in mid-
summexr of this year. All of these tests, on the ISTB and 0002,
are expected to be nearly complete by the time of the SSME CDR in

September 1976.

3.2,3.1.1 ISTB

Well over 60 tests have been conducted to date. The next
significant milestone is the achievement of a sustained 60-second
engine firing at rated power level. This test has been delayed
somewhat because of the time required for the resolution of engine
transient and high pressure fuel turbopump development problems as
well as a flow-meter problem on an installation at the COCA stands
at Santa Suzanna, California. As soon as these are resolved the
60-second test will be accomplished. Another milestone will be the
throttling test to be conducted in the midsummer with
the power level from MPL to RPL. Further throttling tests are also

scheduled for the period starting about August 1976.

So far the ISTB has been run at 76% of RPL for more than 20 seconds.
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Some of the problems that have surfaced have been resolved or are
under intensive study, include the following:

a. The main fuel valve assembly follower bearing side-
plate cracked during theISTB tests. Cracks were found on the inner
race gection of the plate., The original 440C material was replaced
with Inco 718 as an interim redesign. If necessary the redesign will
be fefined at a later date. '

b. Electrical "pig-tails" are subject to environmental

abuse and failures so a new connector design will be effective on engine

2004 and subsequent.

c. Preburner, LOX and fuel, temperature spikes were a
problem during the conduct of the first 29 ISTB tests. Modifications
have been made and proven on subsequent tests.

d. The low pressure fuel turbopump inlet/outlet duct con-
sisting of a flexible bellows joint has had leak problems. Rocket-
dyne 1is investigating a number of fixes. For the present they have
decided to incorporate a brazed design bellows on engine 0003 and
subs, while continuing to use the existing ducts on the first two
engines (ISTB=0001 , 0002). Indications are that the early-type
flex ducts can withstand the rigor of continued firing in order to

meet test requirements.
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302-3.1-2 Ensine 0002

This engine haa just begun its test cycle at NSTL with 16 tests
conducted to date. Early testing has evaluated the atart characteristics,

while the most recent testing has evaluated fixes to the high pressure

fuel turbopump.

3.2.3.1.3 Component Tests

For our purposes the components of the SSME include combustion

devices, turbomachinery and the controller. Previous sections have

discussed the controller.

From a standpoint of the critical hardware for the 0003 and 0004
engines, the following proﬁlems exist. On the 0003 the bellows
assemblies mentioned above have been brought "in-house'" due to vendor
problems which in turn has resulted in some changes to the
schedule completion dates. However, there appears to be little or
no impact from this delay since there is a pad of some six weeks avail-
able. Engine component problems on the 0004 include the high pressure
fuel turbopump, the main combustion chamber, and the 77.5:1 nozzle.
This engine is due for delivery around September 1976. To help
mitigate these problems Rocketdyne has completely revamped its so-

called "pump assembly room" at Canoga Park to do a more orderly and

timely job on turbomachinery.

3.2.3.1.3.1 Combustion Devices

A testing summary is shown in Table 3-3 covering the following
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items:
Augmented Spark Igniter (ASI) Oxygen Preburner (OFB)
and Fuel Preburner (FPB)
Thrust Chamber Assembly (TCA) Heat Exchanger

Nozzle with 35:1 Ratio
The 40,000 pound thrust scale model was used for tests at MSFC.

In summary, the combustion devices test program indicates that
the above items have been operating satisfactorily. Problems that
have cropped up during the test program have either been resolved
to the satisfaction of the designers or a resolution is now in
process. For instance, the 35:1 nozzle TCA tests conducted at COCA
4B show an excessive pressure drop existing between the iniet dif-
fuser of the main combustion chamber, the tubes, and the mixer at
the outlet. The measured pressure drop was 544 psi while the predicted
was 349 psi resulting in an excess of 195 psi. These measurements
were at RPL. The impact on engine balance results in tube life de=-
crease and engine temperature increases. This problem is under active
investigation at this time with results expected soon.

The Augmented Spark Igniter (ASI) has experienced spark plug tip
overheating resulting in erosion and cracking of the plug tip. This
problem is beirg worked by developing a copper-plating process, con-
trolling the ISTB hydrogen temperature on engine start, eliminating

temperature spikes during any transient and using the copper-plated
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plugs on the engines when they become available.

Steps taken to prevent other combustion device fabrication prob-

lems include prevention of pitting in the main combustion chamber

liner by revising tooling for the electroform process and prevention

of the 77.5:1 nozzle braze and weld problems by redesign of the mani-

fold shell and modified tooling for brazing process.

3.2.3.1.3.2 Turbomachinery

The significant results of the turbomachinery tests are:

Low pressure oxygen turbopump

Low pressure and high pressure
oxygen turbopump

Low pressure fuel turbopump

Low pressure and high pressure
fuel turbopump

High pressure oxygen turbopump
Seals and Bearings

Tested to Full Power level

Tested to RPL (Transition)
Tested to 0.92 of RPL (Steady-State)
Impeller performance defined

Tested to FPL
Performance Mapped
Bearing failure experienced

7 tests, tested to 0.75 of MPL
Axial thrust balance difficulties
resolved; speed limitation on HPFTP
because of subsynchronous whirl

Borg-Warner wear problem Investigated
Testing initiated on "Sealol" Seal

The problems noted can be described as follows:

(a) The LPOTP housing had failures during the RPL proof

test. Inspection of the casting is a difficult task. As a result,

the problem is being approached from both a materials aspect as well

as providing a more thorough inspection process.

(b) The HPOTP impeller performance has been lower than

expected at the RPL condition. This appears to have resulted from
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impeller vane resonance and resulting lowered outlet head. Modifi-
cations of the impeller are being made and further testing will con-
firm the redesign.

(c) The HPFTP rotor axial thrust balance problem has been
the cause of axial rubbing and damage during tests of this pump.
The problem is recognized and understood. A step-by-step procedure
has been followed to balance the rotor system such that during running
condigions the system will be balanced by means of internal orifices and
preclude overspeeding and rubbing of parts. The rotor syétem has been
balanced in tests up to 75% of RPL. Additional tests up to full power

level must now be conducted to confirm the design.

(d) The high pressure fuel turbopump subsynchronous whirl problem
has been the cause of excess shaft vibration and turbine bearing load
failures. A step by step procedure is being followed to reduce the
vibration level so that long duratipn engine tests can be conducted
above the 60% RPL. Moderate improvement from immediate fixes has raised
the whirl inception speed and reduced the severity of the vibrationms.
However, to completely resolve the problem and enable the pump to run
up to full power level, a stiffened rotor and support system plus moving

the pump and bearing inboard will most likely be required.
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(e) The HPOTP primary LOX seal has had inadequate life
due to excessive wear. There is no immediate problem on the engine
test stands; however, steps are being taken to reduce the load on

the seal and provide a better seal material in the future.

3.2.4 Manufacturing

Since manufacturing is discussed in varying degrees in the pre-
ceeding sections on review, design and test of the SSME and its com-
ponents, the discussion here is limited to four items that are of
major interest at this time: (1) the increase in the turbopump
assembly area and facilities at Rocketdyne, (2) machine tool require-
ments and rehabilitation program, (3) welding, and (4) pre-production

in-house fabrication maturity. The turbopump assembly operation is
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being expanded so that it can handle eight assemblies simultaneously.
This requires increased supervision, mechanics, and quality concrol;
duplicate tooling; three~shift operations in most cases; and, a
setting up of a standardized assembly or flow process to optimize

the use of men and equipment. The machine tool study is also a step
in making the very best use of on-hand equipment. Welding has been a
consistent problem on the more complex configurations used in the
main combustion components and some turbopumps as well as the full-
size 77.5:1 exit nozzle. Quality of the welding is being improved

by a program to use automatic welds rather than manual welds and

upgrade the machines themselves. The following is a list of weld changes

from manual to automatic in the course of the period between October

1975 and February 1976:

10/9/75 1/15/76
Ducts 66 15
Turbopumps 7 0
Main Combustion Chamber 3 0
77.5:1 Nozzle 1 2
Hot Gas Manifold 3 2

It is understood that the first '"good" 77.5:1 nozzle has completed

its fabrication cycle with minimum weld distortion which indicates

that particular problem may be resolved.
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3.3 Addendum

ISTB testing with the reworked Low Pressure Fuel Turbopump was restarted
at the end of May and testing at the COCA IB facility has been resumed
as well.

Accelerations, vibrations and unbalanced forces on the rotating shaft
and blades of the High Pressure Fuel Turbopump have caused premature
engine shutdown a number of times. This appears to be the result of
subsynchronous whirl effects or pressure oscillations

at frequencies near 50 to 55% of the actual pump speed itself. To
resolve this problem, outside specialists have been consulted; a
literature search of hundreds of publications and speciality texts from
several nations has also been started. The most promising fixes appear
to be increased Coulomb damping on the bearing carrier; a tangentially
vented pressure relief interstage seal; reduced interstage seal length;
reduction in shaft hysteresis; decoupled axial and radial modes;

and, of course, any combination of the above modes.

The SSME System Safety activities currently underway includes an

update of the SSME hazard summary listing all identified hazards and
cruses; preparation of the final report on the NSTL hazard analysis

for the A-1 and A-2 test stands; and the planning of an oxygen fire
symposium to assure test persomnnel are up to date on the current

safety provisions.

The P-4 engine controller assembly is on schedule. Power supplies

for this unit have successfully passed a 10 minute, three axis subsystem

vibration test. The P-4 controller is due at Rocketdyne in September 1976.
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ATTACHMENT 3-1

The major challenges of significance for crew safety on the
Sprce Shuttle Main Engine are materials behavior under scvere
environments, weld integrity, POGO suppression, and engine
controller performance and reliability. Therefore, the results
of the test program will be critical to developing confidence
in thesc areas.

Response: goMp Materials Behavior Under Severe Fnvironments

(a) An extensive analysis and test program is well underway. The
fracture mechanics test program has been cxpanded to include more
materials and componants. Fracture mechanics anolyses include

load cycling and environmental conditions, alloy/condition combina-
tions, weld combinations, and the effects of coatings and weld
overlays. These analyses will bo verified by the test program.
Minimum detcctable flaw sizes will be establishced hy non-destructive
methods. In addition, an asscssment of the structural marcins in
the SSME with regard to structural, weight.,, and pcerformance re-
quircements was conducted by a high level team composed of members
from JSC and MSFC. All 117 components reviewed meet the engine
safety factor requircoment of .4 at full power level, and 88 of
these meet a 1.5 safety factor at full nower level.

SSME Weld Integruity

(b) Fabrication of the first c¢ngine and supporting components
revealed areas requiring improvements in weld integrity. FExten-
sive action has been taken in Lhe area of weld analysis, redesign
of some weld ‘joints, converting firom manual to automatic welding,
cvaluating of process parametcers, upgrading/incrceasing staff, up-
grading equipment and improvements in inspection and quality control
proccdures to assure good welds.

POGO Suppression

(c) A continuing analytical program is underway and being pursued
to understand the POGO phencmenon and its implications to the SSME
by NASA field centers and their contractors. A POGO integration
panel, chaired by Dr. Harold Doiron of JSC, has been in operation
since June 1973, to continually review analytical and test data.
The POGO suppressor has been baselined and a comprehensive test
program on individual component parts is already underway. Engine
tests will verify the POGO suppressor system. Extensive use has
been made of Saturn data in designing the test program.

Engine Controller Performance & Reliability

(d) High priority by top management at Honeywell, Rocketdyne,
MSFC, and Headquarters is being applied in this area. Because of
current problems with the controller interconnect system (inboard
master interconnect system) and the fact that it is difficult to
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ATTACHMENT 3-1 (Continued)

manufacture and teproduce, two studies have been initiated on an
interconnect redesign effort as a product improvement. Further-
more, we arce procecding to mount the controller on isolators (shock
mounts) which significantly reduce all vibration energy into the
conntroller at frequencies above 100 Hertz. In addition, RTV potting
and foam have been added to the inboard master interconnect board

to reduce wire stress concentration and dampen the wires dynamics.

It should be noted that the wire breakage problem we have encountercd
has been associated with the inboard half of the controller inter-
connect system, and not the memory plated wire.
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ATTACHMENT 3-2

‘Allowable SSME Ilcat Exchanger Oxidizer
Coil Leakage Rate

We are glad that they arc keeping an open mind on this since a leak rate

of 10 =3 cc/sec helium during field operational leak test inspection sounds

like a fairly large crack. This is a critical picce of gear., Is this a

case where the 160 hour turnaround time is the driver?

Answer:

The heat exchanger leakage rate test requirement for launch operations
has not been firmly established, The | x 10-3 cc/sec helium check is
being used for planning purposes, The nccessary leak check and/or any
other inspection requirement will be based on the development experience
and the assessed risk of a failurec. The 160 hour turnaround requirement
will no doubt be a consideration in all ground operation planning but will

not be the deciding factor,
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ATTACHMENT 3-2 (Continued)

Use of Teflon Balls in POGO Suppressor Unit

What are the requirements for the ground tests to verify this design?
How closely can they approximate flight conditions?

Answer:

The hollow teflon balls utilized in the POGO suppressor will be subjected
to extensive testing as individual parts as well as in component tests.,
They will also be utilized and subjected to operating conditions during
all engine testing subsequent to incorporation of the suppressor into the
R&D program, Being an internal part of the engine system, the teflon
balls should be subjected to operating conditions which closely simulate
flight conditions. The only known difference will be operationina 1-g
environment as opposed to a flight environment of up to 3-g's., It is not
anticipated that this differcnce will have an effect on the operation of

the balls.
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ATTACHMENT 3- 2 (Continued)

Delays in Receiving and Testing SSME Components

What is the nature of these problems? What is the impact on the NST L,
test program?

Answer:

The SSME Project is expericncing delays in the manufacture of hardware
similar to that experienced on previous engine development prograns.
The delays are indicative of the complexity of the various manufacturing
processes involved and the development learning cycle, lHowever, al
this time approximately three specimens have heen made of all hardware
items, except for the 77:1 nozzle scheduled for - ompletion in carly
CY76. The initial specimen experience and the havdening of the tooling
continually improves the hardware schedule visibility, ‘The testing of
componcents and the engine system is not being driven by the hardwarve
schedules and adequate hardware exists to perform the tests as the

test facilities and enginecring planning allow,
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ATTACHMENT 3-2 (Continued)

\ SSME Controller

When do you expect to have the necessary information on the problems
with the current Controller to make a decision on the backup unit?
What kinds of information will be considered?

{

)

[ Answer:
}

|

The test experience with the first prototype controller (PP-1) and the
‘ ISTB experience with the rack mounted controller (EM-1) and its
‘: software, have eliminated the need for further backup controller
\ planning, While some changes are being considered to reduce scnsc
: line noise and to reduce fabrication problems with the Master Inter-
connect Board (MIB), considerable experience has been accumulated
through functional and environmental tests of PP-1 and through the
ISTB tests conducted to date at NSTL., While long duration testing at
environmental extremes is still to be completed over the next few
months, the functional and short test duration thermal and vibration
data accumulated to date indicates that the present controller can
be made to function within the engine program constraints. Closurec
of the backup controller contingency planning effort is presently being
staffed between Level II and Level I,

(The November 1974 Contingency Plan for SSME Controller identificd
a target date of early July 1975 for making a decision on this subject

bascd on projected availability of testing expericence and procurement

lead times. At the time of our review with the Pancel, late April, the
test and manufacturing experience accumulated with 1P12-1 indicated that

backup controller effort would not be required.)
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TABLE

FACTr: Z OF SAFETY FOR SSME

3-1

AT FULL POWER LEVEL VS. RATED POWER LEVEL

Factor Of Safety

(Calculo ced)

SSME HARDWARE ITEM FPL RPL
Low Pressure Oxidizer Turbopump
Housing 1.50 1.67
Inducer 1.50 1.67
Turbine Blades 4.40 4.90
Turbine Stator Vanes 1.42 1.58
Shaft 1.69 1.69
Low Pressure Fuel Turbopump
Turbine Housing 2.12 2.29
Pump Housing 1,53 1.64
Inducer 2.74 2,90
Shaft 1.91 2.02
High Pressure Oxidizer Turbopump
Second Stage Turbine Blades 1.76 2.03
Firat stage Turbine Disc 1.48 1.71
First stage Turbine Kozzle 2.27 2,50
Turbine bellows 1.69 1.97
Turbine Fairing 2,28 2.67
Turbine Exhaust Struts 1.50 1.75
Turbine Inlet Housing 1.65 1.93
Pump Housing-Inlet 1.62 1.89
Discharge 1.62 1.70
Diffuser Vanes 1.41 1.50
Preburner Volute 1.59 1.70
Main Shaft 1.50 1.75
High Pressure Fuel Turbopump
Second Stage Turbine Blades 1.40 1.49
Second Stage Turbine Disks  1.40 1.49
First Stage Turbine Nozzle 1.83 1.96
Second Stage Turbine Nozzle 1.55 1.66
Turbine Bellows 1.53 1.64
Turbine Bearing Thermal Shield 1.76 1.89
Turbine Bearing Support 2,66 2.86
Shaft System 1.46 1.53
Pump Housing-Mount'g flange 1.50 1.61
Discharge 1.82 1.94
Diffuser Vanes 2.12 2.26
Pump Inlet vanes 2.00 2.20
Third Stage Impeller 1.79 1.91
First Stage Diffusers 1.50 1.61
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TABLE 3-1 (continued)

Valve Actuators
Connection Flange
Pressure Cylinders

Gimbal Bearing
Body
Shaft
Seat

Hot Gas Manifold
Shell
Injector Weld
Fuel Preburner Weld
Oxidizer Preburner Weld
Fuel-Side Collector Liner

Fuel-~Side Transfer Tube Liners 1.75

Oxid-Side Collector Liner

Oxid-Side Trans. Tube Liners 4.22

Heat Exchanger Weld

Main Combustion Chamber
Actuator Struts
Inlet Manifold
Discharge Manifold
Longitudinal Welds
Liner- Electro Deposit Ni

- Narloy-Z

Acoustic Cavity

FPL RPL
1,40 1.40
2.00 2.00
1.48 1.57
1.64 1.64
1.47 1.47
1.42 1.56
2.08 2.29
1.55 1.70
1.45 1.59
9.~ 9,=
1.75
2.90 2.90
4,22
2.70 3.00
1.41 1.41
1.41 1.48
1.47 1.55
1.40 1.50
1.60 1.79
2.29 2.54
2.61 2.83
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TABLE 3-3

DESIGN VERIFICATION SPECIFICATIONS
(DVS)

Specification Title

Specification Number

Engine System
Main Engine (Vols. 1,2)
Gimbal Bearing Assembly
POGO Suppression System

Avionics
Controller Assembly (Hardware Vol. 1, Software Vol. 2)
Electrical Harness
Instrumentation System
Flowmeters
Ignition System

Combustion Devices
Thrust Chamber Assembly
Hot-Gas Manifold
Fuel and Oxidizer Preburner Assemblies

Turbomachinery
Low Pressure QOxidizer Turbopump Assembly
Low Pressure Fuel Turbopump Assembly
High Pressure Oxidizer Turbopump Assembly
High Pressure Fuel Turbopump Assembly

Valves and Interconnects
Check Valves
Pneumatic Control Assembly
Flexible and Hard Duct and Line Assemblies
Hydraulic Actuation System
Heat Exchanger
Static Seals
Propellant Valves
Fuel and Oxidizer Bleed Valve Assemblies
POGO Suppression System Valve Assemblies
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SSME {101
102
106

201
202
203
204
205

303
304
305

401
402
403
404

508
510
511
512
513
514
515
516
517
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4.0 ORBITER THERMAL PROTECTION SUBSYSTEM

4.1 Introduction

The Orbiter 101 Critical Design Review and the Orbiter 102 Preliminary
Deslgn Reviews have resulted in a reasonably firm baseline of the
Orbiter Thermal Protection Subsystem (TPS). As a result, detailed
drawing releases, fabrication of hardware, detailed tests, have all
begun., The Panel  reviewed both the management systems and their
implementation as well as the technical adequacy c¢f the TPS. Given
this new technology, the Panel wants to assure an adequate basis of
confidence in reliability of the TPS and therefore crew safety.

The Panel has had this critical Shuttle hardware system under
review during the past two vears as shown in Table 4.1. The Orbiter
TPS is, of course, a many-faceted system of the Orbiter. It is affected
by many factors: aerodynamic pressures; structural deflections on the
Orbiter; and the External Tank and Solid Rocket Booster elements of
the Shuttle Cluster. Given this complexity it was apparent that the
Panel could not provide detailed scrutiny of all these aspects. There-
fore the Panel and the Task Team focused on (a) the technical require-
ments for the TPS during phases of the Shuttle mission, (b) those
features of the TPS most affected by unique mission requirements,
operational restrictions, resource reductions, (c) challenges created
in using new technology, and (d) flight test requirements not pre-

viously experienced on manned space flights,
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The Panel examined the management systems in terms of its a-

herant capability for handling (a) communications between technical
personnel and through senior levels of management, (b) the hazards
identified and their resolution and risk assessment, (c) such major

technical problems and interface effects as design, test, fabrication,

logistics, maintenance, and assembly. Technical areas covered in

these discussions covered materials and processes, thermal analyses,
structural adejuacy, systems integration, TPS and Orbiter hardware

properties affected by aerothermodynamics of ascent and reentry.

Many parts of the program impacting the TPS are under review by

the Task Teams for such areas as the Shuttle Major Ground Test Pro-

gram, Approach and Landing Test Program, the Orbital Flight Test
Program, Development Flight Instrumentation, External Tank and Solid
Rocket Booster Programs, and Risk Assessment.

The fact-finding began with detailed preliminary data collection
and analysis resulting in a discussion with appropriate program
personnel to establish the specific areas of interest, the personnel
that should be involved and the best sites for the discussions. Then
the team undertook on-gsite reviews with various levels of working and
management personnel and examined as appropriate the hardware/software,
tests, and documentation.

The team then reviewed the program response to their action item
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and subsequent baseline reviews and test results. This report is

based on such activities.

4.2 OQObservations

4.2.1 Organization

There have been no measureable changes in the management organ-
ization of personnel since the Panel's last report to the Administrator
dated June 1975. Based on discussions with NASA and contractor per-
sonnel the organization appears to be operating well and is producing
the necessary communication between all levels. Top management has
visibility of the overull status of the TPS program. The Panel will
continue to review the ability of the various TPS organizational
elements to respond quickly.to changing program needs when they are
defined at the Orbiter 102 Critical Design Review and as a result of

the updated "loads programs."

4.2.2 Review System

The Orbiter Thermal Prwtection Subsystem Design Review conducted
from mid~July through mid-August 1975 was an extemnsion of the Orbiter
102 Preliminary Design Review (PDR). Since this is a good example
of the depth and scope of such a review, the following particulars
on the process are cited:

July 28th Data Packages after having been
checked and assembled were sent to
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July 28 -~ August 8

August 12-13

August 14

participants for critique at the
following locations: JSC, KSC, ARC,
LaRC, NASA Headquarters, SAMSO.

The data was reviewed and Review
Item Dispositions (RID's) were sub-
mitted as a result of this critique,

The Screening Group reviewed all RID's,
resolved the technical or management
questions where appropriate and identi-
fied those items to be brought before
the full, formal Review Board.

The TPS Formal Review Board reviewed

the actions of the screening group,
resolved the issues which required

their management authority and assigned
the actions to be taken in ensuing months.

The distribution of RID's across the TPS technical areas is indicative

of where the remaining challenges were found:

Structures (reuseable Carbon-Carbon leading edge, reuse-
Surface Insulation-Tiles and Nomex, Thermal Con-
trol Subsystem-Internal, Stress/Loads, Materials/Pro-

cesses)

Development Flight Instrumentation and Avionics

Aero Sciences
Systems Integration
Test Program
Reliability/Safety
Quality Assurance

Manufacturing

- 1S 15 IS
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The risk management system for the Orbiter TPS was also reviewed.
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The system is continuing to produce hazard assessments. For example,

the NASA document "Space Shuttle Safety Comn:»:: 3 Summary Report," JSC

09990, dated December 15, 1975 covers the following:
a, Damage to the Orbiter TPS from the ice shed from the

External Tank.

b. Possible impact of the External Tank and Orbiter after

initial separation.
¢. Damage to the Orbiter by the motor plume from Solid

Rocket Booster after separation.

Based on the material presented to the Panel and the discussions

between Panel members and NASA and contractor personnel it appears
that the review system as applied tu the Orbiter TPS is working

reasonably well at all levels,

4.,2.3 Documentation

The Panel selectively reviews TPS related documents covering
the various aspects of the design, test, and fabrication of the
Orbiter TPS. Table 4-2 is a partial listing of the documentation

reviewed by the Panel since its last report to the Administrator.

4.2.4 Design Progress

Since the basic Orbiter TPS has been described in both prior

Panel documents and many NASA and contractor program documents, it
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is assumed that the reader is acquainted with the TPS subsyste or
has access to the material noted above. Observations as presented
here cover several areas: (a) significant changes to data reported
in the Panel's last Annual Report to the Administrator, (b) new in-
formation developed during Panel reviews and task team activities,
and (c) observations of other Panel Task Teams that relate to the
developing basis of confidence in the Orbiter TPS' ability to support

a successful Orbital mission.

4.2.4.1 Mass Properties

The new Felt Reuseable Surface Insulation (FRSI) replaces a por-
tion of the low temperature tiles (LRSI). This change reduces the
TPS accountable weight by some 300 pounds. A description of this

newest addition to the TPS is provided in Paragraph %.2.4.3. However,

there are a number of items that are expected to lead to weight increases.

These items include definition of the penetrations and closeout, beef-
up of the reinforced carbon-carbon panel, the outer moldline fairing,
the high pressure gradient flow barrier, the aero-surface seal require-

ments, LRSI coating thickness and optical property change.

4.2.4,2 TPS Material Distribution

The distribution and configuration of the five (5) different

types of TPS materials used to cover the Orbiter surface zve ag
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shown in Figure 4-1,

4.2.4.3 TFelt Reuseable Surface Insulation (FRSI)

Studies conducted in the last months of 1974 showed that the
minimum gage LRSI tiles overprotected the structure in many areas,

The temperature of the structure in these areas was below 350° F.

so that it might be possible to have a 'bare top surface.'" This

was, however, considered an unacceptable risk for the first orbital
flight. The concentrated test and analysis program covered many
materials and material systems and finally selected the Nomex felt,
Therefore, the LRSI tiles covering areas with surface temperatures

of _4_'..7000 F during entry and at 750°F or less during ascent have been re-

placed with DC92-007 silicon paint coating on Nomex felt. There is a con-

tinuing effort to extend the use of this coated Nomex material to

further reduce weight and complexity of the TPS. The only major comn-

cern in changing from tile to Nomez was that there might be a "flutter"
interaction. Therefore, a two-foot by four-~foot specimen is presently

being tested at the Ames Research Center to determine the "flutter!

characteristics of this assembly. Table 4-4 dascribes the FRSI material.

4.2.4.4 Orbiter 101
There is a concern regarding the simulated tiles on the Orbiter

101 for the Approach and Landing Test program vehicle. These are
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made of polyurethane foam covered with Hypalon coating. The ccucern

is with the foam material and its compatibility with various Orbiter
fluids, e.g., hydraulic fluid, APU propellants, etc. There is a
potential fire hazard due to this incompatibility. NASA and the

Orbiter contractor are examining this area and expect to have a

resolution available shortly,

4.2.4.5 TPS Issues

At the time of the Panel's review the following technical chal-
lenges were being worked so each is discussed in the following para-
graphs:

a. HRSI and LRSI tile coatings.

b. Unique shaped tile

c. Tile-to-tile steps

d. Airframe panel buckling

e. Static door thermal barriers

f. High pressure gradient barriers
g. Use of densified fused silica

h. Use of minimum thickness LRSI tile

i. Body flap, rudder speed brake, elevon aerothermal seals

4.2.4.5.1 Tile Coatings and Unique Shaped Tiles

There is an intensive and detailed materials development program
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for the tile coating. The program has been conducted by NASA at the
Ames Research Center, Johnson Space Center, Rockwell International,
and the Lockheed Missile and Space Company. In trying to meet the
RSI tile coating goals, the program has been having problems with
cracks in the coating on the sidewalls of the High Temperature Re=-
useable Surface Insulation. The Low Temperature tiles (LRSI) coating
is still undergoing demonstration tests on the mechanical adequacy
and characterization of its material properties.
The goals for the RSI coating are to:

a. Minimize devitrification during thermal exposure.

b. Minimize thermal expansion coefficient (about 3 x 10 ~/
in./in./°F).

c. Minimize morphological (form and structure) changes
during thermal exposure.

d. Maintain imperviousness to water.

e. Optimize optical properties§ £20.8, HRSIé‘é_ql.O, LRSI?_.iOA

f. Meet dimensional tolerance requirements.

g. Provide as much as possible resistance to ground handling
and impact damage.

Based on the latest information available to the Panel the pro-

gram has an approach to resolving the tile coating problem. The pre-

gent coating (identified as #0050) consists of silicon carbide and
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cobalt oxide emissivity agents. The basecoat is slip cast fused silica
with a basic borosilicate glass as the coating. The test program to
resolve the #0050 coating problems involves Lockheed, Rockwell, Ames
and JSC support during the first portion of 1976. At the same time
there is a program to evaluate the reaction cured glass coating pro-
cess developed by Ames Research Center. The so-called reaction cured
glass coatings are produced by blending the components, then affixing
them by spray or paint on the substrate and finally heating the coated
tile rapidly to the reaction temperature for the reciprocal action of
the ingredients on each other. The result is a three-layered coating
with an outer layer of Boron Oxide rich glass, a center layer of Boro-
silicate glass + Tetraboron Silicide, and an inner layer against the
tile of borosilicate glass. When the tests and analyses are com-
pleted it is expected that a final decision on the coating material
will be made in mid-1976.

In addition to the effort to produce un-flawed coatings, Rockwell

International is evaluating the impact of flaws on mission performance.

This seems worthwhile since the coating cracking problem appears to
be applicable to the LRSI as well as the HRSI; the tiles are subject
to damage by any impact, human or natural; and there is presently no
viable test method of detecting the sidewall flaws.

For the total TPS tile program, NASA approved material character-
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ization plan specifies that:

"The mechanical properties, as described under test
programs are divided into three catagories to prevent
unnecessary and redundant testing.

Category 1: The approach is to test enough specimens
in one or more critical properties to verify gaussian
distribution in a population of specimens taken from
multiple batches of material that has not been well
characterized previously. Where similar materials
have been well characterized or where generous mar-
gins are predicted, fewer test specimens are re-
quired. A demonstration of a 1.5 safety margin, us-
ing material properties degraded by 100 mission thermal
history, will satisfy any requirements for further
testing of that property.

Category 2: With only a minimum number of data points
scheduled in Category 1, some unsatisfactory margins
may result, In these cases, Category l results will
be assessed, and additional testing will be performed.
In addition, certain tests will be conducted when in-
formation is required but does not result in a design

allowable. Category 2 tests cannot be completely de-
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fined until Category 1 testing is complete.

Category 3: After satisfactory allowables are generated,
other conditions that could affect the useful life of
the TPS will be evaluated. These are not yet completely
defined but include evaluation of the effect of natural
environments, working fluids, temperature overshoot,
permeability, and waterproofness."

Only Category 1 tests are defined in the current issue of the

test document RI SD74-SH-0156. |

4.2.4.5.2 Tile-To-Tile Steps

To assure an undisturbed airflow over the Orbiter tile surfaces

T

the yrogram must assure that the height of adjacent tiles be held
within very tight limits, Figure 4-2 shows the 10-mil '"forward step"
criteria which is an installation problem covering about 17% of the
TPS area. Other areas may permit a somewhat greater step difference

as shown, i.e., 30-mil forward and 50-mil backward steps in non-critical

aerothermo~-dynamic areas.

4,2.4.5,3 Airframe Panel Buckling

The problem with possible cracking of thin tiles as a result of
structural deflections was noted in the Panel's last annual report.

Currently this could be a problem in some 1800 square feet

of surface compared to an original estimate of a little more
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200 square feet. Therefore, it i1s an issue which continues to re-
ceive attention. The program is considering such proposed solutions
as use of softer strain isolator pad (SIP), smaller tiles, strength-
ening of the structure, and the reduction in thin tile area by using
Nomex (FRSI). Trade-off studies indicate at this time that the most
cost-effective solution is to revise the structure rather than modify

the TPS with the exception of using FRSI.

4,.2.4.5.4 High Pressure Gradient Barriers

There are a number of locations, comprising fairly large surface
areas, where there are high to low pressure gradients along the tile
gaps resulting in increased gap heating and possibly flow-tripping.
Such regions where such connections between high and low pressure
flow can exist include chines and trailing edges in particular. The
problem is to preclude the flow of gas through the gaps with barriers
of some type. The manner in which these flow stoppers could be manu-

factured and installed are still under study.

4.2.4.5,5. Use of Minimum Thickness RSI Tile

This area of concern has been discussed in the previous sections
on the possibility of replacing very thin tiles with Nomex Felt; the
effect of flutter and structural deflections; and hot gas flow due

to high pressure gradients. Thin tiles have a thickness not exceeding
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about 0.3 inch. They cover some 2000 to 3000 square feet of Orbiter
surface and are susceptible to breakage during handling and launch

preparations. Thelr distribution is as follows:

Straight flat tiles 1000 ft2 (approx.)
Single curvature tiles 500 ftz (approx.)
Double curvature tiles 1000 ft2 (approx.)

The straight flat tile obviously represent the least problem and
can most likely be accommodated by simple methods. However, the single
curvature tiles have not demonstrated that they have sufficlent strength
to be handled in a manner like the flat tiles, Even less is known
about the handling qualities and requirements for the double curvature
tiles. 1In any case, it 1s necessary to demonstrate the techniques

that can adequately handle these tiles without undue damage.

4.2.4.5.6 Use of Densified RSI and Thermal Barriers for Doors

Densified RSI is a silicon carbide impregnated RSI for use in
those areas where improved dimensional stability and high temperature
service are necessary. Applications of this material is currently
found in localized areas where static seals are required, around the
landing gear doors, the elevon and aft Orbiter/ET umbilical doors.

The definition of environmental and dimensional requirements are still
in the process of being refined.

The thermal barrier designs for the Orbiter doors and other
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critical areas have been completed and will be examined analytically
to see what testing should be done to prove the adequacy of the design,
One area of continued concern is the surface smoothness requirements
over doors and other areas using seals and thermal barriers. If the
current smoothness requirements were to be relaxed it could very

well result in flow transition from laminar to turbulent at an earlier
time in the mission that is used in the design and sizing of the TPS.
For example, if the requirements on the nose landing gear door area
were changed resulting in an early tripping to turbulent flow, the

TPS weight might well have to be increased as much as 2900 pounds to

handle the situation.

4,2.4.5,7 Lleading Edge Structure

The leading edge thermal protection design uses an all-carbon
system protected against oxidation by a coating of reinforced carbon-
carbon (RCC). The general design and installation is shown in
Figure 4~2. The RCC system covers about 410 ££2 of leading edge
surface on the Orbiter fuselage, wings and empennage. The 3,020
pounds associated with this system is made up of some 1600 pounds of
the RCC panels themselves and about 1420 pounds of installation hard-
ware and internal insulation in these areas. The material is sub-
jected to temperatures ranging from about 2300° F. tc more than 2600° F.

This material will be applied to two specific areas on the Orbiter 101
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and extensively used on the Orbiter 102 for its Orbital flights.

The on-golng studies assess the capability of the leading edge
structural subsystem to withstand cyclic aerodynamic and aerothermal /
stresses (fatigue properties). This work will be reported upon dur-
ing the Orbier 102 Design Review scheduled for the April/May 1976
time period. There are the number of Review Item Dispositions (RIDSs)
remaining open from prior revievis that car be expected at this stage
of the development program. All of these items are being worked. A
summary of the RID activity through the first of December 1975 is
provided in Table 4-3.

The interface between the RCC installation and the adjacent high
temperature tiles (HRSI) has been designed with essentially ccmplete
layout drawings as well as completed stress and thermal analyses.
Significant areas include the RCC attachments themselves and the ther-
mal barriers internal to the protected surface. Thermal barriers are
to be included in the development test program currently underway,
i.e;, "Wing Leading Edge System' and "RCC/RSI Interface - Nose Cap"
tests. Additional updates are expected in the coming months to the analyser
used in the current design work.

It has been noted that the Inconel 718 metal in the fittings
used to attach the LESS is very susceptable to cracking where small

flaws existed and there is an air environment of 1000o F. or more.
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This concern was discussed in some detail in the Spring of 1975 by both
Rockwell and JSC. It was noted that on all released detail drawings
that a reasonable margin of safety has been assured through the use

of decreased material values (e.g., tensile strength, etc.) which
accommodate possible cracks in the same manner as stress-corrosion

is accounted for in the design of such items,

4.,2.5 Test Program

The Thermal Protection Subsystem Test Program is extemnsive. It

is being conducted at such locations as:

a. Johnson Space Center - Technical management and develop-

ment activities.

b. Ames Research Center - Coatings development, material
characterization, system development tests.

c. Langley Research Center - Development test activities.

d. Lockheed, Sunnyvale, Ca. - Development of tiles and
coating and the production of tiles.

e. Rockwell, Downey, Ca. - Development of total TPS system
including the assembly and installation, design and development,
maintenance and replacement procedures, etc.

f. Johns-Manville - Basic tile material fibers.

g. Globe-Albany, Maine - Supplier of Nomex felt.
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For our purposes this status report focuses on material cl.arac-
terization tests, development tests, and certification tests,

The current test status shows the following position at this
time:

a. Material selection tests are approximately 757 com-
plete with final completion scheduled for June 1976.

b. The material characterization test work required for
the Orbiter 102 PDR is some 90% complete. This phase of the work is
expected to be completed around July 1, 1976, Testing will, of course,
be continued as required to meet any changes made to either the re-
quirements or the material used in the TPS.

c. Design development testing will be continuous through
at least most of 1977. Verification testing is expected to begin
sometime in the last half of 1977.

d. A plan has been developed to assess the inherent cap-
ability of the TPS to withstand such natural environments as rain and
hail bird strikes. A major objective is the determination of that
launch and landing constraints that must be considered in mission
planning.

e. The effects of a "lost tile'" being examined in detail
through testing at the Ames Research Laboratory. The objective of

these tests is to determine the survivability of adjacent tile in-
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stallations and their resistance to the so-called '"zippering' etfect
because of entry aerothermodynamic forces. This work continues be-
cause the earlier test results were not conclusive.

The depth of the test program can be seen from the following
examples of work being conducted at the Langley Research Center:

a. Assessment of the leading edge carbon-carbon material
to assess mass loss verify the mission life capability of this ma-
terial and design.

b. Assessment of the nose gear door thermal barrier to
evaluate the design concepts feor the thermal performance, leakage
rates, and reusability.

c. Determination of the thermal response and gas leakage
characteristics of the interface between the leaaing edge high tem-
perature carbon system and the reuseable tile system which adjoins it.

d. Evaluation of the thermal performance of reuseable sur-
face insulation (tiles) to off-nominal high shear environments.

e. Determination of the effects of tolerance buildup on
the TPS performance under nominal (turbulent) flow environment.

f. Evaluation of the effects of the sequence and/or combi-
nation of mission environments on the TPS tile acoustic fatigue 1life.

g. Assessment to corr=late damaged tile erosion rate with

flow shear, and determine influence of damaged tile on primary struc-
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ture temperatures during entry.

h. Definition of the design allowables for Orbiter lead-
ing edge reinforced carbon-carbon material by determining the syner-
gistic effects of stress, temperature, and pressure on mission life.

At the time of the Orbiter TPS review in August 1975 a number
of issues were considered:

a. The methods of dissemination of materials property data
by letter followed by revision to the materials handbook was reviewed

and is considered acceptable.

b. Materials test plans have been reviewed and the follow~
ing points made: (1) a plan is required and will be made available
for the evaluation of crystobalite formatinn in fused silica materials
(high strength/density) used in high temperature areas of the Orbiter;
(2) a plan is being prepared to define the RSI defect and crack accep-
tance and/or rejection criteria which is necessary for proper Orbiter
refurbishment and logistics; and (3) a test plan has been developed
to consider the possible effects of launch site environment on the
mission life of tiles. This test will be implemented starting in May
1976 and there will be analytical studies conducted concurrently.

c. The planned NASA technology study has been established
to continue the investigation of "lost tile" effects. This is men-

tioned above as a part of the Langley Research Center program in
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support of the TPS development and operational understanding work.
Previous testing had indicated that tile "zippering" would not occur
if a single tile were missing from the TPS pattern. However, there
was some question about the effects from the loss of two or more tiles
adjacent along the airflow path. ZLangley tests indicate that if flow
reattaches on the bottom of the cavity wall where the tile is missing,
unzippering is more likely tc occur. This is due to the flow field
undercutting downstream tiles and erosion of the underlying Strain

Isolator Pad (SIP-Nomex Felt).

d The scope of the acoustic fatigue testing program has

been reevaluated to assure that this program is adequate and timely
in supporting design development. This was of particular interest to
the designers of the aerothermal seals, There is a feeling that such
acoustic fatigue tests should in fact contain a sequence of tests
that used combined environments to assure that the seals are adequate
to pass certification., This is another of the tests noted under the
Langley Research Center support programs.
e. The need for tests of the forward external tank/orbiter
attachment region was reviewed. Thermal testing was not considered
necessary because: (1) the attach/separation mechanism assembly is o

replaced after each flight, hence damage to this assembly during

entry has no next-flight consequence; (2) analysis indicates the sub-
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structure in the attachment region will not be overheated; and (3)
the TPS surrounding the penetration is mounted on a removable carrier-
plate that can readily be inspected and serviced after each flight.

f. There have been questions regarding the certification
plan for the TPS because of the use of prototype pre-production
hardware tiles in develupment test articles that may be used in
support of certification and the adequacy of the planned testing pro-
cedures, especially in the area of acoustic fatigue. To assure an
adequate certification test program it had been decided that proto-
type hardware may be used and if similarity exists with flight hard-
ware and is approved by NASA. The acoustic fatigue test program will

be agreed upon sufficiently in advance of the tests themselves.

4,2,6 Fabrication and Assembly

In its 1975 Annual Report the Panel noted two areas requiring
continued attention. The Space Shuttle Program office responded to
these questions about design and quality control on the TPS and the
procedures, instructions and training requirements for installation

of it, (See Attachment 4-1 and 4-2).

The TPS is still in the development stage; therefore, the detailed

information regarding the process for installation and verification
is also under evolution. Some of the statements provided at the TPS

Design Review put this aspect of the program into perspective .
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a. Non-standard tile shapes are required to accommodate
close-out requirements, tile orientation to reduce gap heating effects
and the man penetrations, such as doors, windows, access panels, vents,
etc,

b. Tile shape and carrier strip geometry has been standard-
ized wherever possible. Layouts, of course, are in various dejrees
of completion. Differences in assembly must be ironed-out as the
design fully develops.

¢. The number of tools or arrays to be used in installing

the TPS on the Orbiter is estimated as follows:

Mid~-fuselage 88
Wings 50
Vertical Stabilizer 83
Upper Forward Fuselage 44
Lower Forward Fuselage 130
Aft Fuselage, Lower 33
APS Pod 64

RCS Pod, Upper Forward Fuselage 26
TOTAL «.veesee. 517
Such installation arrays are being defined as soon as the engineering

layouts become available.

d. The TPS inspection plans (15 May 1975) do not rely on

86

A NI A P

T T




visual inspection alone as the initial method of damage inspect ion.
Demage, of course, can occur during assembly or as a result of the
mission environment., The intent of the visual inspection is to iden-
tify both those vehicle areas where there is obvious damage as well

as those areas which warrant more detailed assessment because of the
external appearance of the tile or similar data. This visual tech-
nique is an effective process to identify areas of refurbishment.
Detailed discussion of available NDE (Non-Destructive Evaluation)

tests and future plans for such are contained in Rockwell International
Letter 044-250-75-080, dated 5 August 1975,

e. An example of the attention being focused on the instal-
lation problem at this time is the assignment of twelve quality engi-
neers to work directly with the design group during the current phase
of the program. NASA has also assigned a quality engineer to monitor
the effort on a full-time basis. In addition, a TPS development shop
is located adjacent to the design area to assure continuity between

the development testing and the design and quality verification

efforts.

4.2.7 logistics and Maintenance

Much of what has been stated above for the fabrication and

assembly portion of the TPS program applies to the logistics and

maintenance areas as well. These areas are receiving increasing
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attention as the design moves forward. For example, Rockwell Ilntexr-
nationa is responding to a KSC request for a proposal to develop
Space Shuttle thermal protection system refurbishment techniques,

which consists of three basic tasks: (1) tile removal and replacement,

(2) tile repair, and (3) thermal tile tests at KSC to verify repair

methods.

These tasks started in October 1975 and will be completed on or
about October 1976.

Handling and packaging specifications and procedures are to be
prepared so that the documents covering the TPS handling, storage,
transportation, inspection, bonding, machining and coating, and water-
proofing will be published and ready in time to support the TPS fa-
cilities activation at the Palmdale assembly plant.

TPS tile identification methods are under active consideration
with a goal of identifying the tiles with an applicable Rockwell

International part number and serial number on the bottom surface

of the tile.

4.3 Current Posture

Although basically a new system, the program considers the
Orbiter TPS concept appears to be both practical and workable. De-
sign and development testing appears to support this judgment. An

example of the maturation of the TPS design is the large reduction in
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the number of thin (0.20") tiles resulting from the refinement »f en-
try aerothermal loads and the development of coated Nomex felt for those
Orbiter surfaces having expected temperatures below the 650-700° F.

range.,

Based on the data available to the Panel, the following is the

status of TPS development:

a. It is expected that 95% of the layout drawings weuld
be completed by April 1976.

b. The TPS design, fabrication, installation and test
activities should meet the Orbiter 102 program milestone requirements.

¢c. The TPS system design reviews are effective in surfacing
those kinds of problems requiring the attention of management and the
working Jevels to assure the TPS meets the requirements on Orbiter 102.

d. The Solid Rocket Booster separation roncket engine plumes
do not appear to present an impingement problem.

e, The basic TPS materials have been selected and the
"acreage' configuration have been baselined. The interface config-
uration between the leading edge RCC system and the basic tile system
has been finalized.

Specifications and test plans need to be completed as follows:
a. The Lockheed Missile and Space Corporation specification

on "heat-up" and '"cool-down' rates to assure the tile materials meet
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Orbiter requirements requires further definition.

b. The material property data in Rockwell International
handbooks used by design and test personnel needs to be updated.

c. The TPS Design Specification, SD72-SH-0101-6, is to
be updated and completed on or about July 1, 1976 by Rockwell
International.

d. Requirements for acoustic fatigue tests need to be
verified.

e. There needs to be a demonstration of a full 100 mission
life for the carbon/carbon leading edge material (RCC), especially
for that section of the wing leading edge where the shock wave off
the Orbiter nose intersects the wing.

f. Aerodynamic heating in the gaps between TPS tiles is
a problem where much effort is being expended at this time. This is
most severe in those portions of the tile system where a large pressure
gradient is present causing increased local flow rates, such as on the
wing glove area at high angles of attack,

g. A test and analysis program must be defined to prove
that the coated tiles can meet the waterproof requirements necessary
for re-use. Coating development activity indicates that this is a
difficult area and resolution is expected in mid-1976.

h. The requirements for Development Flight Instrumentation
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(DFL) for the TPS are fairly well-defined. The program is in the
process of deciding the type and number; the location of sensors
in regards to edges, tile gaps, structural members; redundant in-
stallations and effcects of data point drop-out. The organizational

responsibilities for various aspects of DFI must also be defined.
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4.4 Addendum

The program has just completed a major baseline review and made

number of significant decisions.

4.4,1 Tile Coating

The Ames Research Center "RCG" coating has been selected for the
high temperature tiles (HRSI) based on the most recent test results
and detailed studies, This black coating should eliminate the coat~
ing cracking problem experience during the past months. The original
grey-colored coating will be used on the low temperature tiles (LRSI)
which has not experienced the cracking problem. The thermal properties

(emissivity/absorbtivity) appear to meet requirements.

"4.4,1 SSME Heat Shields

The thermal protection system design for SSME base heat shield
is shown in Figure 4-3. This shield protects the Orbiter and engine
structure from heat transfer during the ascent and entry portions
of the mission. It has been estimated that one-half of the shield

on a single engine may have to be replaced every four or so flights.

4.4.3 Thermsl Seals

The Orbiter body flap and wing/elevon lower cove aerothermal
seals require failsafe design. As presently designed these may pre-

sent a single point failure condition which can be considered a crew
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safety hazard, Furthermore these seals as designed are dynamic systems
so that safe-life cannot really be proven and inspection for failures
is extremely difficult. Although these seal systems include springs,
hinges, linkages, rubbing plates they are not subjected tc the form
of failure mode and effects analyses (FMEA's) used on other mechanisms
because they are considred to be structures. The contractor has noted
that reliability trade studies have beer. conducted to support the de-
sign aud development and the .28t program.

The test and analysis program for the seals is directed toward
demonstrating that:
a, BSufficient structural and performance margins exist so
that there is no credible single point failure in the seal system.

b. Sufficient access and ground test provisions have been
provided to permit inspection and tests to prove flight readiness.
¢, Where structural and performance margins cannot be

demonstrated the design shall incorporate sufficient thermal protection
to accommodate a safe single entry by means of insulation, heat sinks,
etc. To assure hat the current design approach meets the requirements
the contractor has been directed to raview the following areas and
develop a plan and a schedule to (1) determine if the present design
can be made failsafe for all flights, (2) reassess maximum gap size

allowables, (3) determine if additional test program will increase
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confldence, (4) investigate the inspection and maintenance concrpts
for inereasing the ability to meet turnaround times, and (5) Investi-
gate potential modifications to early test missions to enhance the fail-
safe concept,

Other areas of thermal seals still being analyzed include tne
following:

a. The impact of accommodating early boundary layer tran-
sition with particular attention given to the forward landing gear
door and the erternal tank/Orbiter/forward attachment points.

b. Use of redundant seal systems based on the results of
the activities noted above under the elevon and body flap seals.

¢. Payload Bay Door areas.

d. The External Tank Umbilical Door seal.

e, Mechanical properties of thermal brush systems used
in the seal and barrier systems.

f, Door rigging on those doors that might have significant

deflections during the mission.

4.4.,4 Thermal Barriers

In addition to the thermal barrier materials used in the seals
around doors and the like, there is also a need for thermal barriers
or "gap fillers" between tiles znd between tiles and adjacent structures

such as windows, the elevon trailing edge, the wing glove and chine,
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etc, Results from wind tunnel tests clearly indicate that gap heating
is significantly increased when flow is driven by a high pressurc
gradient, The amount of heating increase is dependent upon the mag-
nitude of the gradient., For example, a gap temperature of 1490° 1,
is experienced at a surface temperature of 1400° F. while a gap tem-
perature of some 2000° F. resulted at a surface temperature of 1600° F.
General areas of the TPS where pressure gradients exist snd where gap
fillers are required have been identified.
Concepts deviged to meet this problem include:
a, Thermal brush bonded to tile sides.
b. Glass fabric shapes bonded to tile sides.
¢. Saffil fibers encapsulated in Irish Refrasil material
and bonded to the filler bar currently in use,
d., saffil fibers plus a knitted wire mesh spring encapsulated
in a high temperature fabric (AB 312) and bonded to the filler bar,
Since the bonding of the tile and coating has not been satis-
factory to date, the program is considering the use of Saffil fibers
made into a brush (Saffil = silica fibers) or encapsulated and bonded
to the filler bar rather than the tile coating.
These designs are being testeJ both thermally and structurally

at this time.

4.4.5 Tile Step and Gap Effects
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there appears to be a preat deal of ditficult in maintaining the
small/step and gap required between tiles to provent carly boundary
layer transition, For instance the nose landing pear door thermal
barrier arvangement produces a .UM9=inch step at forward and ait
door cdges compared with pregsent requiresents tor not more than 0.017-
ineh step. The pap between thermal tiles at the same door edges are
in exeess ol the requirement tor 0,03%=inch width and 0,034-inch depth,
Anitlvtical and test work continues in sueh aveas to bring the step and

wip problem within allowable bounds,

4,4,.0  Structural Thermal Analyses

The approach to the structural thermal analysis {s such that it
supports the development of structural and TPY desipns that are intoer=
dependent,  The time that it takes to do a complete thermal and stres
analvsis caleulation or iteration on a previous ealeulation is quite
long, These programs are large, complex i=dimensional mathematical
models requiring considerable manpower and computer usage, These pro-
grams do ot include all three=dimensional effcets that intluence the
structural temperature gradients because orbiter desipn schedules pro-
clude that level ut detail.  Those three-dimensional eftects provided
as given inputs are parameters that vary longitudinally as well as
{ransversely, c.p., TPS thickness, hoeat loads, primary structure, and

TCS insulaticn., The Contractor's TIPS minimusm welpht thermal design
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and analysis philosophy 1is to establish RSL thickness requirements

and vehiele temperature vesponse based on nominal themmal analvees

for aborts as well as normal WIR and BTR missions. AlL these analvsen
are planned to be accomplished at a level ot detail consistent with
shuttle program tunding and schedules.  Final vehicle overall thermal
and structural capability is to be Jdetermined through a progressive
flight test program. Predicated on flipht test results, design modi-
fications can be eflected if required to maintain adequate vehiele

operational capability.
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ATTACHMENT 41

The design and gnality control foe the doors, Thermal
Protection System penetrations and thermal scals shonld he
closely monitored by management to assure that the reliahi-
lity necessary to satisfy safety will be achieved,

Response:  The criticality of weliable designs for doors and other
penetrations thvough the TPS and the associated static and dynamie
seals is recognized by manacement.  The ¢lesing and latehing me chae
nisms for the doors and hatches were identified as 81'M's in the
PMEA as Teading to failure to close and notential eategory 1 eftecty
These eritical mechanisms ard related thermal seats have aleo beon
identified in the Orbiter Harards Analysis, Coneorn was oxprecsod
about the immaturity of desiqn of this part of the thermal protocs
tion system during the TPS PR for vehicle 102 coprdacted in oo ly
Agust . Schedule milestones hove been estahlished for near torm

ad juwstments in the design of fort to assure satistaclovy maigins,
The Program Director has been apprised of the status and aceorndish
ment of the milestones will be monitoroed.

It should also be notesd that the overall S8pace Shuttle desion has
been reviewod with the objective of minimizing the numboer of 59
penctrations.  For oxample, as o 1osult of « review of doors
actuated in Flight, the forward LOS install ¢cion wos modifica Lo
eliminate the doors.
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ATTACIMENT 6=

The procedures, instructions, and training requirements {on
installation and quality control of the Thermal Protection
System components should be reviewed by program management
to assure the aero/thermoedynamie reguirements are swet,

Response:  The TPS (Thermal Protection System) is still in the
development stage: thexefore, the detailed intormation regarding
the process for installation and verification ot the TPS ig uli, .
under development, Significant attention is being foecusod on thi.
arca by both the contractor and NASA. Tor examnle, to assuare
timely and adequate develonment of quality criteria for the T8
installation and verification process, the contiractor has assianed
12 quality ongineers to work directly with the design group duarina
the design and dovelopment phasoe of the effort. NASA has ascigned
a gquality engineer to monitov the effort on o full time haiein,

A TPS development shop is located adjocont to the design area to
assure continuity hetween the development tescing and the desion
and quality verification ¢f forts. NhE (nondestiuctive oviddaat fom
tochniques are currently beino developed and foated to asasore
detection of delamination of t'ile boada, matuerial voids, ¢racky,
ote., following installation and £light, Persoance! training ard
certification requirements are being developed concurrent with

the installation and inspection processes.

Tho TPS 1s an area of great concern tao management and it in booause
of this concern that the action was taken to assian desian,
quality engineering, and manufacturira personnel to develop the
necessary verification processes concurrent with development of
the design. Frequent reviews are conducted by boih the contractm
and NASA management to maintain full visibility ol progress and
prablems encounterced in the TPS development,
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DATE,
Fob L1974

Auy 1974

Sep 1974
Jan 1974
Mar 1974

May 1975

Jul 197%

Aug 1975

Oct 1975

May 1976

TABLE  G=]

ORBITER THERMAL PROTECTION SYSUIM ACTIVITTES

INCATTUN
ARTE

ARG
Tockheoed

JH0

RY
Palmdale

SERIPCE
Reviow of siyniticant shattle deeisionn amd staras

Test ot materials development roview and examing-
tion of materials chavacteri ation/fabrication

Orbiter TPS
Loevel 1T (Svstems Intepration) aspects of TPS
I'ea

Tnspection, repaiv, maintenance aspects of

More detailed fact finding associated with TPR
testing, installation, maintenance, safery impacts

PS8 desipn, installation, tests, satoety implica=
tions associated with door and vent protection

TPS assombly for Orbiter 10)1 aad 107
Participate in TPS Design Review

Results of Orbiter 101 CDR aund input to 102 PDR

Results of orbiter 102 PDR relatiny to TP
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TABLE 4-2

DOCUMENTS ASSOCTATED WITH ORBYTER TPS

Orbiter Thermal Protection Subsystem (IP8) Design Review
Board Minutes. 14 August 1975,

TPS Design Review summary briefings, system description briefing,
team board briefings, Review Item Disposition Summary, RID and
team minutesy all published in RI document §8V75-24-1 dated 14 Auy 75,

Typical RI Internal Letters relating to TPS:

"TPS Evaluation of Updated Design Trajectory Mission 3B April 30, 1976
"I'PS Evaluation of AQOA Trajectory-Nominal WIR" Tuae 16, 1975

"Thermal Evaluation of OML Faired TPS Thickness for OV 102" July 24, 1975
"TPS Evaluation of EIR Trajectory With Dispersions'" August 1, 1975

"Shuttle Orbiter QV-101 GDR Safety Analysis Report Volume I-

Management Summary'" 15 September 1975, $D75-51-0135-001,

"Shuttle Orbiter OV-101 CDR Safety Analysis Report Volume II-

Structures" 15 September 1975, SD75-5H-0135-002,

"Shuttle Syvstems Safety Analysis Report" June 15, 1975, SD75=8H-00063A

"Space Shuttle Safety Concerns Summary Report" 5 September 1975,

"Shuttle Orbiter 102 PDR Safety Analvsis Report (Update), SD74-SH-03713,
dated July 1, 1975,
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TADLE =3

Review Item Disposition (RID)

From Previous Reviews

Still Open

LESS/HRSI Gup/Step Tolerance
LESS structural and Dyvnamic Analysis
LESS/HRSI Internal Insulation

RST Attachment Around Windows

Thermal Deflection of RCC Expansion Seal

LESS Designs for Baseline Trajeectory

(These indicate the arecas of some coancern from & standpoint of design

completion and understanding of the problems involved if not resolved)
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Table =4

Felt Reuseable Suptace Insulation (FRST)

This is Nomex or "E" felt ecoated with white silicone oxide (DY etk /)y
The use of this material in lien of tiles saves about 345 ponnds

Physical Propertivs

«  Maximum allowable temperatare for one minasion 900y

= 100 Mission Life Maximum allowable temperatare 700"y

- Dengity, 1bs/ft2 with thickness of 0.4 inchen 0.2

= Coating thickness (DUY92=007) 0,007% inches
= Area covered, fed 2800

Manufacturing process

Nomex felt is heat treated to 7009F for 30 minutes, then it is
treated at a raised temperatmee of 750°F for another 30 minutes,
This accomplishes the pre-shrinkage step., After application ot

the coating (DC9.)-007) there in a post cure for 19 minutes at 650NF,
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5.0 AVIONICS MANAGEMENT

%.1 Introduction

The Shuttle avionics system provides command functions includ-
ing their implementation, guidance, navigation, and control capability,
communication, computation, displays and controls, instrumentation,
and electrical power distribution and control for the Orbiter, Exter-
nal Tank, and the Solid Rocket Boosters, There are also provisions
for the management and control of payload funccions and for the
communication of data to and from payloads.

Avionics was placed high on the list of areas to be examined and
assessed by the Panel because the fabrication, test, and verification
of the integrated system of avionics hardware and software is vital
to the success of the current phase of the test program and later
mission operations, and it is an area most likely to affect and be cifected
by resources and schedules.

Attachmes¢ 5-1 is the Shuttle Oftice response to the Panel's con-
cern that the management system for avionic hardware and soflwarc
should be reviewed by senior program management to assure it is
adequate for the indicated complexity of the program.

Shuttle Orbiter avionics for the purposes of this discussion talls
into two identifiable areas: (1) the Orbiter 101l avionics used dur-
ing the verification testing and Approach and Landing Tust project,

and (2) the Orbiter 102 avionics used during the vrbital flight tesis
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daid andtial flipghts tollowinye DDENE. The owhiter 101 aviondes svaten
provides the necesqary sipnal acquisition, handling, processing, Jdis-
plav and povering to enable the navigation, contrel, and intormat iog
interchanee required tor the approach and Lamding test projeet,
Spevitically, the avionies svatem tor Oshiter 101 containn:

de tuddasee and Navigat ion

(1Y Three Inertial Measuring tUnits (IMD.
(0 Naviomation Base (Nod.

() Sortware in the peneral purpose computoers,

(1Y A sensory svstem to meastare static pressure, total
pressure, Lower and upper alpha port pressures, amd indicated total
div tempoerature,

Y Air bata Pransducer Assemblivs o provide dinital
mputs from the sensing svatem to the peneral purpase computers.

(1 Probes that are mechaniced tor stowage and Jde-
plovment as required,

¢+Y pecial aviodvoamic probe mounted on a boom
dttached to nose of the aovhiter with a dedicated separate air daia
vomputer and panel mounted displavs, This separate svatem is used to
calibrate the voperational svstoem,

o Flight tontrol
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(1)  orbiter 101 has a backup 1lipht control system
wsing the independent airv data sensors and dedicated peneral purposce
computer ag an alternate to the primary llight control tunction.

(2)  rlipght control components involved in the avionive

to=actuatoyr interiaee are:

Rate pvro assembly
Avcelerometer assembly

Rotation hand . entrol

speed brake thrust control

Rudder pedal trangduecer assembly
Avrosuriace servo ampliticr
Reaction jet driver forward
Reaction jet/oMs driver

Ascent thrust vector control deiver

(V) Plipght control digital autupilot sottware to pro-

vide the bagic 1light control lunctions,

d, Communicat ions and Tracking

The RF, processing, and distribution cquipment necessary

to provide the many input, output and process activities,

Displavs and Controls

U

{1} Controls
Rotation Huand Controller (this is noted aboave av well)
Rudder pedal transducer assembly (this is noted nbY{v
as well)

noted above as well)

-

Speed Brake Comtroller (this is
Keyboard used to interiace with the CRT display and

to manage the information displayed. It is also used to provide entry
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to semd control commands to the computers,

f (M Ddisvlavs

' (8)  Attitude Direcetor .. teator (two-axis, woll 2ad pitch).
> (b) Surface Position Indicator (tor acro-controls)

() Alpha/Mach Indicator

(dY  Altitude/Vertical Veloeity Indicator

() Horicontal Situwation Indicator

(Y orbiter Ddisplay Unit (CRT I'light computer inlormation)
() Computer Status Annunciator Assembly

() Fire Warning Annunciator Asscmbly

- e et et

b (1) Caution and Warning Subsystoem
e Instrumentation Subsystoem
This consists of sensor transducers, signal conditioning
l cquipment, PUM encoding cquipment, trequency multiplex equipment,
;
r PCM tape recorders, analog recorders, timing equipment, and on-board

cvheckout equipment .,

The system is made up of two separate parts: (1) the
operat ional instrumentation (O, and () development 1lipht instru-
mentation (DF1).

h. Nata Processing and Sottware

T

(1) Five general purpose computers (GIC).

(1) Iwo mass memories - magnetic tape memories lorv
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large volume bulk storapge and organicational intormation,

(1Y Eighteen Multipleser/bemultiplescrs D,

() Remote intertace units (o convert and jormat Jdata
at system interiace,

(MY Maltituanction cathode Ray Tube (CRIY, three of
these,

(b)Y  Display systoem,

(7Y Mhata hus and associated equipment,

(8)Y  Sottware tor all computers,

:

i, Eleetrical Power Distribution and vontrol

This system provides power distribution and power cone
trol lor all Shuttle Systems during operational phases, 1t interiaces
with all subsystems that requive sipnal power amd operational power,

Following are the chanpes tere the Orbiter 100 vperational tvpe

vehicles:

a. The Star Tracker and fight Shade Mits are added to the
vuidance, Navipation and Contral svatoem,

b. Removal ot adr data components used tor calibration
of the system during Orbiter 101 test phase,

¢ Addition of S-band.

J., The Engine Intertace tnit used between the orbiter con-

trols and the 8S8ME will be added to command and status the S{ME duriag
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orbital Flipght. A brict overview of the operational system in shown

=

in Figure 5=1, and the Data Processing/Sottware arvanpement is shown

-
[

in Fipure 4=2,

h.0 deneral Purpose computer (GPC)

In the orbiter 101 there arve tive GI's in the orbiter on=board
computational complex,  Four ot the dPC's are synchroniced, contain-
ing the identical primavy propram loads.  The titch ¢PC on the ALT
phase ol orbiter 101 is dedicated to support the backup 1light control
system,  This backup 1lipght control system is o primary satety tunction
in this phase ot the propram.

Each aPC is a moditied IBM AP=101 micropropram controlled ventral
Processing nit P with a unique Input/Qutput Processor intertace
to the serial data bus network, These two line replaceable units,
the 0P and the Input/Qutput Processor, contain portions of main
memory which are used by either the ¢PU or the Input/Output Processar
on a nondedicated basis., The CPU inftiates all input/output actions
through the execution ot instructions to the processor,  These in-
struct tons and data words are transterred between the ¢piand the
Provessor on a bidirectional, parallel word data bus.  Except tor
initiation, the processor is indepemdent ot the PP and executes its
own proprams, which reside in the common main memory. Read-only

storaye is used tor controlling a rixed sequence ol operations and
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internal data paths to be exeeuted for cach instruetioa,

%3

The PMS on Orbiter 101 is considerably leass complex than the one
on Orbiter 107 which is used for orbital missions, The Orbiter 18]

MY as used duaeing the ALT project provides for antomatie tault deteetivn
and aununciation, and subsvstem measurement manapyement.  Additional PM8
functions or Orbiter 102 OFT and voperational missiong inelude the
tollowing: (1) subsystem confipuration management, () consumables
manayement, (1) data recording management, (9D telemetry format selection,
(%) payload support, () mission proper storape and retrieval, (7) pep-
formance evaluation and trend analvsis, and (8) continpeney planning aid,
The smaller 101 PMS program is resident in each ot the four GPC's used
for the primavy flisht control system.

Automatic tault detection and annuneiation detects subsystom tailures
at the functional path level, whieh is the level corrective action can be
taken in flight., This system is implemented through the avionies software,
When the failed parameter is one of the safety eritical caution amnd warning
parameter group items @ backup caution and warning master alarm signal is
ponerated, A PMS crew alert alarm consisting ol a small blue light and a
short duration burrer is initated vhen any parameter is declared failed,
Thus the PMS provides a backup capability for the harvdwired Caution and
Warning subsystem in alertinyg the crew to any detected hacardous or
potentially hasavdous condition which regquires attention,

The Subsystem Measurement Manapement software enables the crow
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to vall upen the CRT the measurement data so the crew can assess the

degree ot o problem,

9.5, orbiter Avionivs Installation

The major portion of avionivs can be tound in the tlipht Jdeek,
the three torward avionices cquipment bays, and the three aft avionies
cquipment bays. All antennas, exeept those used exclusively tor
satellite tracking and EVA communication, are {lush mounted on the
top, bottom, amd sides ot the Orbiter rorward fuselape. These antemas
include:

a. Four $=band seven—element antennas for phase modulated (PM)

commuiiication with space/ground link system and S8TDN ground stations and
the NASA tracking and data relay satellites.

b, Two S-band FM antennas.

Co Four C=band horns for the radar altimetor,

' one UHPF antenna for EVA/air trattic control voice

—

\
conmunicat ions,

N $ix I~band TACAN antuvnnas.

r, Three Ku-band microwave scan beam landing system antennas.

g One integrated Ku-band communications/rendezvous radar
antenna and one Ku-band communication used with the NASA Tracking and
Data Relay Satellite.

h. One S-band PM payload antenna,
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5.6 Orbiter Radio Frequenecies

The Orbitexy carrics up to 23 antennas Lor communication with
pround stations, detached-payloads and erewmen doinyy EVA.  They use
§=, Kue, L=, C=, and P~band {requencies, Table 5-1 ghows the system
function and the Orbiter frequeney for transmitting and for receiving
signals,

The Ru~band links the ground stations and the Orbiter via the
Tracking and Data Relay satellite System, Tt carrices the same kindp
of intelligence as the S=band subsystem, but at wider band-widths and
higher data rates, The Orbiter rendezvous radar and the Multiple
Scan Beam Landing System also works in the Ku-band, The Ku-band systems

capabilities and vehicle locations are shown in Figure 5-3.

5.7 Microwave Scanning Beam Landing System (MSBLS)

The MSBLS will provide information to he Orbiter avionics com-
puter during the critical autoland period of flight. The MSBLS is
used during the last 75-seconds of Orbiter f{light, While the nominal
acquisition range is about 12 n. miles, the range in practice depends
upon Orbiter flight path, attitude, and weather constraints.

The system consists of the ground station and an airborne navi-
gation set, The ground station is divided into an elevation equip-
ment group, Figure 5-4, and an azimuth/distance measuring group,
Figure 5-5, The airborne equipment is divided into a decoder-re-

ceiver unit and a DME tramsmitter unit. Figure 5-6 shows the major
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clements and the radios=rrequeney links vhich are used in the MSBIS,

5.8 Avionies Laboratories and Tent Plan

There are three laboratories o major sipnidlicance to the avionics
test program.  In principal the Sortware bevelopment Laboratory at
Js¢ io tor the development and veritication o) soltware.  The Aviondiep
Development Taboratory at Rovkwell International i tor the evaluation
of avionics hardware/software. The Shuttle Avionies Integration Taboratorv
at JSC is for the validation of the integrated avionics hardware and soft-
ware system. In practice the laboratories are alsv used as needed to work
through techuical challenges.  The tollowing seetions desceribe cach

ol the laboratories and the test program for validation ot Orbiter 101

hardware and sottware tor ALT.

h,.8,1 Soitware Development Laboratory (SDL)

This racility at J8C is used for sottware coding, development
testing and for verification ot the flipght software. It provides the
capabilicy for hipgh tidelity execution of tlight sottware, variable
fidelity simulations ol vehicle ond avionie subsystems to provide
nominal and off-nominal performance, diapnostic aids to torce test
conditions and collect/analyce results, and an automated and semi-
automated set of techniques to provide rigorous sotlware contip-

uration management. This facility has been vperating in support ot
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the SAIL and Palmdale Plant checkout work.

n

5,8.7 Avionies Development Taboratory (ADIL)

The ADL is an enpincering tool with emphasis on avionics harduarse
development, subsystem cvaluation and initial hardware ivtogracvion, It
is set up as shown schematically in Figure 5-7. This faecility ia locatel
at RI/Space Division, Downey, CA, The major ADI, flipght control tusts cover
the test and checkout procedures for the Orbiter 101 at Palwdale; the
Backup IFlight Control System (BFCS) closed=loop performances the primarv to
BIFCS switchover; primary flight control system performance testing and
actuator tests; and closed=loop testing with the Flight Control Hydraulics
Laboratory (FCHL).

The status of work being done at ADL is summarized as:

a, Sofrware evaluation repts are in proceso on those tapes to
be used for test and checkout of Orbiter 101, The programs or tapes to be
used include SU-1, St-1A, VU=101/ADL-3A, FACI, ADL-13B, OPS=9, st-89, and
ADL-3, These tapes will alego support the SAIL integration testing.

b. The ADL is using two production general purpose computers
(GPC's) to suppurt the dry runs of test and checkout procedures and
memory loading tests for GSE support.

¢. Both Single=-string and Multi-string open and closed-
loop engineering studies are neing done.

d. Work load at ADL now and in the future will be quite
heavy to meet the required evaluations and verifications. With proper

scheduling and no major problems this work load should be accommodated.
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5.8.3% Shuttle Avionjen Intepration Tabaratory (BAIT)

The SALL at JI8C wives NASA the evapability tor ecstensive clonode
loop mission evaluation ot the avionies system wo it will be used
in tlipht. This ecapability iveludes testing rtor speeitiec oft=nominal
conditions, After outlining the seope ot the activities planned tor
SAlL, the differences between the equipment uoed in SAIL and the cquip-
ment. to be tlown on Orbiter 101 arc disengsed to provide an understanding

o1 the capability of the SALL to support Orbiter development and f1ipht
PrOSrans .

9.8.3.1 Test Activities

To give an idea ot the ocope or he total SAIL test activities,
a brici definition ot the four test phases is as tollows:

PHASE T TESTS = Activation and establishment ot the operational

capability ot the SAII checkout ghould be completed by July/Aupust 1976
time=trame. A prototype/breadboard version ot the avienics test hard-
ware will be used,

PHASE IT TESTS = oOrbiter avionics software svstems perlorm=

ance in support of the ALT program requirements will be verified dur-
ing this phase., Priorvity has been vlaced on verifying the Backup
Flight Control soltware and then utilizing this conitiguration to
buildup and integrate flight systems. It is expected that the Soft-
ware Development laboratory (SDL) soitware will be utilized tor the

buildup of those tlipght systems not covered by the BFCS. The tinal
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flight system buildup, intepration, and laboratory wvervitication will
be accompliched with those sottware tapes or programs desipnated ap
V=101 €I, ADL=O/M5 PACI, and 0PS-01 Pree-velease., This software is
used in order to have SAIT weady to support elosed loop testin, in
September/0ctober 1976 perdod.

PHASE TIT TPSTS = Teocting will be conducted to support the

orbital {flight micsions.

PHASE TV TESTS - Testing will support the Shuttle avionics

operational requirements, Thus there will be update of SAIL to the

required havdware/software eonfiguration.

5.8,3,2  SAILL Equipment

5.8,9.2.1 Simulated Surface Actuators

A special purpose electronic simulator has been desipned and is
beiny built in-house at JSC to appear functionally equivalent to the
real hardware and interface directly with the hardware aerosurface
actuators., To assure the simulation is adeceate, the system lunctions
will be compared with those from hardware at the [light control hy~
draulic laboratory and from the Orbiter 101 vehicle. This comparison
will cover (1) position gain and phase shitt versus trequency, (2) secon-
dary pressure monitoring, and (3) vehicle/flight control system closed-

loop structural mode stability,

119




Gt Eanetionally Pargvalont Peototype vo tinalifiable Pgnipneat

where prototype equipmeat {0 used it i planned to vee cle them aftop
thoy have been madified and apdated te maintain fanetiona! oquiviaacacy
with {lipht=-type hardwar:,

he8. 30008 Development Flipght Instramentiation Not

T) l_,___n‘zt\ﬂ

vmicoions are in the gensors and harness normally connected to the
operat ional instrnmenration maltiplogers/demultiplemors,  These do not
af feet the flipht eontrol nvotem or the data processing syostem.
B 3G Poe 0F Speecdal 1M Monnt

Since SATL does not tegt the steaetnral dvnamiec envivonmental eifcets
on gengors but doeg gimnlate rctruetupal dvnamie eoupling into the f1ipght
control sengor sipnals the Navipgation Base is simnlated with a ogpeecial
mounting provigion for the IMP'.,  The Navigation Base provides a rigid
mommting for the three IMU's and the two Star Tvackers, included in the
Orbicer l02-and=on vehieles, vhereby precigion alisnment of these eritical
navipation devievs mav be maintained theoughout Ovbital fligsht.,

5%.8,3.2.5 Backup Flight Control System (BFCS)

The G-meter and attitude indicator are simnlated and it i not a SATI
objeetive to test this equipment, The SAIL, however, does need these
functions represented in the system for the necessary system level
functional evalwstions,

5.8.3.2.6 TFlight Harness

There are a number of differences between flight and SATL ¢loc-

trical cabling or harneases, These invoelve interfaces with simulated
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non-avionics equipment and DI'I ompissions since EMI terting is vrut a
SAIL objective, W“hile SAIL uscs gingle point ground due to lack ol
vehicle structure, the {light hardwarc uses ti. vehicle structure as
ground, The interfaces with the Jdynamic motion simulator require non-

standard harness to mount the IMU and other cquipment,

5.8.4 The Test Program for OV-101 and ALT

The avionics verification program is now taking shape. The con=-
cept for the Approach and Landing Test Project (Orbiter 101) is shown
schematically in Figure 5-8., The relative working relationships be-
tween the SAIL, ADL, etce. are readily seen here. Additional infor-
mation concerning the SAIL system tests can be found in the following
documents:

a. 8D75-SH-0079 "integration and Preflight Tests' (System
Integration).

b. SD75-SH-0080 "Preflight, Taxi, Take-off, and Climb'" (ALT
Captive Tests).

¢, SD75~SH-0081 '"Cruise Mission Phase'" (ALT).

d. SD75-SH-0082 "Separation Sequence/Mated Flight C(ALT).

e, S8D75-SH~-0083 '"Descent, Landing, and Pust-Flight Taxi-
Mated Flight Phase',

The factory checkout and integrated test programs at Palmdale

for Orbiter 101 is scheduled between March and November 1976. It has
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the tollowiny objeetives:

e Verity manputacturing assembly openat fonn by demone

atoat finy orbiter subavaten periorranee to capineering desipn reyguiyes
went s and subsyvstem and combined subsvatem tunetional patha,

b, Demonst rate tunct iomal intepreity o aid cventems when

vperated in various tlipht modes and selected paclup, vedasdant ;. and

abort mades ae well as veritving intvassvstems compat Thilioe o

elect romapnet e compatability ol subsyatems,

nather Pent tapabilitien to support Aviewies Swiivities

Ol Blectionde Systems Pest Lboratory, (R

nto be uned 1o development tentd, cid=

Thin taeility at Be
toeend compat ibility tests, and periomenes verification of the Shut t 1o

space commmicationa and tracking svatem,  1toas to have ey Inteviaee
with 8SATL by both REF and harvdware,  support of the program is enpeeid

to bepin with the orbital 1lipht teast phase,

haLS Dty Simgdator Projecty

Mijor items comprising the teaining sinalator projects e lude

the tollowingg:

Sshuttle Mission Simulator o deliveries seheduled 1w

P
spring and Sunmer ol 1878,

b, shuttle Mission simulator Computer vomplex = delivery

A
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wi the harvdware/soltware is expected in Summer ot 197,

¢, Orbiter Acrollipht Simulator = delivery is expected
in Reptember 1970,

d,  Shuttle Procedures Simulator = it ig on in=house develop-
ment at JISC and curvently in use there.

¢,  Crow Procedures Bvaluator Simulator - it is also an ine
house development at J5C and is in use there,

1. The Shuttle Training Aiveraft (STA) - two aircralt have
been built to simulate the tlviny qualities and trajectories ot the
shuttle Orbiter, These airerart ave to be used to train the Shuttle
pilots by duplicating, in so tar as practical, the handling charae'oer-
isties and visual cues expected to be experienced in tlyving the Shuttle
orbiter in the Terminal Avea Landing Trajectory.

The management svstems tor the simulation activities emanates lrom
the Operations Integration Oftice at Tevel TT at J8C.  The managewent
scheme 18 shown in Figure 5-9, In addition there is a Space sShuattle
Propgram Simulation Planning Panel cstablished by Propram Divective 14,
dated May 21, 1974 which is to provide the mechanism tor accomplish-

ing coordination, planning, and review ol simulation activities.

4,10 Avionies Management

The Panel in examining this broad area spent some time in under-

standing the havdware, software, tacilities and test proprams asso-




viated with the u&iouicn program.  The Panel revicwed the orpganicat ions
in osistenee vhich manapes the avionies work: (1) vrhiter aviondes
svatemy ot tice at Peaject Tevel 111, () Technical Asnistant and hig di-
vision covering avionievs in the enpinvering dirvectorate, (3) data
svatems aml analyais divectorate, (8) dntepration and cheek=amd=halanee
tunctivons dneluding the integration ottice at the program leveli such
toechnical panels as the Integrated Avionies Steering vroup, the SIR and
CRIR and associated Panels; hardware and sobtware contiguration/ehanye
control hoardsy and the technical review process iacluding system Jde-
sign reviews on vach mission phase.  The tollowing sections indicate
some o maagement 'y aetions to oassure vilective mangrement of avionies

Jdevelopment .

L1001 The Program Muagement Panel System tor Avionices

Rased on the Program Mrective setting up the space Shuttle Inte-
prated Aviondes Technical Management Avea, the rollowing responsibilities
ave piven to the Mystems Pogineeriny ottice at lovel T

A, Assessment ol the technical adequaey ot the overall per=
tormanee ol avientes svstems tor the Space shuttle vehicle within the
available resources,

b Coundination, publication, and faplementation ot a plan,
including task detinitions amd sehedules, tor the accomplishment ot

the technical manager's responsibilities including cstablishment at
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the membership of the integrated avionics panels,

c¢. Management of the activities of the integrated avionices
panels to assure adequate communications and understanding beiween
all personnel involved as well as program management. Membership
on the Systems Integration Review (SIR) panel which supports inte-
gration activities across the program,

Four pancls and a steering group were established as follows:

a. The Integrated Avionics Steering Group which brings
together avionics management personnel from JSC, MSFC, KSC, and Rock-
well Space Division.

b. The Shuttle Avionics Panel which serves as a technical
planning, reviewing, and integration team for all Shuttle avionics
interfaces. Their work includes conceptual studies, system analysis
and syntheses, trade studies, preliminary design, and supporting
technology essential for the specitication of the functional and
pertormance requirements of the inteprated avienics systems,

¢. The Flight Communications Panel which insures the com-
patibility, performance, and timely definition ot cemmunications
and tracking system interfaces and identifies problems, determines
corrective action, and recommends appropriate action to the technical
manager,

d, The Shuttle Avionies Checkout Pancl which sexrves as a
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torum jor the integration ot the avionies checkout and prelaupch
testinge requirements for the elements ot the shuttle syatem,  Their
work covers review ol requirements, test procedures, avionies teat
gof tware requivements, and the resolution of avionices checkout issues
tor tactory cheekout at Palmdale, ALT pre=- and post=i1lipght checkout,
checkout and maintenance testing at KSC, and support ol pre= and post-
tlipght checkout tor the operational phase o the propram,

¢.  The Shuttle Avionics Veritication Panel which serves
as a speeial working group tor planning and coordinating the test

activities of Js8C, KS8C, MSFC, and Rockwell,

4, 10,2 Special Requirements Reviews

Management has focused a great deal of attention on the hardware-
tuegoltware compatibility aspects ot the avionics systems at covery
leve? of the program and at every major step in the schedule,  For
instance there have been a number ot special reviews ot sottware re-
quirements tor the ALT and the OFT phases of the Shuttle propram.
These have been termed "serub™ activities and they are planned as a
continuing activities to assure requirements are well detlined and can
be met. The methadology used in these activities senerally lollows
these lines:

a.  Review the approach and the results ol previous serub

activities along with the most current hardware contipurations and
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performance requirements.,

b. Establish the goals and basic capability requirements
to be used as decision cxiteria.

¢, Conduet reviews with pertinent manapers and key tech-
nical personnel to assure a common understanding ol the scrub ground-
rules and expectations, assess soltware module functional content re-
quirement.s and agree on possible deletiors with their impact,

A, Finalize the specivie requirements moditications, de=
letion and additions as options to be proposed to management., Par-
ticular attention is given to assure they have not reduced the cap-
ability to protect apainst software peneric lailures and the like.

o, DPresent the options to management tor their deecision

alony with the backup material upon which decisions can be made,

5.10.3 Program Activitiecs

In response to the Panel's reviews ol avionies hardware/soltware
the tollowing areas are receiving special management attention:

a. Management is sensitive to the fact that establishing
minimum levels ot testing on which to base a rlight worthiness de-
cision is a difficult judyment. The avionics system, of course,
must work because it is not tolerant of generic failures in the

software,
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b.  Management has established teams to veview the require=

ments and assess the impact o any changes suppested.  The team approach

o equivalent in purpose to the System Desipgn Requirements Reviews. A
team has J8C, Rockwell Internation Space Division and 1BM members,

The membership reflects the projects new approach on integrating Rock-
well and IBM operations more closely on a day-to-day basis so poteantial

problems can be worked out ecarly.

¢. The IBM schedule is tight ond initial verification re-
quirements ave being reassessed.  However, management is looking to
the SAIL test proprams to provide a more comprehensive validation
of the software as a supplement to the IBM egfforts.

d. Management is carefully controlling new requirements
alter the software requirements are authoriced at the System Desipn
Requirements Reviews, Currently only mandatory chanpes are approved.
v. Because of recent serubs the software requirements forv
ALT are currently within the capacity ol the memory.

I, The veritfication schedule tor ALT is tight., The Tewvel 1
milestone ot completing the ALT tlight software veritication has been

changed rom July 1976 to November 1976, Management is now planning

its response to this situation.
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£, Plans are being made to validate late modificatior: to

the software in the SAIL facility, but if these mods arce much groeater

than planned for, there will be a schedule problem at that time.

5.11  ADDENDUM
5.11.1 ALT Project

The computer program end items (CPEI's) provide the capability for

checkout of the Orbiter avionics subsystams at the factory perform

the required preflight and £lipght operations, The basic programs

associated with ALT and the Qvbiter 10 of direct interest to the Panel

are:
a, OPS 8 and OPS 9 - Systems Management
b, OPS 1 = Preflight Checkout
¢, OPS 2 - Flight Operations
The requirements for OPS 1 and OPS 2 have been serubbed to bring
them well within the storage capability and processing rates (time to

process) of the general purpose computer. The results of the latuest

scerub actions and an idea of available margins is shown below:

AL (Orbiter 101)
Before scrub 64,060 wds  107.07 rate 67,270 wds 91.77 rate

After scrub 52,880 wds 57.2%% rate 54,190 wds ho 47 rate

Current schedules have the software programs for tailcoune off ALT

operations to be completed first although such flights come last. Then
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ops 1 oPs 2




-

through pavameter changes the ALT taileone on softwore proprams will
be completed, This, however, necessitates the verifiecation and tinal
checkout of the "ON" goftware to be accomplished late in the program

at DFRC,very elose to flight time,

5,11.2 OFT Project
The software program requirements ror the ascent and entry phases have

been serubbed with the fellowing results:

0T (Orbiter 102) Ascent Software Entry Software
Estimated Current Size 56,900 words 52,400 woeds
Estimated Additional 700=-800 500~ 600

words to be added as
known today

Program managemenrt is using the lessons learnad in developing the

ALT software to enhance the OFT software develepment program, g a
result a more detailed OFT work plan to assure adeq.ate and timely

daily direction, visibility and control is being established. Tor
example "Mode Teams" have been established to define, integrate and
simplify software requirements and to work problems as they arisce.
Sixteen such teams have been or will be established to cover every major
aspect of the mission phases, The first meetings of some of these

teams was conducted during the last week of May 1976 at the RI/Space

Division.

5,11.3 Further Actions

Program management has also instituted weekly telecons between
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JSC, RI/Downey, RI/Palmdale to review status and progress on the
avionies checkout being conducted on Orbiter 101,

A permanent scrub group is to be formed soon to assure that
all requirements laid on avionies software and hardware will be
compatible and that there will be sufficient marging to accommodate

the growti in requirements as the OFT mission matures,
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ATTACIES 5=1

The management: system for avionie hardware and software
should be reviowed by senior program manadgement to asaure
it is adequate for the indiected complexity of the program,

Response:s  Phe avionies manadgement ond development plan i cone
sidered a eritical element of Lhe Space Shuttle Program, In
January of this vear the avionies and flight control status was
reviowed at. the program director and Director of M5 levels,  he
areas of ecoordination of the haydware/sof tware tochnical work and
the degree of the contractor resronsibility were identificed, amony
others, as requiring further man gement attention.  The Roehoell
responsibility in avionies has been elarified and strengthoened by
emphasizing their arcas of resvonsibility and objeatives, Sveecific
adjustments have been made, As an examnle, they have becn 10-
quested to inelude the overall eomputer memory and operations daty
cyale estimates and requiring them to establish hodgices for cach

of the program elements of the software reoident in the onbaoaad
computer, They have been required to prepare a coat effective
overall avionics development plan utilizing enginerring sitmlations
at RI and NASA ADL, $DhL, and SAIL facilitices to support 101 and

102 schedules.

A review of the total flight control arca was conducted and a
single individual was identified as having total {light control
regponsibility for both Level IT and Level ITT for the Space
Shut.tle Program. He prepared o total review of the status of
flight control design, requircements, management, and required
resources, together with a flight coentrol developuent plan., This
review and plan were presented to the center director who approved
the plan in June of this year.

The Space Shuttle Orbiter Project 0ffice avionies effort has heen
strengthened by clarifying responsibilities and by adding personnel,
A weekly avionies system review working meeting has been establishe
with the RI Associate Engineering Director of Avionics, the softwar
contract manager, the NASA avionics systems engincering manager,

and chaired by the Space Shuttle Project Office avionies manager,
The avionics manager reviewed the center plans for integraling the
avionics effort with the Space Shuttle Program Director and the
Associate Administratorx for Space Flight in June.

A single individual has been identified and established by appro-
priate directives as the focal point for all Space Shuttle avionics
engineering. At this point, Level III and Level LI hardware and
software responsibilities are combined. The chief of avionics
engineering and the Space Shuttle Project avionics manager are
preparing an overall avionics development plan and a management
plan to be presented to the Space Shuttle Pr. yram Director and

the Associate Administrator for Space Flight on September 29.
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0.0 RISK MANAGEMENT

6.1 Introduction

The {irst captive flight of the Orbiter is scheduled for the
first quarter of 1977 and the first free flight of the Orbiter is
scheduled for the third quarter of 1977. These signiticant mile-
stones indicate the importance of an adequate risk management pro-
gram in support of knowledgeable flight readiness decision making
by management:.

At the top level of review the risk management program asks the
basic question, "Is the sum total of all oi the accepted wisks, that
is the aggregate visk, commensurate with the benefits to be sought
(e.g., first captive flight)?" The %erm aggregate risk is used in
the sense that it is the synergistic total of the individual risks
accepted by management on a one-by-one basis, The question of whether
the aggregate risk is acceptable is a matter of judgment and is the
prerogative of line management who must have both the autonomy and
responsibility for such a decision, The Panel's purpose is to re-
view the management system and assess whether it has the capability
to do the job. To do this the Pancl covered the followiny areas to
obtain an integrated overview of the risk manapgement system.

a. The current safety system for the identification of
hazards, tracking hazards, analyzing them for resolution, risk

assessment and acceptance procedures, and aggregate risk analysis.
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b. The products resulting from the above activities and how
they are used within the program, by upper levels of management amd
others responsible for the oversight of the Shuttle program.

¢, The management. system and its implementation to assure
the appropriate use ot "lessong=learned" from prior programs,

d, The "check-and~balance" system to preclude items '"rall-
ing in the eraeck" including the role and work of the Crew Safety
Panel and the new technical assessment proups.

¢, The ability of these review system elements of the
management , such as configuration control boards and technical re-
views, to assure that individuals throughout the program can raise
responsible safety concerns,

I'v The role of the Cost Timit Review Board in reviewing
safety lssues.

g, The ability of the review system to assure safety
coverage ol technical items while providing risk information to
management, Some of the specific questions asked in the Panel's
review of these areas include:

(1) The controlled use of Teflon in areas with po-
tential ignition sources.
(2) The library and control system for tracking and

understanding the use of non-metal materials,
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(3) Reliability and Quality Assurance methods to
aopure that fasteners meet desipn requirements tfor their application.

(%) The controls to preclude wire breakapge where the
wire is subject to repeated handling and/or substantial vibration.
Speeial attention was given to the use otf 26 AWG copper wire beeause
of prior Apollo expericnce on the Tunar Module development Flight
Instrumentation gsystem,

(5) The system for tollow=-up and closure of Review
Item Dispositions (RID's) resulting irom hardware and software re=
views and panel operations.

(6) The extent of analysis accoxded to erdtical single-
point tailure items such as Orbiter clevon actuators, thrust vectoxr
controls, tluid manifolds, and so on,

(7) The adequacy ot the landing gear deployment system
on the urbiter,

(8) Adequacy of the many doox systems on the Orbiter
to open and close as required.

(1) The control of "mandatory" program items, require-
ments, tests, ete. to assure there is adequate management attention
when they are revised because of changing resource and schedule
constraints,

Many aspects ot hazards identitfication and risk assessment have
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been diseussed in other sections of thio report, This i patticularly

crue concerning "lessons learped! and thedr oigniticance tox saloty

o1 the desipn test and maintenance aetivities on the B8ME, orbiter TPS

and pottware, BT inoulation and SRB, This section, thevetore, deals

with the safety, reliability and quality asourance systems; how they
arce implemented; and typical exzamples of gpeeitie items to demonstriate

theose systems and to answer speecifice conecerns raised by the Panel and

NASA management during the past year.

Very little attention has been given by the Panel to the Shuttl)e=Payloead

intertace and the associated satety implications because this is an

irea that will have to be covered at a later time.

b.2 Responses to Panel's Previous Annual Report

Aliost all of the material contained in the shuttle Program

Ottice response to the Panel's Annual Report had some bearing on the

gatety aspects of the prosram. These responses, thouph have been
distributed among the sections otb this report as a part of individual

clement responses.,  lHowever, one arca is ineluded here as Attachment

0=1 because ot its bread scope.

.3 The Risk Management System and Its Implementation

As would be eupectad the so-called risk management system is in

reality made up of o number of on-goiny activities at various levels
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0} the propram and at various locations as well as thooe e torts nade
by the dedicated reliability, safety amd quality agourance orpani.catlonn
and personncl tound throughout the Shuttle program. Ultinately the
deedsions regarding rigk acecptance lies with the projeet and propram
nanagers within NASA Centers and Headquarters. While it fo an aceeptod
tact that "safety is cverybody's buciness," one must tizst ook at the
system dedicated by name and job deseription to the reliabilaty, satce
ty and quality assurance digeiplines and then look at the many long=
term and daye-to=day activities that itced and are fostered by this
central cove of risk management activity,

Rather than approaching this subjeet from the academice point o
view it has been approached from the "real-lite' view, In Jdoluy
this, risk manapement ag it applivs to the Approach and Landing, Test
project and the early NDEGE Manned orbital #lishts has been the oub-
jeet of the Panel's cxamination., The basic Panel questions are "How

does the system really work and what arce the products of such activitios?"

6H.3,2 Approach and Landing Test Project (ALT)

6.3.2.1 Dackpground

The responsibility for deeiding the acceptable degree ot risk
associated with the ALT flights is generally viewed as the cxolusive

province of senior management. From this standpoint, manasement
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tocuses on balaneing rick apainot benefito on a maero=seale, Lat down

the Line innumerable riske=benefit micro-deeipions are quite naturally

ride without reeourse to higher manapement, However, prior expericnce

hao shown that some of these are reecopnized to be of major significance
wvhen thelr eiteets become visible., Sometimes it is too late for

correetive aetion or it io late enough that corrective action is

costly, Therefore, the Pancl has attempted to review cach type of NASA and
contractor rigk asgesoment activity where the purpose of these efiorts

is to warn the program oif the possibility of problems; the resources

and time required to resvlve the problem; or the implications of

accepting the problem. This review includen such quegtions a

P
4}
]
¢

e
0
24

fl

vigion tactoring "lessons learned" into their work =~ are test planncrs
and test conductors aware of safety concerns relating to the hardware
they are to test and to tly. Daekground on the ALT project itself

is found in Sectdion 8.0, "Flight Test Program."

6.3.2.2 Safety Assessment

The Space Shuttle hazard identification and resolution system has been
well defined for scope of the Orbiter 101, the Boeing 747 Carrier
Aireraft and the supporting facilities and operations for the ALT projeet
risk management system includes hazard identification, lailure mode and
effects analyses, risk 'nalysis beyond initial FMEA, hazard resolulion,

risk acceptance criteria, and ultimately the decision to accept or
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reject the risk. So one must veview both the defined methodolo,y as
well as the day-to-day input which together produce the final risk
assessment . In regard to the ALT project JSC and Rockwell are the
primary managers with direct support from DFRC, Ames Research Center,
Boeing Company, KSC and the JSC support contractor (MDAC). The follow-
ing areas were sampled as being represontative of the overall safety

assessment /risk management "system,'

6.3.2.2.1 Approach and Landing Test Critical Design Review (CDR)

The ALT/CDR was conducted during the period from March 11 to
April 22, 1976. Many of the RID's and detailed discussions and de-
cisions involved hazard identification and assessment of the overall
safety system. This is, of course, a normal part of any major hardware/
software review, In addition to this ALT/CDR, two other significant
reviews were conducted on the Shuttle Orbiter 101 vehicle and they are
important c¢lements of the Alt safety assessment system. The Orbiter
101 CDR was conducted in October 1975 and the Orbiter 101 Contiguration
Review (Phase 1) was conducted from February 23 through March 5, 1976.
Because of their importance for safety all three of these reviews are
discussed here from this point of view.

In support of the Orbiter 101 Rockwell provided a seven volume
"Safety Analysis Report,'" SD75-SH-0135-001 through 007, dated 15 Sep-

tember 1975. These volumes covered six specific topics: (1) struc-
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tures, mechanical systems, power systems, avionics systems, environ-
ment control and life support, crew stateion and equipment. In
addition a summary volume for management was included with a copy

of the detailed Rockwell "Reliability and Satety Desk Instruction

No. 400-1" therein. Other documents used in the review include the

following:
SD74=8SH=0004 Shuttle Orbiter No. 1 Horizontal Flight
Test SAR
SD74~-SH-0168 Shuttle Orbiter 101 Delta PDR SAR
SD74-SH-0323 Shuttle Orbiter 102 PDR SAR
SD75=SH-0064 Shuttle System PDR SAR
NASA NHB 5300.4 (1p-1)

The review team also considered the "Failure Mode and Effects
Analysis and Critical Item List," time/cycle/age life control lists
and requirements; FEE parts use and qualifications; specifications
and procedures for identifying and controlling special processes and
more specifically all pressure vessels; configuration control system,
specifications and handling of suppliers and subcontractors; failure reporting
system and its implementation, etc. The following review team comments
indicate areas that needed work and the program response to them:
FMEA/CIL Suggested revisions to the hardware
failure mode analrsis regarding mode de-

tection measurements and moditication
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EFE Parts

Safety Analysis

Test Programs

of mode effect., All comments hav: been
incorporated into the FMEA system and
documentation,

Required Rockwell to obtain sufficient
documentation from suppliers such as
parts lists, stress analysis, and sub-
mission of irregular parts requests to JSC.
Requested additional hazard analysis on
the loss of Body Flap Control as well as
updates and clarifications all of which
have been accomplished.

Required that certification plans to
identify those items of hardware to be
used in development tests and in quali-
fication tests. Assured that SR&QA per-
sonnel would be on the control board tor
such tests as the Horizontal CGround Vi-

bration Test.

A typical RID concerred the mechanical system in which the

commander and pilot control pedals are linked together so that jam-

ming of either station by debris can prevent operation ot all pedal

mechanisms. This safety concern was resolved by providing a protective

151




——

boot for all affected linkages. Another RID covered the relocation
of the Hazardous Environment Breathing System mask equipment to
assure the crew quick access to breathing air. These were relocated
from the mid-deck position to the flight deck position.

With regard to electromagnetic compatibility of the hardware
the Orbiter was baselined with a single point ground for the AC
power and a modified multi-point ground for the DC power. The for-
ward bay avionics has a DC power ground at station 76, The aft avionics
bag has a DC power ground at station 1307. Some loads in the nose and
aft fuselage are grounded to the structure. The use of a structure
return for the DC loads in the AFT fuselage area saved weight. Structrce
power grounding is used on many aircraft currently in service. A
specification is being developed that identifies the various EMI levels,
and the power quality environment for the Payload bay. Special EMI
testing will pe conducted during the Shuttle development program to
verify this environment as has been done on previous programs, in-
cluding a comprehensive test of the Orbiter's electromagnetic environ=
ment and lightning protection on Orbiter 102 at Palmdale Assembly
Facility in late Spring 1978.

The purpose of the Phase 1 Orbiter Configuration and Acceptance
Review was to assess and certify the readiness of the Orbiter 101 sub-
systems and related GSE for individual subsystem testing. An important

part of this review was the NASA walk-through conducted at Palmdale
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to assess the condition of the vehicle. The walk-through team (on-

cluded that the hardware was very good and the personnel assigned
to it were doing an outstanding job. The Phase 11 portion of this
review concerned itself with the readiness of the Palmdale facility

as contrasted to the readiness of the hardware subsystems.

An interesting RID from the CARR pointed to the hazard of
shatterable materials in the Orbiter cabin. As a result, steps have
been taken to resolve this issue by (1) compiling a complete list of
all shatterable materials contained in the Orbiter 101 crew compart-
ment, (2) performing a study to determine how shatterable glass can
be protected so that it is contained if broken, and (3) determining
if any of the items used in Orbiter 101 for ALT have found their way
into Orbiter 102, and if so to assure an assessment of the hazard.
when this data is in for management review, a decision will be made
at a CCB meeting.

Further information on the Orbiter 101 CAR is found in §S5V76-5-13
document dated 4 March 1976.

The Approach and Landing CDR conducted in April was followed by
a Shuttle Carrier Aircraft (747) CDR in May 1976. Some items per-
taining to the safety area that were brought out in this review are:

a. Prior to each SCA/Orbiter flight, a Flight Readiness

Review will be conducted and supported by all elements of the ALT
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project including the Rockwell/Boeing flight safety support personnel.
When the ALT Project Safety Plan is finalized this suport should be
defined.

b. The following documents are in process: (1) safety
plans for the ALT site, (2) safety plans for 747 test operations,
and (3) safety controls for 747/0rbiter Mating and Demating.

¢. As a result of a RID in the October 1975 CDR, an
Orbiter 101 Delta CDR was conducted for the Separatioun Subsystem be-
tween Orbiter and 747. As a result of the Delta CDR the Orbiter ALT
program verification plan (MCR 2031) is now in work and will include
verification plans for end-to-end checkout of the separation system.

This plan is to be available for NASA review about June 30, 1976.

6.3.2.2.2 ALT Mission Safety Assessment Documeprt (JSC-10888)

This document defines the results of the total safety analysis
and risk management process. It identifies operational hazards that
could compromise crew safety or damage the vehicles involved,
evaluates risks for each operational hazard, provides an overall
assessment of the ALT mission with respect to crew safety, and de-
scribes the status and actions necessary to 'close'" identified
safety concerns. This becomes a major input to the Flight Readiness
Review system.

The closed-loop methodology used to fulfill the requirements of

154




——

a Mission Level Hazard Analysis and the finalizing of the Mission Safety
Assessment Document is shown schematically in Figure 6-1. The schedule
for the ALT Mission Safety Assessment Report currently is:

Initial Document Release June 1976

Final Document Release February 1977

Up-Date Addendum (captive flight) March 1977

Addendum for Free Flight July 1977

Up=Date Addendum (free flight) July 1977

6.3.3 Safety, Reliability and Quality Assurance for Cround Test
and Orbital DDT&E and Operational Missions

6.3.3.1 Major Safety Concerns

There has been a need for a simple but useful means of providing
program and senior NASA management sufficient visibility of Space
Shuttle safety concerns, the means of resolution and the major accepted
risks. This need is now being met by the '"Major Safety Concerns Space
Shuttle Program,'" (JSC 09990). This document is updated quarterly
to reflect changes in status of major safety concerns and to add newly

selected items. The latest issue available to the Paiel, dated March 8,

1976 showed the following count:

Open safety concerns 19
Closed safety concerns 16
Accepted risks 7
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Table 6-2 shows the listing of open safety concerns, closed
safety concerns, accepted risks, and those design features that repre-
sent inherent risks which are ~onsidered to be justified. The details,
of course, are contained in the referenced document,

This data enables the Panel to evaluate the process for deter-
mining which concerns are significant enough to place in this documen
for management. The Panel has also indicated a continuing interest
in all of this data because some continuing interest in all of this
data because some safety concerns that have been closed or accepted
may change in '"value" due to other programmatic changes which impact

them.

6.3.3.2 Content of Level I1 S, R&QA Activity

The work conducted at the Space Shuttle Program Management level
(Level 2) at JSC is quite diversified. Table 6-1 lists some of the
products of this work that have or will be published for information,
analysis and control of various phases of the program from ground test
through flight test and operational missions.

Some of the formalized plans such as the POGO Prevention Plan,
JSC 08130 and the Contamination Control Plan, JSC 08131 play an
important role in developing successful hardware that meets the re-
quirements of the program specifications at Level I, II and III.

The materials control program, 'MATCO," has been an ongoing pro-
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gram since the early days of the Shuttle Program. The contents of the
program are constantly being updated to assure timely and complete data
to support all levels of the program at all affected NASA Centers and
contractors. Some of the requirements documents that apply directly
to this work are:

Level T (NASA Headquarters), NHBES060.1A, "Flammability,
Odor, and Offgassing Requirements and Test Procedures for Materials
in Environments that Support Combustion." This is also applicable
to those payloads that are placed in the Orbiter habitable areas.

Level 11 (JSC) SE-R-0006A, ''NASA-JSC Requirements For
Materials and Processes."

Level III (MSFC) MSFC=STD=506 '"MSFC-NASA Standard Materials
and Process Control."

Level II1 (KSC) = Document is not known by the Panel.

Rockwell International, SD72-SH-0172, "Space Shuttle Orbiter
Materials Control and Verification Plan."

Rockwell International, MC999-0096D, '"Materials and Processes
Control and Verification System for Space Shuttle Program."

The Panel has reviewed some of the MATCO program and it will con=-

tinue to review this area to assure that the methods for implementation
are adequate to the program needs. In using MATCO information to

evaluate materials actually used on the Shuttle, the program must have

157




T ——

.

an effective configuration control system to assure cthat the materials
evaluated in the design phase or in fact used on the flight vehicle
and any materials subsequently introduced into the program are also
carefully evaluated. Thus the periodic configuration control board
activities examine the materials problem for every change made to

the hardware and design reviews.

As part of NASA's continuing effort to establish uniform and
complete policy and responsibilities on areas that affect safety and
mission success Headquarter's has issued a Management Instruction on
NMI 1710.3, dated April 8, 1976, "Design, Inspection, and Certification
of Pressure Vessels and Pressurized Systems.'

Attachment 6-2 is a letter covering the potential problems asso-
ciated with nuclear detonations. It is indicative of some of the
areas of safety examined by the Panel to assure program attention to
as many details as possible.

Much of the material that follows is also a part of the work
done in the safety, reliability and quality assurance efforts dis-
cussed above. However, it is discussed separately because of the

Panel's interests.

6.3.3.3 Flight Termination System

The Flight and Ground System Specification (Volume X of JSC 07700)

was revised April 12, 1976 (Change No. 30) so that the requirements for
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range safety now reads as follows:

"The Flight Termination System shall comply with the
range safety Flight Termination System requirements of AFETRM 127-1
and SAMIECM 127-1., The flight vehicle shall comply with the range
safety requirements of SAMTECM 127.1. In those instances where
adherence is judged to be inappropriate from either an operational
or technical standpoint, such instances shall be brought to the
attention of the DOD/NASA for resolution."

This guidance is developed in greater detail for those sections
of the document that deal with the specifics of mission abort oper-
ations functions, flight system design on the SRB and ET including
destruct safing. The current effort is to baseline mutually acceptable
concept for NASA/DOD Space Shuttle Range Safety and define the mode
of resolution for problems that subsequently develop. The current
hardware safety system is called a "Triplex" system in that each SRB
and the ET have destruct systems on-board. There is sufficient re-
dundancy to assure proper operation in either the armed mode or the
safe mode. Items of interest that will be examined by the Panel in

the near future include the following: the agreed-to baseline concept;

current open problems regarding the design, installation, and utili-
zation of such a system; any schedule and procurement constraints;

current design options and their advantages and disadvantages; and
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constraints on operational and DDTA&E missions.

6.3.3.4 SRB Fracture Control Board

Recognizing the importance of fracture control of SRB reuseable

components, MSFC established an SRB Fracture Control Board which
held its first formal meeting on October 8, 1975. The Board is set
up as shown in Figure 6-2, This board has undertaken a number of con-
current activities to assure both that every aspect of fracture con:
trol for the SRB is properly accounted for and not information re-
sulting from this effort is furnished to other Shuttle activities
for their use. Each of the major contractors on the SRB have developed
fracture control plans which are cither being implemented or in pro-
cess of being implemented at this time. These plans provide for the
following functions:

a., Development of fracture control technical guidelines
and directions.

b, Establishment of a contractor Fracture Control Board.
The Board reviews and approves all fracture analyses, fracture con-
trol test data, eand component control plans. Finally it monitors com-
pliance, and establishes necessary corrective actions and reports.
It reports to the NASA SRB Fracture Control Board and is also a
ma jor support for the Material Review Board.

The MSFC board, in addition to working with the contractor units,
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does its own independent analysia and testing and maintains a de-

tailed list of "technical concerns and action items" and assures

their resolution,

6.3.3.5 Abort Planning for Shuttie Flights

Based on the material provided to the Panel during its reviews
of the abort area some concerns have surfaced. These are in regard
to the timeliness and depth of studies to define abort capabiliries,
and supporting the assessment of aggregate risk for any given mission.
The Level I, II and 111 documentation sets forth requirements in the
general area of aborts as well as specifics relating to intact abort,
contingency aborts, and appropriate loss of critical functions. Such
abort analyses are directed primarily at the DDT&E and operational
orbital missions, although such analyses apply to the ALY missions as
well. Abort planning and activities associated with ALT are covered
in Section 8, "Flight Test Program,"

In addition to the many efforts going on at both NASA Centers
and the contractors a number of Level Il panels and review teams have
been examining this area in some detail. Some of these are the Crew
Safety Panel, the Systems Integration Review Teams, Flight Operations
Pane, SR&QA Panel, Ascent Flight Systems Integration Group, and the
Abort Panel.

The Level 11 specifications have specified the requirements for
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intact abort and the intact abort modes. These same specifications
have specified the requirements for contingency abort and the con-
tingency abort criteria. However, the contingency abort modes have
as yet not been defined., Attachment 6-1 i{s the Shuttle Program
Office response to the Panel's previous Annual Report covering this
particular area of concern. An area of concern to the Panel has been
the abort capability during the early stages of ascent when the Solid
Rocket Motors and the Orbiter Main Engines are all burning.

The Level I requirement (JSC 07700, Volume X) is that potential
failures in a system that could cause loss of critical functions will
be eliminated by including appropriate safety margins or redundancy
levels in the design. In addition crew ejection seats will be pro-
vided for the initial series of Shuttle OFT launches until the flight
worthiness of the launch system has been demonstrated. These ejection
seats as baselined for the orbital flight test program provide crew
escape capability up to approximately 80,000 feet. The SRB thrust

termination capability and the use of abort rockets were included in

the early Shuttle baseline. However, they have been deleted by Level 11

action. The PCIn S00015 deleting the abort solid rocket motors was
approved in 1972. The PCIN S00040 eliminated SRB thrust termination

in 1973,

6.3.4. Special Topics
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6.3.4.1 Lessons Learned

The Panel reviewed the management system to assure the approp-

riate application of lessons learned from prior programs.

The task team met with personnel at every level of JSC, KSC,
MSFC, Rockwell, and Rocketdyne. They were supported by the efforts
of the others who also focused on the application of lessons in areas
under their review. The Panel as a whole then discussed the system
as they found it with Shuttle management,

Assurance that lessons are in fact being implemented is accom-
plished through:

a. Lessons are incorporated into such documents as design
manuals, process specifications, etc,

b. SR&QA conduct audits to assure lessons are being imple-
mented where proper to do so.

c¢. Contractors' reports on their implementation of lessons
at quarterly reviews and othe- in-house meetings.

d. The Aerospace Safety Advisory Panel reviews this area
on a periodic basis at various NASA and contractor sites.

The Panel is also interested in assuring that lessons learned
on the current Shuttle program are examined and applied as appropriate
here and now. Here is an example of how experience is captured,

passed on, and finally utilized. This comes from the External Tank
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data reviewed and discussed at MSFC in early Fall 1975. The Martin-
Marietta team working with JSC reported, at that time, the data as
presented on Table 6-2, 1In addition to the many NASA documents they
found 67 other lessons from MMC and Airforce documents as well, Based
on the material discussed at that time the MSFC area showed the follow-

ing brief statistics:

Total Number

ol Lessons Applying Meeting the
Element Applicable Directly Intent
External Tank 546 520 26
SSME 160 148 12
Solid Rocket Booster 81 80 1

6.3.4.2 Wire Usage and Implementation on Shuttle Elements

As the result of his Apollo experience the Deputy Administrator
requested the Panel to review the use of 26 AWG wire and the use of

teflon on Shuttle.

The lesson learned is cited in NAA Technical Note, D-7598, dated
March 1974, "Apollo Experience Report = Development Flight Instru-

mentation."

"In LM-1, the scarcity of available space and the consequent
miniaturization of certain DFI components led to the design of a
central signal-conditioning unit that had a density of 1600 cornector

pins over a 45-square-inch faceplate. ..... and the mating cable
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harness consisted primarily of No. 26 aw. ¢ire., After a series of

requirements changes and trouble-shooting procedures that involved
moving and opening the signal conditioning unit, some of the wires
in the harness became fatigued and broken. This problem was also
manifested in the harness in other arecas where cable movement was
excessive. The situation deteriorated to the point at which attempts
to rectify certain cable breakages precipitated further breakages
in adjacent areas. ..... From the cabling problems cited, three con=
clusions can be drawn., First, high-density wiring configuration
should be avoided. Second, signal conditioning should be decentralized
or made remote so that low-density connector configuration can be
achieved to permit easy access and repair and result in inflexible
bundles of cables. Third, the DFI system involved frequent equip=-
ment changes; therefore, it should use a heavier gauge wire than
the more permanently situate, operational-type equipment."
Based on data received to date the use of this guaging on

Shuttle in w.ring and connections is controlled as follows:

a. Of the approximately 910,000 feet of wire in the Orbiter,

most of it consists of 22-AWG and 24-AWC. For DFI, signal wiring

the Orbiter 101 contains about 30,000 feet of the new 26-AWG and

Orbiter 102 about 70,000 feet of it.

b. The 26AWG, when used on Shuttle e¢lements, is made ot
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an alloy of copper having a considerably higher tensile strength

than the copper wire referred to in the above Apollo usage. Thus the
new 26-gauge wire is closer in strength to the old 24-gauge wire. In
general the 24 and 26 gauge wire is now stranded nickel coated high-
strength copper alloy. For 22-AWG and larger the conductor is copper
as before.

¢, Wherever possible high-density wire configurations are
being avoided. Signal-conditioning is decentralized in a manner which
supports the use of low-density connector configurations so as to
permit easy access and reduced chance of wire fatiguing or bending.

d. Pin-socket connectors have posed many problems in the
past due to the need for near-perfect alignment, proper “inal seating,
and the correct electrical circuitry between the lines to the pin
and socket. A somewhat different design is being used by the MSFC
elements in that the fixed-portion of the connector now has the pins
and the mating portion is the socket. This appears to provide for
easier installation and better mating of the connectors.

e. Certain sensing devices, such as strain gauges, use
pig-tails of wire in a gauge size required to meet the size of the
sensor and the connection to he main wire-run. These are ?5-AWG in
many cases, but are not more than 8 to 12 inches in length and are

rigidly fastened to the associated structureat more than one point
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along the length of the wire,

f. All wiring on the External Tank is 22-AWG or larger
except the DFI data-bus wire which is 24-AWG and the one foot long
pigtails on about 70 strain gauges which are 26-AWG.

2. The Solid Rocket Booster uses 26-AWG only as required
for sensor pigtails. Non-shielded wires are 22-AWG or larger. Shielded
wires are 24-AWG or larger. The data-bus wire ie 24-AWG.

h. The Space Shuttle Main Engine uses 22 AWG or larger
except where there are short pigtails

There is controlled use of Teflon insulated wire on the SSME
and the SRB, The use of Teflon inside the ET tanks is still being
studied. Kapton covered wire is used on both the External Tank and
the Orbiter wherever possible, It is a much stiffer and abrasion
resistant material. Cable or harnesses use the Kapton covered wire
to act as a sort of "back-bone" for the wire bundles because of

its tougher characteristics.

6.3.4.3 Quality Control of Screw Threads

The Panel during its fact-finding sessions reviewed the quality
control system on fasteners and their application. It was deter-
mined that contractors on the Main Propulsion System survey their
manufacturers of tlight hardware fasteners and sample incoming

lots of fasteners during receiving inspection. They are using either
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plug and ring gauges or single element gauging to assure that re-
quirements of the screw thread specifications are being met. It
appears that all contractors working with MSFC are using the same con-
trols now as they have in past programs with NASA,

As an example, Thiokol, which manufactures the Solid Rocket Motors,

audits or surveys fastener manufacturers each six-month period to assure

that inspection records are maintained. The single element gauging of

threads meets the requirements of MIL-8-7742 and MIL-S-8379. Thiokol
then samples incoming lots during receiving inspection per MIL-S5-105

using plug and ring gauges.

On the other hand the External Tank manufacturer, Martin Marietta
Corporation at Michoud, does not ordinarily survey their fastener
suppliers. They perform receiving inspection per MMC Quality Re-
ceiving acceptance plans that specify either 1007 inspection or an
adequate sampling plan. The single element gauging system is used
both in this receiving inspection as well as in laboratory shear
and tensile tests.

The contractor for the Main Engine, Rocketdyne, surveys their
suppliers yearly and samples each manufacturing lot. The MIL-S-7742A
and MIL-S-8879 requirements are on contract. There is thread snap
gauge inspection on external threads, as well as visual inspection for

uniformity, damage, and se on. This is done on a random basis with
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ma jor diameters measured by micrometers. MIL-S-8879 threads are

inspected on an optical comparator for root radius. Internal threads
are checked for size using thread plug gages and are visually
inspected for uniformity, damage, etc. Material tests are performed

in the laboratory as well.

No failures attributabie to nonconforming screw threads has

been found in these or associated contractors as a result of a

detailed search of back records.

With regard to the Orbiter it is understood that almost all
of the suppliers of threaded fasteners use a single element type
gage to control their manufacturing process. The two suppliers that
do not use the single element type gage are suppliers of lock nuts
which are purposely distorted to provide a locking capability.
Threaded fasteners which have material strength levels above 160,000 psi
are required to meet military and contractor specifications which
contain both functional and macrosection criteria, Criteria include
single element as well as functional and special measurements or
inspections. Laboratory tests are conducted on sections as well.
Fasteners with strength levels below 160,000 psi are required to meet
military specifications on thread gaging to assure proper fit and
function and to assure that the pitch diameters, root diameters, minor
diameters, etc. are within specifications. Optical projection is

employed for root radius and minor diameter verification. Since all
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Orbiter threaded fastenecs are listed in the Orbiter project parts
list, other parts can only be procured by the prime contractor or

its subcontractors after specific engineering approval.

f

P 6.3.5 Addendum .
As a result of these reviews, suggestions for future examination '

b have been put forth, these include:

i a. 1Is there value in co=locating additional S,R8QA personnel

) within the Shuttle Program Office area reporting directly to the

; S,R&QA office at Level II. 1In this way they might provide better

day-to=day support to the S,R&QA Panel and other related activities.

b, The degree of participation by NASA Centers and all NASA

prime contractors in the activities of the S,R&QA Panel work,

¢. The experience gained from the landing gear design problem
which was exposed during the Orbiter 101 test and checkout work at
Palmdale should be provided to all elements of Shuttle.

d. Determine the background of the landing gear uplock hook
failure from the viewpoint of S,R&0A activities at both the contractor
and at NASA.

e. The degree of participation by the S,R&QA personnel in

the establishment of test plans and their implementation.

6.4 Additional Mission Safety Assessments

The following material further clarifies material in three
areas: (1) ALT mission safety, (2) Requirements Reviews, and
(3) Abort and Contingency Plans.
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6.4.1 ALT Mission Safety Assessment :

The mission safety assessment document is in review at this time,

The principal open and closed safety concerns have been discussed for
the Shuttle Carrier Aircraft, the Orbiter and the operations phase,
The accepted risks for the carrier aircraft, the orbiter, GFE and
operations are also shown. This document, JSC 10888, will be updated
as required, As an example, the list of concerns and risks for the
"Operations'" phase are:
1. Open Safety Concerns (Implementation of corrective measures
has not been accomplished)
a. Lack of hazardous gases vent capabilities in the Orbiter hanger
b. Shuttle Carrier Aircraft empennage/aft fuselage buffet with
tailcone off.
¢. Orbiter landing gear deployment during captive flight.
d. Incompatibility of the carrier aircraft with hydrazine fuel,
2. Closed Safety Concerns
a. Hazardous environment around the carrier aircraft.
b. Excessive Orbiter wing loads during mated flights.
3. Operations Accepted Risks
Incompatibility of the carrier aircraft with ammonia, and possib.e
damage to the vertical stabilizer by ejection seat system outer Orbiter
panels while mated.

0.4,2 Risk Assessment To Support Requirements Reviews

As in those manned programs preceeding it, the Shuttle program
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periodically takes the time to review and clarify thg program

requirements in light of the most current status and performance
estimates for the hardware and software and the constraints of the
resources available to meet program objectives. A parallel and
independent S,R&OA review is made with respect to every change in
requirements put forth for consideration. The degree of this review
is not fully known. These safety oriented reviews and assessments
arve provided so that technical personne] and senior management can
consciously consider the impact of such changes before making their
decisions. As an example, the flight safety and S R&0A organizations
examined some 340 candidate changes during a recent requirements
review covering a period of several months, They determined that
about 185 of the candidates had no safety impact, while the impact

of the other 155 was identified for management consideration.

6.4.3 Abort And Contingency Planning

To understand the current status of abort and contingency planning
efforts and hardware/software implementation the Panel examined the
history of this work. This included a review of the decision process
to eliminate both the SRB thrust termination and the use of Abort Solid
Rocket Motors. Basically these steps were taken because (1) the Abort
Solid Rocket Motors added additional mechanical failure modes and large
weight penalties, and (2) there were no credible SRB failures during

the SRB burn period because of the reliability of such rocket motors.
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Further, the Orbiter is to be equipped with two SR=71 aircraft
ejection seats for the first four orbital flights (OFT). These
have been qualified for and used under conditions exceeding the
Shuttle ascent trajectory in terms of mach number, velocity and
dynamic pressure. The ejection seats provide an escape capability
from the pad to approximately 80,000 feet with these limitations:

1. The seats probably could not be used for an escape off~the-
pad with engines running or in the event of an external tank blowup
and resultant fireball,

2. They probably would not survive a very rapid breakup of
the vehicle in the event of an explosion.

I, They also cannot be used during the last 30 seconds of the

120 seconds of SRB burn or between 80,000 feet and 140,00 fret,
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ATTACHMENT 6-1

It is important that senior program management
review both the scope and results of safety analyses
to reinforce early resolution of risks. Similarly,
attention should also be given to the scope and
results of technical management audits to assure that
such systems as described to the Panel are being
applied properly. Two examples are Configuration
Management and Material Control.

Response: Safety Analyses are being conducted at the project and

program level, Significant "safety concerns" are published separately
with rationale for senior program management visibility and review.
Critical Ttems Lists, which include single failure points that
could cause loss of vehicle, crew, or mizefon are to be baselined

at the program level, with changes to the baseline approved at

program level, In addition, a Mission Assessment Report will

be prepared for senior program management visibility a,d review

at the program CDR time period.

! Technical surveys and audits are conducted according to schedules
established by project and program elements which may cover

] several technical disciplines or a specific area, e.g., configura-
tion management and material controls. Configuration management is
usually covered in conjunction with the annual S,R&QA surveys.
Presently, the materials control area is receiving special attention.
A survey was conducted in materials in June 1975 of the Orbiter
contractor (Rockwell/Space Division). Another survey is planned

for the external tank contractor in September 1975, and one for the

Solid Rocket Booster contractor (Thiokol) in October 1975,




ATTACHMENT 6-1 (Continued)

Continqgency analyses cspecially for aborto, ditehing, 1and
accidonts, and range safety should be couploted early caou
to antcure design solution rather than oporational wvorl
arounds,

Responso:
Aborts

(a) 7The prescent abort analysis effort is being concentraio? on
those cases with the highest probability of occurronce Th 1y
the intact abort cases and include the following:

1. Loss of thrust from one S8ME

2. lLoss of TVC for onc SSME

3. lLoss of thrust fron one OMNF congine

4. Lous of 1TVC for one axis of SRB

The aborts with a4 low probability of occurrence ave veforprrod a
the continagency abort cases., These cases are boiy seudtoed, bHul
to o limited dearece, in econsonance with their low prebabil o

occinrrence, Conlingoncy abort cases include the iolliowiag:

1. lLous of thrust fron two or three SSME's

ro

Lonss of 1'VC for two or threc SSME's

3. loss of 1VC for Lwo or more axes of an SRD

4. Premature Orbiter separation

5. Failure to scparate SRB from Orbiter/ET
For certain situations, it is not practical to provide for ahort
solutions. For these cases, apnropriate safcecty mirgins aad hiagh
factors of reliability have becen included in the Space Shat!''e
desian to preclude their occurrence. These cascs include the fo'-
lowing:

1. Major structural failure

2. Complete loss of guidance and/or control

3. Failure to ignitc one SRB

4. SSME or SRB hardover

5. Failure to separate Orbiter from ET

6. Premature SRB separation
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] ATTACHMENT 6-1 (Continued)

hitehing

(L) Orbiter ditehing tests have been condueted at Langl o, o

r Conter. Nased on therse tests, the bhiter should e abte 1o
nafely on Lhe water, assuming no major structwral breaky .
liminary st rvuctural analysic indicates structural breahvo wil

r probably not occur for reasonable ditching condiiions, "o

1

a possibility of the side eqgrcns door jamming during ditch no
Alternate ways are being studiced to evacuate the Orbiter in ¢ o
the eqress door is jammed during ditching.

Landing Accidents

(¢) Analynis is being conducted by JSC and LRC on the onoogy
ahsorption capability of the Orbiter during landing accidonte
The purposce of the analysis is te determine the ability f ‘ho
¢row