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I ntroduction

In April 1981, after a hiatus of six years, American astronauts
returned to space when they left the launch pad aboard the Space Shuttle
orbiter Columbia. This chapter describes the major technology used by
the Space Shuittle; each Space Shuttle mission through 1988, their pay-
loads, and the operations surrounding the missions; the events surround-
ing the 1986 Challenger accident and the changesthat occurred as aresult
of the accident; and the development of the Space Station program
through 1988, one of NASA's major initiatives of the decade. It aso
describes the budget for human spaceflight at NASA and the management
of human spaceflight activities.

The Last Decade Reviewed (1969-1978)

The successful culmination of three major spaceflight programs and
steady progressin the Space Shuttle program highlighted NASA's second
decade. The Apollo program concluded with its lunar landings; Skylab
demonstrated the possibility of a space-based platform that could support
human life over an extended period of time; and the Apollo-Soyuz Test
Project showed that international cooperation in the space program was
possible in the face of political differences. Steady progress in the human
spaceflight program encouraged NASA to commit major resources to the
Shuttle program.

The successful Apollo lunar expeditions caught the imagination of
the American public. The first lunar landing took place on July 20, 1969,
and was followed by the lunar landings of Apollo 12, 14, 15, 16, and 17.
(Apollo 13 experienced a major anomaly, and the mission was aborted
before a lunar landing could take place.) However, by the later missions,
enthusiasm over the scientific and technological advances gave way to
budget concerns, which ended the program with Apollo 17.

Skylab was the first American experimental space station to be built
and could be considered a predecessor of the space station efforts of the
1980s. Skylab was an orbital workshop constructed from a Saturn 1VB
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stage. It was launched in May 1973 and visited by three crews over the
next nine months, each remaining at the orbiting laboratory for increas-
ingly extended periods of time. The mission confirmed that humans could
productively function in a space environment. It also provided solar
observations, Earth resource studies, and tests of space manufacturing
techniques.

The 1975 Apollo-Soyuz Test Project involved the docking of an
American Apollo vehicle and a Soviet Soyuz vehicle. Joined by a dock-
ing module, the two crews conducted joint activities on their docked vehi-
cles for two days before separating. Even though many hoped that this
program would be the first of ongoing cooperative ventures between the
two superpowers, the political situation prevented further efforts during
this decade.

Although a six-year period interrupted human spaceflights between
the 1975 Apollo-Soyuz mission and the first Shuttle flight in 1981, devel-
opment of the new Space Shuttle moved slowly but steadily toward its
inaugural launch in 1981. The major component of the Space
Trangportation System (STS), the Shuttle would perform a variety of
tasks in orhit, including conducting scientific and technological experi-
ments as well as serving as NASA's primary launch vehicle. NASA
received presidential approval to proceed with the program in August
1972, and Rockwell International, the prime Shuttle contractor, rolled out
Enterprise, thefirst test orbiter, in September 1976, setting off a series of
system and flight tests. The production of Columbia, the first orbiter that
would actually circle the Earth, already under way, continued during this
time. Even though qualifying Columbia for spaceflight took longer than
anticipated, as the decade closed, NASA was eagerly awaiting its first
orhital flight test scheduled for the spring of 1981.

Overview of Space Transportation/Human Spaceflight (1979-1988)

The inauguration of Space Shuttle flights dominated the decade from
1979 through 1988. Twenty-saeven Shuttle flights took place, and twenty-
six of them were successful. However, from January 28, 1986, the mem-
ory of STS 51-L dominated the thoughts of many Americans and
effectively overshadowed NASA's considerable achievements. The loss
of lifeand, in particular, the loss of individuals who were not career astro-
nauts haunted both the public and the agency. The agency conducted a
far-reaching examination of the accident and used the findings of the
independent Rogers Commission and the NASA STS 51-L Data and
Design Analysis Task Force to implement a series of recommendations
that improved the human spaceflight program from both a technical and
management perspective. Two successful Shuttle missions followed at the
end of the decade, demonstrating that NASA was able to recover from its
worst accident ever.

The first twenty-four Shuttle missions and the two following the
Challenger accident deployed an assortment of government and commer-
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cial satellites and performed an array of scientific and engineering exper-
iments. The three Spacelab missions highlighted NASA's investigations
aboard the Shuttle, studying everything from plant life and monkey nutri-
tion to x-ray emissions from clusters of galaxies.

The 1980s also included a push toward the development of a perma-
nently occupied space station. Announced by President Ronald Reagan in
his 1984 State of the Union address, which directed NASA to have a per-
manently manned space station in place within ten years, NASA invested
considerable time and money toward bringing it about. The European
Space Agency (ESA), Canada, and Japan signed on as major participants
in both the financial and technical areas of the Space Station program, and
by the end of 1988, Space Station Freedom had completed the Definition
and Preliminary Design Phase of the project and had moved into the
Design and Development Phase.

Management of the Space Transportation/Human Spaceflight Program

The organizational elements of the space transportation program have
been addressed in Chapter 2, “Launch Systems.” Briefly, Code M, at dif-
ferent times called the Office of Space Transportation, Office of Space
Transportation Systems (Acquisition), and Office of Space Flight, man-
aged space transportation activities for the decade from 1979 through
1988. From November 1979 to August 1982, Code M split off the opera-
tions function of the spaceflight program into Code O, Office of Space
Operations. Also, in 1984, the Office of Space Station, Code S, super-
seded the Code M Space Station Task Force, in response to President
Reagan’s directive to develop and build an occupied space station within
the next ten years. Space Station program management is addressed |ater
in this section.

The Space Shuttle program was the major segment of NASA's
National Space Transportation System (NSTS), managed by the Office of
Space Flight at NASA Headquarters. (The Space Shuttle Program Office
was renamed the National Space Transportation System Program Office
in March 1983.) The office was headed by an associate administrator who
reported directly to the NASA administrator and was charged with pro-
viding executive leadership, overall direction, and effective accomplish-
ment of the Space Shuttle and associated programs, including expendable
launch vehicles.

The associate administrator for spaceflight exercised institutional man-
agement authority over the activities of the NASA fidld organizations
whose primary functions were related to the NSTS program. These were
the Johnson Space Center in Houston, the Kennedy Space Center at Cape
Canaveral, Florida, the Marshall Space Flight Center in Huntsville,
Alabama, and the Stennis Space Center (formerly National Space
Technology Laboratories) in Bay St. Louis, Mississippi. Organizational
elements of the NST'S office were located at NASA Headquarters, Johnson,
Kennedy, Marshdl, and at the Vandenberg Launch Site in California
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Figure 3—-1. NSTS Organization

The organization of the NSTS was divided into four levels (Figure
3-1). The NSTS director served as the Level | manager and was respon-
sible for the overall program requirements, budgets, and schedules. The
NSTS deputy directors were Level || managers and were responsible for
the management and integration of all program elements, including inte-
grated flight and ground system requirements, schedules, and budgets.
NSTS project managers located at Johnson, Kennedy, and Marshall were
classified as Level 11l managers and were responsible for managing the
design, qualification, and manufacturing of Space Shuttle components, as
well as al launch and landing operations. NSTS design authority person-
nel and contractors were Level IV managers (not shown in Figure 3-1)
and were responsible for the design, development, manufacturing, test,
and qualification of Shuttle systems.

Initially, the NSTS was based at Johnson Space Center, which was
designated as the lead center for the Space Shuttle program. Johnson had
management responsibility for program control and overall systems engi-
neering and systems integration. Johnson was also responsible for the
development, production, and delivery of the Shuttle orbiter and managed
the contract of the orbiter manufacturer.

Kennedy Space Center was responsible for the design of the launch
and recovery facilities. Kennedy served as the launch and landing site for
the Shuttle development flights and for most operational missions.
Marshall Space Flight Center was responsible for the development, pro-
duction, and delivery of the Space Shuttle main engines, solid rocket
boosters, and externa tank.
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Raobert F. Thompson served as manager of the Space Shuttle Program
Office until 1981, when Glynn S. Lunney assumed the position of NSTS
program manager. He had been with NASA since 1959 and involved in
the Shuttle program since 1975. Lunney held the position of manager
until his retirement in April 1985. He was replaced by Arnold D. Aldrich
in July 1985, a twenty-six-year NASA veteran and head of the Space
Shuttle Projects Office at Johnson Space Center. Aldrich’'s appointment
was part of ageneral streamlining of the NSTS that took effect in August
of that year, which reflected the maturation of the Shuttle program. In that
realignment, the Level |1 NSTS organization at Johnson was renamed the
NSTS Office and assimilated the Projects Office, consolidating all pro-
gram elements under Aldrich’s direction. Richard H. Kohrs, who had
been acting program manager, and Lt. Col. Thomas W. Redmond, U.S.
Air Force, were named deputy managers.

Aldrich took charge of the integration of al Space Shuttle program
edlements, including flight software, orbiter, external tank, solid rocket
boosters, main engines, payloads, payload carriers, and Shuittle facilities.
His responsibilities a so included directing the planning for NSTS opera-
tions and managing orbiter and government-furnished equipment projects.

Post-Challenger Restructuring

The Challenger accident brought about major changes in the man-
agement and operation of the NSTS. The Rogers Commission concluded
that flaws in the management structure and in communication at all lev-
els were elements that needed to be addressed and rectified. Two of the
recommendations (Recommendations |l and V, respectively) addressed
the management structure and program communication. In line with these
recommendations, NASA announced in November 1986 a new Space
Shuttle management structure for the NSTS. These changes aimed at clar-
ifying the focal points of authority and responsibility in the Space Shuttle
program and to establish clear lines of communication in the information-
transfer and decision-making processes.

Associate Administrator for Space Flight Admiral Richard Truly
issued a detailed description of the restructured NSTS organization and
operation in amemorandum rel eased on November 5, 1986. As part of the
restructuring, the position of director, NSTS, was established, with Arnold
Aldrich, who had been manager, NSTS, at the Johnson Space Center since
July 1985, assuming that position in Washington, D.C. He had full respon-
sibility and authority for the operation and conduct of the NSTS program.
This included total program control, with full responsibility for budget,
schedule, and balancing program content. He was responsible for overall
program requirements and performance and had the approval authority for
top-level program requirements, critical hardware waivers, and budget
authorization adjustments that exceeded a predetermined level. He report-
ed directly to the associate administrator for spaceflight and had two
deputies, one for the program and one for operations.
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NASA appointed Richard H. Kohrs, who had been deputy manager,
NSTS, at the Johnson Space Center, to the position of deputy director,
NSTS program. He was responsible for the day-to-day management and
execution of the Space Shuttle program, including detailed program plan-
ning, direction, scheduling, and STS systems configuration management.
Other responsihilities encompassed systems engineering and integration
for the STS vehicle, ground facilities, and cargoes. The NSTS
Engineering Integration Office, reporting to the deputy director, NSTS
program, was established and directly participated with each NSTS pro-
ject element (main engine, solid rocket booster, external tank, orbiter, and
launch and landing system). Kohrs was located at Johnson, but he report-
ed directly to the NSTS director.

Five organizational elements under the deputy director, NSTS pro-
gram, were charged with accomplishing the management responsibilities
of the program. The first four was located at Johnson, and the last was at
the Marshall Space Flight Center.

NSTS Engineering Integration
NSTS Management Integration
NSTS Program Control

NSTS Integration and Operations
Shuttle Projects Office

The Shuittle Projects Office had overall management and coordination
responsibility for the Marshall elements involved in the Shuttle program:
the solid rocket boosters, external tank, and main engines.

NASA named Captain Robert L. Crippen to the position of deputy
director, NSTS operations, reporting directly to the NSTS director and
responsible for all operational aspects of STS missions. Thisincluded such
functions as final vehicle preparation, mission execution, and return of the
vehicle for processing for its next flight. In addition, the deputy director,
NSTS operations, presented the Flight Readiness Review, which was
chaired by the associate administrator for spaceflight, managed the final
launch decision process, and chaired the Mission Management Team.

Three operations integration offices located at Johnson, the Kennedy
Space Center, and Marshall carried out the duties of the NSTS deputy
director. In addition to the duties of the director and deputy directors
described above, Admiral Truly’s memorandum addressed the role of the
centers and project managers in the programmatic chain and budget pro-
cedures and control. In the programmatic chain, the managers of the pro-
ject elements located at the various field centers reported to the deputy
director, NSTS program. Depending on the individual center organiza-
tion, this chain was either direct (such as the Orbiter Project Office at
Johnson) or via an intermediate office (such as the Shuttle Projects Office
at Marshall).

The NSTS program budget continued to be submitted through the
center directorsto the director, NSTS, who had total funding authority for
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the program. The deputy directors, NSTS program and NSTS operations,
each provided an assessment of the budget submittal to the director,
NSTS, as an integral part of the decision process.

The restructuring also revitalized the Office of Space Flight
Management Council. The council consisted of the associate administra-
tor for spaceflight and the directors of Marshall, Kennedy, Johnson, and
the NSTS. This group met regularly to review Space Shuttle program
progress and to provide an independent and objective assessment of the
status of the overall program.

Management relationships in the centralized NSTS organi zation were
configured into four basic management levels, which were designed to
reduce the potential for conflict between the program organizations and
the NASA institutional organizations.

Office of Safety, Reliability, and Quality Assurance

Although not part of the Office of Space Flight, the Office of Safety,
Reliahility, and Quality Assurance (Code Q) resulted from the findings of
the Rogers Commission, which recommended that NASA establish such
an office with direct authority throughout the agency. NASA established
this office in July 1986, with George A. Rodney, formerly of Martin
Marietta, named as its first associate administrator (Figure 3-2). The
objectives of the office were to ensure that a NASA Safety, Reliability,
and Quality Assurance program monitored equipment status, design val-
idation problem analysis, and system acceptability in agencywide plans
and programs.

Associate Administrator for
Safety, Reliability, Maintainability
and Quality Assurance

Deputy AA
Space Flight Deg;ts){é\mASfor
Safety Panel Assurance
Data Syatems
Support Staff Syatems/Trend Assessment
Analysis Division Division
_____ e
1
Reliability, Center Safety,
Maintainability & Programs Realiability & Quality,
Quality Assurance Safety Division Assurance Division Assurance
Division Directories

Figure 3-2. Safety, Reliability, and Quality Assurance Office Organization
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The responsihilities of the associate administrator included the over-
sight of safety, reliability, and quality assurance functions related to all
NASA activities and programs. In addition, he was responsible for the
direction of reporting and documentation of problems, problem resolu-
tion, and trends associated with safety.

Management of the Space Station Program

NASA first officially committed to a space station on May 20, 1982,
when it established the Space Station Task Force under the direction of
John D. Hodge, assistant for space station planning and analysis, Office
of the Associate Deputy Administrator in the Office of Space Flight
(Code M). Hodge reported to Philip E. Culbertson, associate deputy
administrator, and drew from space station-related activities of each of the
NASA program offices and field centers.

The task force was responsible for the development of the program-
matic aspects of a space station as they evolved, including mission analy-
sis, requirements definition, and program management. It initiated
industry participation with Phase A (conceptual analysis) studies that
focused on user requirements and their implications for design. The task
force developed the space station concept that formed the basis for
President Reagan’s decision to commit to a space station.

The task force remained in existence until April 6, 1984, when, in
response to Reagan’s January 1984 State of the Union address, NASA
established an interim Space Station Program Office. Culbertson, in addi-
tion to his duties as associate deputy administrator, assumed the role of
acting director of the interim office, with Hodge (former director of the
Space Station Task Force) as his acting deputy. The interim office was
responsible for the direction of the Space Station program and for the
planning of the organizational structure of a permanent program office.

Also during the first half of 1984, NASA formulated the Space
Station program management structure. Associate administrators and
center directors agreed to use a“work package” concept and athree-level
management structure consisting of a Headquarters office, a program
office at the Johnson Space Center, and project offices located at the var-
ious NASA centers.

The interim office became permanent on August 1, 1984, when NASA
established Code S, Office of Space Station. Culbertson became the
Associate Administrator for Space Station, and Hodge served as the deputy
associate administrator. Culbertson served until December 1985, when he
was succeeded by Hodge, who became acting associate administrator.

The Office of Space Station was responsible for developing the sta-
tion and conducting advanced development and technology activities,
advanced planning, and other activities required to carry out Reagan's
direction to NASA to develop a permanently manned space station with-
in a decade. The program continued using the three-tiered management
structure developed earlier in the year. The Headquarters Level A office
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encompassed the Office of the Associate Administrator for the Office of
Space Station and provided overall policy and program direction for the
Space Station program. The Level B Space Station Program Office at
Johnson in Houston reported to the Headquarters office. Space Station
Level C project offices at other NASA centers also were responsible to
the Office of Space Station through the Johnson program office. Johnson
had been named lead center for the Space Station program in February
1984. The associate administrator was supported by a chief scientist, pol-
icy and plans and program support offices, and business management,
engineering, utilization and performance requirements, and operations
divisions.

On June 30, 1986, Andrew J. Stofan, who had been director of
NASA’'s Lewis Research Center in Cleveland, was appointed Associate
Administrator for Space Station. Along with this appointment, NASA
Administrator James C. Fletcher announced several management struc-
tural actions that were designed to strengthen technical and management
capabilities in preparation for moving into the development phase of the
Space Station program.

The decision to create the new structure resulted from recommenda-
tions made by a committee headed by former Apollo program manager
General Samuel C. Phillips. General Phillips had conducted a review of
space station management as part of along-range assessment of NASA's
overall capabilities and requirements, including rel ationships between the
various space centers and NASA Headquarters. His report reflected dis-
cussions with representatives from all the NASA centers and the contrac-
torsinvolved in the definition and preliminary design of the space station,
as well as officials from other offices within NASA. His report recom-
mended the formation of a program office, which was implemented in
October 1986 when NASA Administrator Fletcher named Thomas L.
Moser director of the Space Station Program Office, reporting to
Associate Administrator Stofan.

Fletcher stated that the new space station management structure was
consistent with recommendations of the Rogers Commission, which
investigated the Space Shuttle Challenger accident. The commission had
recommended that NASA reconsider management structures, lines of
communication, and decision-making processes to ensure the flow of
important information to proper decision levels. As part of the reconfigu-
ration of the management structure, the Johnson Space Center was no
longer designated as Level B. Instead, aLevel A" was substituted, located
in the Washington metropolitan area, assuming the same functions
Johnson previously held (Figure 3-3).

Fletcher said the program would use the services of atop-level, non-
hardware support contractor. In addition to the systems engineering role,
the program office would contain a strong operations function to ensure
that the program adequately addressed the intensive needs of a permanent
facility in space.
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Figure 3-3. Space Sation Program Management Approach

NASA established a systems integration field office in Houston as
part of the program office organization. Project managers at the Goddard
Space Flight Center, Johnson, Kennedy, Lewis, and Marshall reported
functionally to the associate administrator. They coordinated with their
respective center directors to keep them informed of significant program
meatters.

NASA assigned John Hodge the job of streamlining and clarifying
NASA’s procurement and management approach for the Space Station
program and issuing instructions related to work package assignments,
the procurement of hardware and services, and the selection of contrac-
torsfor the development phase of the program. In addition, NASA tasked
Hodge with developing a program overview document that would define
the role automation and robotics would play in the Space Station program
and with conducting further studies in the areas of internationa involve-
ment, long-term operations, user accommodations, and servicing.

At the same time, Fletcher authorized NASA to procure a Technical
and Management Information System (TMIS), a computer-based infor-
mation network. It would link NASA and contractor facilities together
and provide engineering services, such as computer-aided design, as well
as management support on items such as schedules, budgets, labor, and
facilities. TMIS was implemented in 1988.

The Space Station Program Office was responsible for the overal
technical direction and content of the Space Station program, including
systems engineering and analysis, configuration management, and the
integration of all elements into an operating system that was responsive
to customer needs. NASA approved afurther reorganization of the Office
of Space Station in December 1986.
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Figure 3-4. Office of Space Sation Organization (December 1986)

In addition to the associate administrator and two deputies, the
approved Space Station program organization included a chief scientist, a
senior engineer, and six division directors responsible for resources and
administration, policy, utilization, operations, strategic plans and pro-
grams, and information systems. There was also a position of special
assistant to the associate administrator (Figure 3-4).

Andrew Stofan continued in the position of associate administrator.
Franklin D. Martin continued as the deputy associate administrator for
space station. Previously director of space and Earth sciences at the
Goddard Space Flight Center, Martin had been named to the post in
September 1986.

Thomas L. Moser became the deputy associate administrator for
development in October 1986, a new position established by the reorga-
nization. In this position, Moser also served as the program director for
the Office of Space Station, directing the Washington area office that was
responsible for overall technical direction and content of the Space
Station program, including systems engineering and analysis, program
planning and control, configuration management, and the integration of
al the elements into an operating system. The creation of the program
director position was the central element of program restructuring in
response to recommendations of the committee headed by General
Phillips. The Phillips Committee conducted an extensive examination of
the Space Station organization.

As a result of this restructuring, NASA centers performed a major
portion of the systems integration through Space Station field offices that
were established at Goddard, Johnson, Kennedy, Lewis, and Marshall.
The space station project manager at each of the five centers headed the
field office and reported directly to the program manager in Washington.
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A program support contractor assisted the program office and field offices
in systems engineering, analysis, and integration activities.

Also as part of this reorganization, NASA named Daniel H. Herman
senior engineer, a new staff position. The senior engineer advised the
associate administrator on the policy, schedule, cost, and user implica-
tions of technical decisions. Previously, Herman was director of the engi-
neering division, whose functions and responsibilities were absorbed by
Moser’s organization, and was on the original Space Station Task Force,
which defined the basic architecture of the space station system.

David C. Black continued to serve as chief scientist for the space sta-
tion. Black, chief scientist of the Space Research Directorate at the Ames
Research Center, had served as chief scientist for the space station since
the post was created in 1984.

Paul G. Anderson acted as the director of the Resources and
Administration Division, which combined the former business manage-
ment and program support organizations. Anderson previously served as
comptroller at the Lewis Research Center.

Margaret Finarelli, director of the Policy Division, had functional
responsibility for the former policy and plans organization. This element
of the reorganization reflected the strong policy coordination role
required of the Space Station Program Office in working with other ele-
ments of NASA, the international partners, and other external organiza-
tions. Prior to this assignment, Finarelli was chief of the International
Planning and Programs Office in the International Affairs Division at
NASA Headquarters.

Richard E. Halpern became the director of the Utilization Division,
which had responsibility for developing user regquirements for the space
station, including science and applications, technology development, com-
mercial users, and the assurance that those requirements could be effi-
ciently and economically accommodated on the space station. Halpern was
the director of the Microgravity Science and Applications Division in the
Office of Space Science and Applications prior to accepting this position.

The Operations Division had the responsibility for developing an
overall philosophy and management approach for space station system
operations, including user support, prelaunch and postlanding activities,
logistics support, and financial management. Granville Paules served as
acting director of the Operations Division.

Under the new organization, NASA formed two new divisions,
Strategic Plans and Programs and Information Systems. The Information
Systems Division provided a management focus for the total end-to-end
information system complex for Space Station.

Alphonso V. Diaz assumed the position of director of strategic plans
and programs and had responsibility for ensuring that the evolution of the
space station infrastructure was well planned and coordinated with other
NASA offices and external elements. As part of its responsibility, this
division managed and acted as the single focus for space station automa-
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tion and robotics activities and program-focused technology and
advanced devel opment work.

The Strategic Plans and Program Division under Mr. Diaz became
responsible for determining requirements and managing the Transition
Definition program at Level A. The division maintained the Space Station
Evolution Technical and Management Plan, which detailed evolution
planning for the long-term use of the space station. The Level A’ Space
Station Program Office in Reston, Virginia, managed the program, includ-
ing provision for the “hooks and scars,” which were design features for
the addition or update of computer software (hooks) or hardware (scars).
The Langley Evolution Definition Office chaired the agencywide
Evolution Working Group, which provided interagency communication
and coordination of station evolution, planning, and interfaces with the
baseline Work Packages (Level C). (Work Packages are addressed later in
this chapter.)

William P. Raney, who had served as director of the Utilization and
Performance Requirements Division, served as special assistant to the
associate administrator. Stofan served as Associate Administrator for
Space Station until hisretirement from NASA inApril 1988, when he was
replaced by James B. Odom.

Money for Human Spaceflight

As with money for launch systems, Congress funded human space-
flight entirely from the Research and Development (R& D) appropriation
through FY 1983. Beginning with FY 1984, the mgjority of funds for
human spaceflight came from the Space Flight, Control, and Data
Communications (SFC&DC) appropriation. Only funds for the Space
Station and Spacelab programs remained with R&D. In FY 1985, Space
Station became a program office with its own budget. Spacelab remained
in the Office of Space Flight.

As seen in Table 31, appropriated funding levels for human space-
flight for most years met NASA's budget requests as submitted to
Congress. The last column in the table shows the actua amounts that
were programmed for the major budget items.

Program funding generally increased during 1979-1988 (Table 3-2).
However, the reader must note that these figures are al current year
money—that is, the dollar amounts do not take into account the reduced
buying power caused by inflation. In addition, the items that are included
in amajor budget category change from one year to the next, depending
on the current goals and resources of the agency and of Congress. Thus,
it is difficult to compare dollar amounts because the products or services
that those dollars are intended to buy may differ from year to year.

Tables 3-3 through 3—10 show funding levelsfor individual programs
within the human spaceflight category.
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Space Station

NASA’s initial estimate of the U.S. investment in the Space Station
program was $8 billion in 1984 dollars. By March 1988, this estimate had
grown to $14.5 hillion, even though, in 1987, the National Research
Council had priced the Space Station program at $31.8 billion.!

President Reagan strongly endorsed the program and persuaded an
ambivalent Congress of its importance. Program funding reflected both
his persuasive powers and the uncertainty in which members of Congress
looked at the space station, who took the view that it had little real scien-
tific or technological purpose. The congressional Office of Technology
Assessment reported that Congress should not commit to building a space
station until space goals were more clear and that the potential uses of the
proposed station did not justify the $8 hillion price tag.

Congress passed the FY 1985 appropriation of $155.5 million for
starting the design and development work on the space station based on
NASA'sinitial $8 billion figure. The FY 1986 appropriation reduced the
Administration’s request from $230 million to $205 million.

President Reagan’s FY 1987 budget asked for $410 million for the
Space Station program, doubling the station funds from the previous year.
Congress approved this increase in August 1986, which would move
space station into the devel opment phase toward planned operation by the
mid-1990s. However, Congress placed limitations on the appropriation; it
stipulated that NASA funds could not be spent to reorganize the program
without congressional approval. In addition, $150 million was to be held
back until NASA met several design and assembly requirements set by
the House Appropriations Committee. About $260 million of the
$410 million were to be spent for Phase B activities, and the other
$150 million was reserved for initial hardware development. NASA must
comply with the following conditions: a minimum of thirty-seven and a
half kilowatts of power for initia operating capability, rather than the
twenty-five kilowatts envisioned by NASA; a fully equipped materials
processing laboratory by the sixth Space Shuttle flight and before crew
habitat was launched; early launch of scientific payloads; and deployment
of U.S. core elements before foreign station elements.?

During the next month, NASA Administrator James Fletcher stated
that the $8 billion estimated for the Space Station program was now seen
to be insufficient and that the station must either receive additional funds
or be scaled down. The Reagan Administration submitted a request in

National Research Council, Report of the Committee on the Space Sation
of the National Research Council (Washington, DC: National Academy Press,
September 1987).

’Report to accompany Department of Housing and Urban
Devel opment—Independent Agencies Appropriations Budget, 1987, House of
Representatives.
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January 1987 for $767 million for the Space Station program. However,
after much debate, which raised the possibility of freezing the entire pro-
gram, Congress appropriated only $425 million, but again, conditions
were attached. Inthe FY 1988 Continuing Resol ution that funded the pro-
gram, Congress ordered NASA to provide a rescoping plan for the space
station. In addition, only $200 million of the $425 million was to be avail-
able before June 1, 1988, while the rescoping was under discussion. By
the time the rescoping plan had gone to Congress, the cost of the Station
was up to $14.5 billion. Further talks in Congress later during the year
proposed reducing funding for FY 1989 to an even lower level.

The Space Transportation System

This section focuses on the structure and operation of the equipment
and systems used in the Space Transportation System (STS) and
describes the mission and flight operations. The overview provides a brief
chronology of the system’'s development. The next section looks at the
orbiter as the prime component of STS. (The launch-related elements—
that is, the external tank, solid rocket boosters, main engines, and the
propulsion system in generad—have been addressed previously in
Chapter 2, “Launch Systems.”) Thelast part of this section addresses STS
mission operations and support.

A vast quantity of data exists on the Space Shuttle, and this document
presents only a subset of the available material. It is hoped that the pri-
mary subject areas have been treated adequately and that the reader will
get a useful overview of this complex system. It is highly recommended
that readers who wish to acquire more detailed information consult the
NSTS Shuttle Reference Manual (1988).°

Overview

The history of NASA's STS began early in the 1970s when President
Richard Nixon proposed the development of a reusable space transporta-
tion system. The NASA Historical Data Book, Volume 111, 1969-1978,
presents an excellent account of events that took place during those early
days of the program.*

By 1979, all major STS elements were proceeding in test and manu-
facture, and major ground test programs were approaching completion.
NASA completed the design certification review of the overall Space
Shuttle configuration in April 1979. Development testing throughout the

3NSTS Shuttle Reference Manual (1988), available both through the NASA
History Office and on-line through the NASA Kennedy Space Center Home
Page.

*Linda Neuman Ezell, NASA Historical Data Book, Volume I11: Programs
and Projects, 1969-1978 (Washington, DC: NASA SP-4012, 1988).
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program was substantially complete, and the program was qualifying
flight-configured systems.

The orbiter’s structural test article was under subcontract for struc-
tural testing and would ultimately be converted to become the second
orhital vehicle, Challenger. The development of Columbia was proceed-
ing more slowly than anticipated, with much work remaining to be com-
pleted before the first flight, then scheduled for late 1980. The main
engine had accumulated more than 50,000 seconds of test time toward its
goal of 80,000 seconds before the first orbital flight, and the first external
tank that would be used during flight had been delivered as well as three
test tanks. Three flight tanks were also being manufactured for flight in
the orbital flight test program. By the end of 1979, Morton Thiokol, the
solid rocket booster contractor, had completed four development firings
of the solid rocket boosters, and the qualification firing program had start-
ed. Two qualification motor firings had been made, and one more was
scheduled before the first flight. Most of the rocket segments for the first
flight boosters had been delivered to Kennedy Space Center.

All launch and landing facilities at Kennedy were complete and in
place for the first orbital flight. Ground support equipment and the com-
puterized launch-processing installations were almost complete, and soft-
ware validation was progressing. All hardware for the launch processing
system had been delivered, simulation support was continuing for the
development of checkout procedures, and checkout software was being
developed and validated.

By the end of 1979, nine commercial and foreign users had reserved
space on Space Shuittle flights. Together with NASA’s own payloads and
firm commitments from the Department of Defense (DOD) and other
U.S. government agencies, the first few years of STS operations were
fully booked.

During 1980, testing and manufacture of all major system continued,
and by the end of 1980, major ground-test programs neared completion.
The first flight-configuration Space Shuttle stood on the launch pad.
Additional testing of the vehicle was under way; qualification testing of
flight-configured elements continued toward a rescheduled launch in the
spring of 1981.

In December 1980, Columbia was in final processing at the Kennedy
Space Center. The main engines had surpassed their goal of 80,000 sec-
onds of engine test time, with more than 90,000 seconds completed.
Technicians had mated the orbiter with the solid rocket boosters and
external tank in November and rolled it out onto the launch pad in
December. Contractors had delivered the final flight hardware, which was
in use for vehicle checkout. Hardware and thermal protection system cer-
tifications were nearly complete. Further manufacture and testing of the
external tanks and solid rocket boosters had also been completed.

The Kennedy launch site facilities were completed during 1980 in
anticipation of the first launch. The computerized launch processing sys-
tem had been used extensively for Space Shuittle testing and facility acti-
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vation. The high-energy fuel systems had been checked out, and the inte-
grated test of the Shuttle was complete.

The mission control center and Shuttle mission simulator facilities at
the Johnson Space Center were ready to support the first Shuttle flight.
Both the flight crew and ground flight controllers had used these facilities
extensively for training and procedure development and verification.
Seven full-duration (fifty-four-hour) integrated simulations had been suc-
cessfully conducted, with numerous ascent, orbit, entry, and landing runs
completed. The mission flight rules and launch-commit criteria had also
been completed.

Follow-on orbiter production was in progress, leading to the four-
orbiter fleet for the STS's future needs. The structura test article was
being modified to a flight-configured orbiter, Challenger. Secondary and
primary structural installations were under way, and thermal protection
installations had begun for vehicle delivery in June 1982.

The Space Shuttle program made its orbital debut with its first two
flights in 1981. All major mission objectives were met on both flights.
Details of these missions and other STS missions through 1988 appear in
later sections of this chapter.

The following pages describe the orbiter’s structure, major systems,
and operations, including crew training. Because this volume concen-
trates on the period from 1979 through 1988, the wording reflects con-
figurations and activities as they existed during that decade. However,
most of the Space Shuttle's physical characteristics and operations have
continued beyond 1988 and are till valid.

Orbiter Structure

NASA designed the Space Shuttle orbiter as a space transport vehicle
that could be reused for approximately 100 missions. The orbiter was
about the same length and weight as a commercial DC-9 airplane. Its
structure consisted of the forward fuselage (upper and lower forward
fuselage and the crew module, which could accommodate up to seven
crew membersin normal operations and up to ten during emergency oper-
ations), the wings, the mid-fuselage, the payload bay doors, the aft fuse-
lage, and the vertical stabilizer. Its appearance, however, differed
markedly from a conventional airplane. High-performance double-delta
(or triangular) wings and a large cargo bay gave the Shuttle its squat
appearance (Figure 3-5 and Table 3-11).

A cluster of three Space Shuttle Main Engines (SSMES) in the aft fuse-
lage provided the main propulsion for the orbiter vehicle. The external tank
carried fuel for the orbiter’s main engines. Both the solid rocket boosters
and the external tank were jettisoned prior to orbital insertion. In orbit, the
orbital maneuvering system (OMS), contained in two pods on the aft fuse-
lage, maneuvered the orbiter. The OMS provided the thrust for orbit inser-
tion, orbit circularization, orbit transfer, rendezvous, deorhit, abort-to-orbit,
and abort-once-around and could provide up to 453.6 kilograms of
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Figure 3-5. Space Shuttle Orbiter

propellant to the aft reaction control system (RCS). The RCS, contained in
the two OM S pods and in amodule in the nose section of the forward fuse-
lage, provided attitude control in space and during reentry and was used
during rendezvous and docking maneuvers. When it completed its orbital
activities, the orbiter landed horizontally, as a glider, at a speed of about
ninety-five meters per second and at a glide angle of between eighteen and
twenty-two degrees.

The liquid hydrogeniquid oxygen engine was a reusable high-per-
formance rocket engine capable of various thrust levels. Ignited on the
ground prior to launch, the cluster of three main engines operated in par-
alel with the solid rocket boosters during the initial ascent. After the
boosters separated, the main engines continued to operate for approxi-
mately eight and a half minutes. The SSMEs developed thrust by using
high-energy propellants in a staged combustion cycle. The propellants
were partially combusted in dual preburners to produce high-pressure hot
gas to drive the turbopumps. Combustion was completed in the main
combustion chamber. The SSME could be throttled over athrust range of
65 to 109 percent, which provided for ahigh thrust level during liftoff and
theinitial ascent phase but allowed thrust to be reduced to limit accelera
tion to three g's during the final ascent phase.

The orbiter was constructed primarily of aluminum and was protect-
ed from reentry heat by a thermal protection system. Rigid silicatiles or
some other heat-resistant material shielded every part of the Space
Shuttle’'s external shell. Tiles covering the upper and forward fuselage
sections and the tops of the wings could absorb heat as high as
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650 degrees Centigrade. Tiles on the underside absorbed temperatures up
to 1,260 degrees Centigrade. Areas that had to withstand temperatures
greater than 1,260 degrees Centigrade, such as the nose and leading edges
of the wings on reentry, were covered with black panels made of rein-
forced carbon-carbon.

A five-computer network configured in a redundant operating group
(four operate at all times and one is abackup) monitored all Space Shuttle
subsystems. They simultaneously processed data from every area of the
Shuttle, each interacting with the others and comparing data.

During ascent, acceleration was limited to less than three g's. During
reentry, acceleration was less than two and a half g's. By comparison,
Apollo crews had to withstand as much as eight g's during reentry into the
Earth’'s atmosphere. The Space Shuttle's relatively comfortable ride
allowed crew other than specially trained astronauts to travel on the
Shuttle. While in orbit, crew members inhabited a “ shirtsleeve” environ-
ment—no spacesuits or breathing apparatus were required. The micro-
gravity atmosphere remained virtually the only non-Earth-like condition
that crew members had to encounter.

NASA named the first four orbiter spacecraft after famous explo-
ration sailing ships:

e Columbia (OV-102), the first operational orbiter, was named after a
sailing frigate launched in 1836, one of the first Navy ships to cir-
cumnavigate the globe. Columbia also was the name of the Apollo 11
command module that carried Neil Armstrong, Michael Collins, and
Edwin “Buzz” Aldrin on the first lunar landing mission in July 1969.
Columbia was delivered to Rockwell’s Palmdal e assembly facility for
modifications on January 30, 1984, and was returned to the Kennedy
Space Center on July 14, 1985, for return to flight.

e Challenger (OV-099) was also the name of a Navy ship, one that
explored the Atlantic and Pacific Oceans from 1872 to 1876. The
name also was used in the Apollo program for the Apollo 17 lunar
module. Challenger was delivered to Kennedy on July 5, 1982.

e Discovery (OV-103) was named after two ships. One was the vessel
in which Henry Hudson in 1610-11 attempted to search for a north-
west passage between the Atlantic and Pacific Oceans and instead
discovered the Hudson Bay. The other was the ship in which Captain
Cook discovered the Hawaiian Islands and explored southern Alaska
and western Canada. Discovery was delivered to Kennedy on
November 9, 1983.

e Atlantis (OV-104) was named after a two-masted ketch operated for
the Woods Hole Oceanographic I nstitute from 1930 to 1966 that trav-
eled more than half a million miles conducting ocean research.
Atlantis was delivered to Kennedy on April 3, 1985.
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A fifth orbiter, Endeavour (OV-105), was named by Mississippi
school children in a contest held by NASA. It was the ship of Lieutenant
James Cook in 1769-71, on avoyage to Tahiti to observe the planet Venus
passing between the Earth and the Sun. This orbiter was delivered to
NASA by Rockwell International in 1991.

Major Systems
Avionics Systems

The Space Shuttle avionics system controlled, or assisted in control-
ling, most of the Shuttle systems. Its functions included automatic deter-
mination of the vehicle’'s status and operational readiness;
implementation sequencing and control for the solid rocket boosters and
external tank during launch and ascent; performance monitoring; digital
data processing; communications and tracking; payload and system man-
agement; guidance, navigation, and control; and electrical power distrib-
ution for the orbiter, external tank, and solid rocket boosters.

Thermal Protection System

A passive thermal protection system helped maintain the temperature
of the orbiter spacecraft, systems, and components within their temperature
limits primarily during the entry phase of the mission. It consisted of vari-
ous materials applied externally to the outer structural skin of the orbiter.

Orhiter Purge, Vent, and Drain System

The purge, vent, and drain system on the orbiter provided unpressur-
ized compartments with gas purge for thermal conditioning and prevent-
ed the accumulation of hazardous gases, vented the unpressurized
compartments during ascent and entry, drained trapped fluids (water and
hydraulic fluid), and conditioned window cavities to maintain visibility.

Orbiter Communications System

The Space Shuttle orbiter communications system transferred
(1) telemetry information about orbiter operating conditions and configu-
rations, systems, and payloads; (2) commands to the orbiter systems to
make them perform some function or configuration change; (3) docu-
mentation from the ground that was printed on the orbiter’s teleprinter or
text and graphics system; and (4) voice communications among the flight
crew members and between the fight crew and ground. This information
was transferred through hardline and radio frequency links.

Direct communication took place through Air Force Satellite Control
Facility remote tracking station sites, aso known as the Spaceflight
Tracking and Data Network ground stations for NASA missions or space-
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ground link system ground stations for military missions. Direct signals
from the ground to the orbiter were referred to as uplinks, and signals
from the orbiter to the ground were called downlinks.

Tracking and Data Relay Satellite (TDRS) communication took place
through the White Sands Ground Terminal. These indirect signals from
TDRS to the orbiter were called forward links, and the signal from the
orbiter to the TDRS was called the return link. Communication with a
detached payload from the orbiter was also referred to as aforward link,
and the signal from the payload to the orbiter was the return link. Refer
to Chapter 4, “ Tracking and Data Acquisition Systems,” in Volume VI of
the NASA Historical Databook for a more detailed description of Shuttle
tracking and communications systems.

Data Processing System

The data processing system, through the use of various hardware
components and its self-contained computer programming (software),
provided the vehicle with computerized monitoring and control. This sys-
tem supported the guidance, navigation, and control of the vehicle,
including calculations of trajectories, SSME thrusting data, and vehicle
attitude control data; processed vehicle data for the flight crew and for
transmission to the ground and allowed ground control of some vehicle
systems viatransmitted commands; checked data transmission errors and
crew control input errors; supported the annunciation of vehicle system fail-
ures and out-of -tol erance system conditions; supported payloads with flight
crew/software interface for activation, deployment, deactivation, and
retrieval; processed rendezvous, tracking, and data transmissions between
payloads and the ground; and monitored and controlled vehicle subsystems.

Guidance, Navigation, and Control

Guidance, navigation, and control software commanded the guid-
ance, navigation, and control system to effect vehicle control and to pro-
vide the sensor and controller data needed to compute these commands.
The process involved three steps: (1) guidance equipment and software
computed the orbiter location required to satisfy mission requirements;
(2) navigation tracked the vehicle's actual location; and (3) flight control
transported the orbiter to the required location. A redundant set of four
orbiter general purpose computers (GPCs) formed the primary avionics
software system; a fifth GPC was used as the backup flight system.

The guidance, navigation, and control system operated in two modes:
auto and manual (control stick steering). In the automatic mode, the pri-
mary avionics software system essentially alowed the GPCs to fly the
vehicle; the flight crew simply selected the various operational sequences.
In the manua mode, the flight crew could control the vehicle using hand
controls, such as the rotational hand controller, translational hand con-
troller, speed brake/thrust controller, and rudder pedals. In this mode,
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flight crew commands still passed through and were issued by the GPCs.
There were no direct mechanical links between the flight crew and the
orbiter’s various propulsion systems or aerodynamic surfaces; the orbiter
was an entirely digitally controlled, fly-by-wire vehicle.

Dedicated Display System

The dedicated displays provided the flight crew with information
required to fly the vehicle manually or to monitor automatic flight control
system performance. The dedicated displays were the attitude director
indicators, horizontal situation indicators, alpha Mach indicators, alti-
tude/vertical velocity indicators, a surface position indicator, RCS activi-
ty lights, a g-meter, and a heads-up display.

Main Propulsion System

The Space Shuttle’s main propulsion system is addressed in Chapter
2, “Launch Systems.”

Crew Escape System

Thein-flight crew escape system was provided for use only when the
orbiter would be in controlled gliding flight and unable to reach arunway.
This condition would normally lead to ditching. The crew escape system
provided the flight crew with an alternative to water ditching or to land-
ing on terrain other than alanding site. The probability of the flight crew
surviving a ditching was very dlim.

The hardware changes required to the orbiters following the STS
51-L (Challenger) accident enabled the flight crew to equalize the pres-
surized crew compartment with the outside pressure via the depressuriza-
tion valve opened by pyrotechnics in the crew compartment aft bulkhead
that a crew member would manually activate in the mid-deck of the crew
compartment. The crew could also pyrotechnically jettison the crew
ingress/egress side hatch manually in the mid-deck of the crew compart-
ment and bail out from the mid-deck through the ingress/egress side hatch
opening after manually deploying the escape pole through, outside, and
down from the side hatch opening.

Emergency Egress Slide. The emergency egress dide replaced the
emergency egress side hatch bar. It provided the orbiter flight crew mem-
bers with arapid and safe emergency egress through the orbiter mid-deck
ingress/egress side hatch after anormal opening of the side hatch or after
jettisoning of the side hatch at the nominal end-of-mission landing site or
at aremote or emergency landing site. The emergency egress dide sup-
ported return-to-launch-site, transatlantic-landing, abort-once-around,
and normal end-of-mission landings.

Secondary Emergency Egress. The lefthand flight deck overhead win-
dow provided the flight crew with a secondary emergency egress route.
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Side Hatch Jettison. The mid-deck ingress/egress side hatch was
modified to provide the capability of pyrotechnically jettisoning the side
hatch for emergency egress on the ground. In addition, a crew compart-
ment pressure equalization valve provided at the crew compartment aft
bulkhead was also pyrotechnically activated to equalize cabin/outside
pressure before the jettisoning of the side hatch.

Crew Equipment

Food System and Dining. The mid-deck of the orbiter was equipped
with facilities for food stowage, preparation, and dining for each crew
member. Three one-hour meal periods were scheduled for each day of the
mission. This hour included time for eating and cleanup. Breakfast, lunch,
and dinner were scheduled as close to the usual hours as possible. Dinner
was scheduled at least two to three hours before crew members began
preparations for their sleep period.

Shuttle Orbiter Medical System. The Shuttle orbiter medical system
provided medical care in flight for minor illnesses and injuries. It aso
provided support for stabilizing severely injured or ill crew members until
they were returned to Earth. The medical system consisted of the med-
ications and bandage kit and the emergency medical Kit.

Operational Bioinstrumentation System. The operational bioinstru-
mentation system provided an amplified el ectrocardiograph analog signal
from either of two designated flight crew membersto the orbiter avionics
system, where it was converted to digital tape and transmitted to the
ground in real time or stored on tape for dump at a later time. On-orbit
use was limited to contingency situations.

Radiation Equipment. The harmful biological effects of radiation
must be minimized through mission planning based on calculated predic-
tions and monitoring of dosage exposures. Preflight requirements includ-
ed a projection of mission radiation dosage, an assessment of the
probability of solar flares during the mission, and a radiation exposure
history of flight crew members. In-flight requirements included the car-
rying of passive dosimeters by the flight crew members and, in the event
of solar flares or other radiation contingencies, the readout and reporting
of the active dosimeters.

Crew Apparel. During launch and entry, crew members wore the
crew altitude protection system consisting of a helmet, a communications
cap, a pressure garment, an anti-exposure, anti-gravity suit, gloves, and
boots. During launch and reentry, the crew wore escape equipment over
the crew atitude protection system, consisting of an emergency oxygen
system; parachute harness, parachute pack with automatic opener, pilot
chute, drogue chute, and main canopy; a life raft; two liters of drinking
water; flotation devices; and survival vest pockets containing aradio/bea-
con, signal mirror, shroud cutter, pen gun flare kit, sea dye marker, smoke
flare, and beacon.
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Sleeping Provisions. Sleeping provisions consisted of deeping bags,
sleep restraints, or rigid deep stations. During a mission with one shift,
al crew members dept simultaneously and at least one crew member
would wear a communication headset to ensure the reception of ground
calls and orbiter caution and warning alarms.

Personal Hygiene Provisions. Personal hygiene and grooming provi-
sions were furnished for both male and female flight crew members. A
water dispensing system provided water.

Housekeeping. In addition to time scheduled for sleep periods and
meal s, each crew member had housekeeping tasks that required from five
to fifteen minutes at intervals throughout the day. These included clean-
ing the waste management compartment, the dining area and equipment,
floors and walls (as required), the cabin air filters, trash collection and
disposal, and change-out of the crew compartment carbon dioxide (lithi-
um hydroxide) absorber canisters.

Sighting Aids. Sighting aids included all items used to aid the flight
crew within and outside the crew compartment. They included the crew-
man optical alignment sight, binoculars, adjustable mirrors, spotlights,
and eyeglasses.

Microcassette Recorder. The microcassette recorder was used pri-
marily for voice recording of data but could also be used to play prere-
corded tapes.

Photographic Equipment. The flight crew used three camera sys-
tems—16mm, 35mm, and 70mm—to document activities inside and out-
side the orbiter.

Wicket Tabs. Wicket tabs helped the crew members activate controls
when vision was degraded. The tabs provided the crew members with tac-
tile cues to the location of controls to be activated as well as a memory
aid to their function, sequence of activation, and other pertinent informa-
tion. Controls that were difficult to see during the ascent and entry flight
phases had wicket tabs.

Reach Aid. The reach aid, sometimes known as the “ swizzle stick,”
was a short adjustable bar with a multipurpose end effector that was used
to actuate controls that were out of the reach of seated crew members. It
could be used during any phase of flight, but was not recommended for
use during ascent because of the attenuation and switch-cueing difficul-
ties resulting from acceleration forces.

Restraints and Mobility Aids. Restraints and mobility aids enabled
the flight crew to perform all tasks safely and efficiently during ingress,
egress, and orbital flight. Restraints consisted of foot loop restraints, the
airlock foot restraint platform, and the work/dining table as well as tem-
porary stowage bags, Velcro, tape, snaps, cable restraints, clips, bungees,
and tethers. Mobility aids and devices consisted of handholds for ingress
and egressto and from crew seatsin the launch and landing configuration,
handholds in the primary interdeck access opening for ingress and egress
in the launch and landing configuration, a platform in the mid-deck for
ingress and egress to and from the mid-deck when the orbiter is in the
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launch configuration, and an interdeck access ladder to enter the flight
deck from the mid-deck in the launch configuration and go from the flight
deck to the mid-deck in the launch and landing configuration.

Crew Equipment Stowage. Crew equipment aboard the orbiter was
stowed in lockers with two sizes of insertable trays. The trays could be
adapted to accommodate a wide variety of soft goods, loose equipment,
and food. The lockers were interchangeable and attached to the orbiter
with crew fittings. The lockers could be removed or installed in flight by
the crew members.

Exercise Equipment. The only exercise equipment on the Shuttle
was atreadmill.

Sound Level Meter. The sound level meter determined on-orbit
acoustical noise levels in the cabin. Depending on the requirements for
each flight, the flight crew took meter readings at specified crew com-
partment and equipment locations. The data obtained by the flight crew
were logged and/or voice recorded.

Air Sampling System. The air sampling system consisted of air bot-
tles that were stowed in a modular locker. They were removed for sam-
pling and restowed for entry.

On-Board I nstrumentation. Orbiter operational instrumentation col-
lected, routed, and processed information from transducers and sensors
on the orbiter and its payloads. This system also interacted with the solid
rocket boosters, external tank, and ground support equipment. More than
2,000 data points were monitored, and the data were routed to operational
instrumentation multiplexers/demultiplexers. The instrumentation system
consisted of transducers, signal conditioners, two pulse code modulation
master units, encoding equipment, two operational recorders, one payload
recorder, master timing equipment, and on-board checkout equipment.

Payload Accommodations

The Space Shuttle had three basic payload accommodation cate-
gories: dedicated, standard, and mid-deck accommodations:

» Dedicated payloads took up the entire cargo-carrying capacity and
services of the orbiter, such as the Spacelab and some DOD payloads.

e Standard payloads—usually geosynchronous communications
satellites—were the primary type of cargo carried by the Space
Shuttle. Normally, the payload bay could accommodate up to four
standard payloads per flight. Power, command, and data services for
standard payloads were provided by the avionics system through a
standard mixed cargo harness.

e Mid-deck payloads—small, usually self-contained packages—were
stored in compartments on the mid-deck. These were often manufac-
turing-in-space or small life sciences experiments.
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Structural attach points for payloads were located at 9.9-centimeter
intervals along the tops of the two orbiter mid-fuselage main longerons.
Some payloads were not attached directly to the orbiter but to payload
carriers that were attached to the orbiter. The inertial upper stage,
Spacelab and Spacelab pallet, and any specialized cradle for holding a
payload were typical carriers.

Small payloads mounted in the payload bay required a smaller range
of accommodations. These payloads received a reduced level of electric
power, command, and data services, and their thermal conditions were
those in the payload bay thermal environment. Small payloads could be
mounted in either a side-mounted or an across-the-bay configuration.

The Space Shuttle could also accommodate small payloads in the
mid-deck of the crew compartment. This location was ideal for payloads
that required a pressurized crew cabin environment or needed to be oper-
ated directly by the crew. Payloads located in the mid-deck could also be
stowed on board shortly before launch and removed quickly after landing.

Space Shuttle Operations

Although each Space Shuttle mission was unique, Space Shuttle mis-
sions followed a prescribed sequence of activities that was common to all
flights. The following sections describe the typical activities preceding
launch, the launch and ascent activities, on-orbit events, and events sur-
rounding descent and landing. Figure 3—6 shows the typical sequence of
mission events.
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Prelaunch Activities

Space Shuttle components were gathered from various locations
throughout the country and brought to Launch Complex 39 facilities at
the Kennedy Space Center. There, technicians assembled the compo-
nents—the orbiter, solid rocket booster, and external tank—into an inte-
grated Space Shuttle vehicle, tested the vehicle, rolled it out to the launch
pad, and ultimately launched it into space.

Each of the components that comprised the Shuttle system underwent
processing prior to launch. NASA used similar processing procedures for
new and reused Shuttle flight hardware. In general, new orbiters under-
went more checkouts before being installed. In addition, the main engines
underwent test firing on the launch pad. Called the Flight Readiness
Firing, the test verified that the main propulsion system worked properly.
For orbiters that had already flown, turnaround processing procedures
included various postflight deservicing and maintenance functions, which
were carried out in parallel with payload removal and the installation of
equipment needed for the next mission.

If changes are made in external tank design, the tank usually required
a tanking test in which it was loaded with liquid oxygen and hydrogen
just as it was before launch. This confidence check verified the tank’s
ability to withstand the high pressures and super cold temperatures of the
cryogenics.

The processing of each magjor flight component consisted of indepen-
dent hardware checks and servicing in an operation called standal one pro-
cessing. Actual Shuttle vehicle integration started with the stacking of the
solid rocket boosters on a Mobile Launcher Platform in one of the high
bays of the Vehicle Assembly Building. Next, the external tank was
moved from its Vehicle Assembly Building location to the Mobile
Launcher Platform and was mated with the solid rocket boosters. The
orhiter, having completed its prelaunch processing and after horizontally
integrated payloads had been installed, was towed from the Orbiter
Processing Facility to the Vehicle Assembly Building and hoisted into
position alongside the solid rocket boosters and the external tank. It was
then mated to the external tank/solid rocket booster assembly. After mat-
ing was completed, the erection slings and load beams that had been hold-
ing the orbiter in place were removed, and the platforms and stands were
positioned for orbiter/external tank/solid rocket booster access.

After the orbiter had been mated to the external tank/solid rocket
booster assembly and all umbilicals were connected, technicians per-
formed an electrical and mechanical verification of the mated interfaces
to verify al critical vehicle connections. The orbiter underwent a Space
Shuttle interface test using the launch processing system to verify Shuttle
vehicle interfaces and Shuttle vehicle-to-ground interfaces. After comple-
tion of interface testing, ordnance devices were installed, but not electri-
cally connected. Final ordnance connection and flight close-out were
completed at the pad.
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When the Vehicle Assembly Building prelaunch preparations were
completed, the crawler transporter, an enormous tracked vehicle that
NASA originally used during the Apollo and Skylab programs, lifted the
assembled Space Shuttle and the Mobile Launcher Platform and rolled
them slowly down a crawlerway to the launch pad at Launch Complex 39.
L oaded, the vehicle moved at a speed of one mile an hour. The move took
about six hours. At the pad, vertically integrated payloads were loaded
into the payload bay. Then, technicians performed propellant servicing
and needed ordnance tasks.

After the Space Shuttle had been rolled out to the launch pad on the
Mobile Launcher Platform, all prelaunch activities were controlled from
the Launch Control Center using the Launch Processing System. On the
launch pad, the Rotating Service Structure was placed around the Shuttle
and power for the vehicle was activated. The Mobile Launcher Platform
and the Shuttle were then electronically and mechanically mated with
support launch pad facilities and ground support equipment. An extensive
series of validation checks verified that the numerous interfaces were
functioning properly. Meanwhile, in parallel with prelaunch pad activi-
ties, cargo operations began in the Rotating Service Structure's Payload
Changeout Room.

Vertically integrated payloads were delivered to the launch pad before
the Space Shuttle was rolled out and stored in the Payload Changeout
Room until the Shuttle was ready for cargo loading. Once the Rotating
Service Structure was in place around the orbiter, the payload bay doors
were opened and the cargo installed. Final cargo and payload bay close-
outs were completed in the Payload Changeout Room, and the payload
bay doors were closed for flight.

Propellant Loading. Initial Shuttle propellant loading involved
pumping hypergolic propellants into the orbiter's aft and forward OMS
and RCS storage tanks, the orbiter’s hydraulic Auxiliary Power Units, and
the solid rocket booster hydraulic power units. These were hazardous
operations, and while they were under way, work on the launch pad was
suspended. Because these propellants were hypergolic—they ignite on
contact with one another—oxidizer and fuel loading operations were car-
ried out serially, never in parallel.

Dewar tanks on the Fixed Service Structure were filled with liquid
oxygen and liquid hydrogen, which would be loaded into the orbiter’'s
Power Reactant and Storage Distribution tanks during the launch count-
down. Before the forma Space Shuttle launch countdown began, the
vehicle was powered down while pyrotechnic devices were installed or
hooked up. The extravehicular mobility units—spacesuits—were stored
on board along with other items of flight crew equipment.

Launch Processing System. The Launch Processing System made
Space Shuttle processing, checkout, and countdown procedures more
automated and streamlined than those of earlier human spaceflight pro-
grams. The countdown for the Space Shuittle took only about forty hours,
compared with more than eighty hours usually needed for a
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Saturn/Apollo countdown. Moreover, the Launch Processing System
called for only about ninety people to work in the firing room during
launch operations, compared with about 450 needed for earlier human
missions. This system automatically controlled and performed much of
the Shuttle processing from the arrival of individual components and their
integration to launch pad operations and, ultimately, the launch itself. The
system consisted of three basic subsystems: the Central Data Subsystem
|ocated on the second floor of the Launch Control Center, the Checkout,
Control and Monitor Subsystem located in the firing rooms, and the
Record and Playback Subsystem.

Complex 39 Launch Pad Facilities. The Kennedy Space Center's
Launch Complex 39 had two identical launch pads, which were original-
ly designed and built for the Apollo lunar landing program. The pads,
built in the 1960s, were used for al of the Apollo/SaturnV missions and
the Skylab space station program. Between 1967 and 1975, twelve
Apollo/Saturn V vehicles, one Skylab/Saturn V workshop, three
Apollo/Saturn 1B vehicles for Skylab crews, and one Apollo/Saturn 1B
for the joint U.S.-Soviet Apollo Soyuz Test Project were launched from
these pads.

The pads underwent major modifications to accommodate the Space
Shuttle vehicle. Initially, Pad A modifications were completed in mid-
1978, while Pad B was finished in 1985 and first used for the ill-fated
STS 51-L mission in January 1986. The modifications included the con-
struction of new hypergolic fuel and oxidizer support areas at the south-
west and southeast corners of the pads, the construction of new Fixed
Service Structures, the addition of a Rotating Service Structure, the addi-
tion of 1,135,620-liter water towers and associated plumbing, and the
replacement of the original flame deflectors with Shuttle-compatible
deflectors.

Following the flight schedule delays resulting from the STS 51-L
accident, NASA made an additional 105 pad modifications. These includ-
ed the ingtallation of a sophisticated laser parking system on the Mobile
Launcher Platform to facilitate mounting the Shuttle on the pad and emer-
gency escape system modifications to provide emergency egress for up to
twenty-one people. The emergency shelter bunker also was modified to
allow easier access from the slidewire baskets.

Systems, facilities, and functions at the complex included:

Fixed Service Structure

Orbiter AccessArm

External Tank Hydrogen Vent Line and Access Arm
External Tank Gaseous Oxygen Vent Arm
Emergency Exit System

Lightning Mast

Rotating Service Structure

Payload Changeout Room
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Orbiter Midbody Umbilical Unit

Hypergolic Umbilical System

Orbital Maneuvering System Pod Heaters

Sound Suppression Water System

Solid Rocket Booster Overpressure Suppression System
Main Engine Hydrogen Burnoff System

Pad Surface Flame Detectors

Pad-Propellant Storage and Distribution

Launch Sites. NASA used the Kennedy Space Center in Florida for
launches that placed the orbiter in equatorial orbits (around the equator).
TheVandenberg Air Force Base launch site in Californiawas intended for
launches that placed the orbiter in polar orbit missions, but it was never
used and has been inactive since 1987.

NASA’s prime landing site was at Kennedy. Additional landing sites
were provided at Edwards Air Force Base in California and White Sands,
New Mexico. Contingency landing sites were also provided in the event
the orbiter must return to Earth in an emergency.

Kennedy Space Center launches had an alowable path no less than
thirty-five degrees northeast and no greater than 120 degrees southeast.
These were azimuth degree readings based on due east from Kennedy as
ninety degrees. These two azimuths—thirty-five and 120 degrees—repre-
sented the launch limits from Kennedy. Any azimuth angles farther north
or south would launch a spacecraft over a habitable land mass, adversely
affect safety provisions for abort or vehicle separation conditions, or pre-
sent the undesirable possibility that the solid rocket booster or external
tank could land on foreign land or sea space.

Launch and Ascent

At launch, the three SSMEs were ignited first. When the proper
engine thrust level was verified, a signal was sent to ignite the solid rock-
et boosters. At the proper thrust-to-weight ratio, initiators (small explo-
sives) at eight hold-down bolts on the solid rocket boosters were fired to
release the Space Shuittle for liftoff. All this took only afew seconds.

Maximum dynamic pressure was reached early in the ascent, approx-
imately sixty seconds after liftoff. Approximately a minute later (two
minutes into the ascent phase), the two solid rocket boosters had con-
sumed their propellant and were jettisoned from the external tank at an
altitude of 48.27 kilometers. This was triggered by a separation signal
from the orbiter.

The boosters briefly continued to ascend to an atitude of 75.6 kilo-
meters, while small motors fired to carry them away from the Space
Shuttle. The boosters then turned and descended, and at a predetermined
altitude, parachutes were deployed to decelerate them for a safe splash-
down in the ocean. Splashdown occurred approximately 261 kilometers
from the launch site.
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When a free-faling booster descended to an atitude of about
4.8 kilometers, its nose cap was jettisoned and the solid rocket booster
pilot parachute popped open. The pilot parachute then pulled out the
16.5-meter diameter, 499-kilogram drogue parachute. The drogue para-
chute stabilized and slowed the descent to the ocean.

At an altitude of 1,902 meters, the frustum, atruncated cone at the top
of the solid rocket booster where it joined the nose cap, separated from
the forward skirt, causing the three main parachutes to pop out. These
parachutes were thirty-five meters in diameter and had a dry weight of
about 680 kilograms each. When wet with sea water, they weighed about
1,361 kilograms.

At six minutes and forty-four seconds after liftoff, the spent solid rock-
et boosters, weighing about 7,484 kilograms, had s owed their descent speed
to about 100 kilometers per hour, and splashdown took place in the prede-
termined area. There, a crew aboard a specialy designed recovery vessel
recovered the boosters and parachutes and returned them to the Kennedy
Space Center for refurbishment. The parachutes remained attached to the
boosters until they were detached by recovery personnel.

Meanwhile, the orbiter and external tank continued to climb, using
the thrust of the three SSMEs. Approximately eight minutes after launch
and just short of orbital velocity, the three engines were shut down (main
engine cutoff, or MECO), and the external tank was jettisoned on com-
mand from the orbiter.

The forward and aft RCS engines provided attitude (pitch, yaw, and
roll) and the trandation of the orbiter away from the external tank at sep-
aration and return to attitude hold prior to the OMS thrusting maneuver.
The external tank continued on a ballistic trgjectory and entered the
atmosphere, where it disintegrated. Its projected impact was in the Indian
Ocean (except for fifty-seven-degree inclinations) for equatorial orbits.

Aborts. An ascent abort might become necessary if a failure that
affects vehicle performance, such as the failure of an SSME or an OMS.
Other failures requiring early termination of aflight, such asacabin |leak,
might also require an abort.

Space Shuttle missions had two basic types of ascent abort modes:
intact aborts and contingency aborts. Intact aborts were designed to pro-
vide a safe return of the orbiter to a planned landing site. Contingency
aborts were designed to permit flight crew survival following more severe
failures when an intact abort was not possible. A contingency abort would
generally result in a ditch operation.

Intact Aborts. There were four types of intact aborts: abort-to-orbit,
abort-once-around, transatlantic landing, and return-to-launch-site
(Figure 3-7):

e Theabort-to-orbit (ATO) mode was designed to allow the vehicle to
achieve atemporary orbit that was lower than the nominal orbit. This
mode required less performance and allowed time to evaluate prob-
lems and then choose either an early deorbit maneuver or an OMS
thrusting maneuver to raise the orbit and continue the mission.
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Figure 3—7. Types of Intact Aborts

e The abort-once-around (AOA) mode was designed to allow the
vehicle to fly once around the Earth and make a normal entry and
landing. This mode generally involved two OM S thrusting sequences,
with the second sequence being a deorbit maneuver. The entry
sequence would be similar to a normal entry. This abort mode was
used on STS 51-F and was the only abort that took place.

The transatlantic landing mode was designed to permit an intact
landing on the other side of the Atlantic Ocean. This mode resulted in
abalistic trgjectory, which did not require an OMS maneuver.

The return-to-launch-site (RTLS) mode involved flying downrange
to dissipate propellant and then turning around under power to return
directly to alanding at or near the launch site.

A definite order of preference existed for the various abort modes. The
type of faillure and the time of the failure determined which type of abort is
selected. In cases where performance loss was the only factor, the preferred
modes would be abort-to-orbit, abort-once-around, transatlantic landing,
and return-to-launch-gite, in that order. The mode chosen was the highest
one that could be compl eted with the remaining vehicle performance. In the
case of some support system failures, such as cabin leaks or vehicle cooling
problems, the preferred mode might be the one that would end the mission
most quickly. In those cases, transatlantic landing or return-to-launch-site
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might be preferable to abort-once-around or abort-to-orbit. A contingency
abort was never chosen if another abort option existed.

The Mission Control Center in Houston was “prime” for calling these
aborts because it had a more precise knowledge of the orbiter’s position
than the crew could obtain from on-board systems. Before MECO,
Mission Control made periodic calls to the crew to tell them which abort
mode was (or was not) available. If ground communicationswere lost, the
flight crew had on-board methods, such as cue cards, dedicated displays,
and display information, to determine the current abort region.

Contingency Aborts. Contingency aborts would occur when there was
a loss of more than one main engine or other systems fail. Loss of one
main engine while another was stuck at a low thrust setting might also
reguire a contingency abort. Such an abort would maintain orbiter integri-
ty for in-flight crew escape if alanding could not be achieved at a suitable
landing field.

Contingency aborts caused by system failures other than those
involving the main engines would normally result in an intact recovery of
vehicle and crew. Loss of more than one main engine might, depending
on engine failure times, result in a safe runway landing. However, in most
three-engine-out cases during ascent, the orbiter would have to be
ditched. The in-flight crew escape system would be used before ditching
the orbiter.

Orbit Insertion. An orbit could be accomplished in two ways: the con-
ventiona OMS insertion method called “standard” (which was last used
with STS-35 in December 1990) and the direct insertion method. The stan-
dard insertion method involved a brief burn of the OM S engines shortly after
MECO, placing the orbiter into an dliptical orbit. A second OMS burn was
initiated when the orbiter reached apogee in its dliptical orbit. This brought
the orbiter into a near circular orbit. If required during a mission, the orbit
could be raised or lowered by additiona firings of the OMS thrusters.

The direct insertion technique used the main engines to achieve the
desired orbital apogee, or high point, thus saving OMS propellant. Only
one OMS burn was required to circularize the orbit, and the remaining
OMS fuel could then be used for frequent changes in the operational
orhit, as caled for in the flight plan. The first direct insertion orbit took
place during the STS 41-C mission in April 1984, when Challenger was
placed in a 463-kilometer-high circular orbit where its flight crew suc-
cessfully captured, repaired, and redeployed the Solar Maximum Satellite
(Solar Max).

The optimal orbital altitude of a Space Shuttle depended on the mis-
sion objectives and was determined before launch. The nominal atitude
varied between 185 to 402 kilometers. During flight, however, problems,
such as main engine and solid rocket booster performance loss and OMS
propellant leaks or certain electrical power system failures, might prevent
the vehicle from achieving the optimal orbit. In these cases, the OMS
burns would be changed to compensate for the failure by selecting a
delayed OMS burn, abort-once-around, or abort-to-orbit option.
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Tables 3—-12 and 3-13 show the events leading up to atypical launch
and the events immediately following launch.®

On-Orbit Events. Once the orbiter achieved orbit, the major guid-
ance, navigation, and control tasks included achieving the proper posi-
tion, velocity, and attitude necessary to accomplish the mission
objectives. To do this, the guidance, navigation, and control computer
maintained an accurate state vector, targeted and initiated maneuvers to
specified attitudes and positions, and pointed a specified orbiter body vec-
tor at atarget. These activities were planned with fuel consumption, vehi-
cle thermal limits, payload requirements, and rendezvous/proximity
operations considerations in mind. The Mission Control Center, usualy
referred to as “Houston,” controlled Space Shuittle flights.

Maneuvering in Orbit. Once the Shuttle orbiter went into orbit, it
operated in the near gravity-free vacuum of space. However, to maintain
proper orbital attitude and to perform avariety of maneuvers, the Shuttle
used an array of forty-six large and small rocket thrusters—the OM S and
RCS that was used to place the Shuttle in orbit. Each of these thrusters
burned a mixture of nitrogen tetroxide and monoethylhydrazine, a com-
bination of fuels that ignited on contact with each other.

Descent and Landing Activities

On-Orbit Checkout. The crew usually performed on-orbit checkout
of the orbiter systems that were used during reentry the day before deor-
bit. System checkout had two parts. The first part used one auxiliary
power unit/hydraulic system. It repositioned the left and right main
engine nozzles for entry and cycled the aerosurfaces, hydraulic motors,
and hydraulic switching valves. After the checkout was completed, the
auxiliary power unit was deactivated. The second part checked al the
crew-dedicated displays; self-tested the microwave scan beam landing
system, tactical air navigation, accelerometer assemblies, radar altimeter,
rate gyro assemblies, and air data transducer assemblies; and checked the
hand controllers, rudder pedal transducer assemblies, speed brake, panel
trim switches, RHC trim switches, speed brake takeover push button, and
mode/sequence push button light indicators.

Shuttle Landing Operations. When a mission accomplished its
planned in-orbit operations, the crew began preparing the vehicle for its
return to Earth. Usually, the crew devoted the last full day in orbit to
activities, such as stowing equipment, cleaning up the living areas, and

5The terms “terminal count,” “first stage,” and “second stage” are common-
ly used when describing prelaunch, launch, and ascent events. The terminal
phase extends from T minus twenty minutes where “T” refers to liftoff time.
First-stage ascent extends from solid rocket booster ignition through solid rock-
et booster separation. Second-stage ascent begins at solid rocket booster separa-
tion and extends through MECO and external tank separation.
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making final systems configurationsthat would facilitate postlanding pro-
cessing.

The crew schedule was designed so that crew members were awake
and into their “work day” six to eight hours before landing. About four
hours before deorbit maneuvers were scheduled, the crew and flight con-
trollers finished with the Crew Activity Plan for the mission. They then
worked from the mission’s Deorbit Prep Handbook, which covered the
major deorbit events leading to touchdown. Major events included the
“go” from Mission Control Center to close the payload bay doors and
final permission to perform the deorbit burn, which would return the
orbiter to Earth.

Before the deorbit burn took place, the orbiter was turned to a tail-
first attitude—that is, the aft end of the orbiter faced the direction of trav-
€. At a predesignated time, the OMS engines were fired to slow the
orbiter and to permit deorbit. The RCS thrusters were then used to return
the orbiter into a nose-first attitude. These thrusters were used during
much of the reentry pitch, roll, and yaw maneuvering until the orbiter's
aerodynamic, aircraft-like control surfaces encountered enough atmos-
pheric drag to control the landing. This was called Entry Interface and
usually occurred thirty minutes before touchdown at about 122 kilome-
ters atitude. At this time, a communications blackout occurred as the
orbiter was enveloped in a sheath of plasma caused by electromagnetic
forces generated from the high heat experienced during entry into the
atmosphere.

Guidance, navigation, and control software guided and controlled the
orbiter from this state (in which aerodynamic forces were not yet felt)
through the atmosphere to a precise landing on the designated runway. All
of this must be accomplished without exceeding the thermal or structural
limits of the orbiter. Flight control during the deorbit phase was similar to
that used during orbit insertion.

Orbiter Ground Turnaround. Approximately 160 Space Shuttle
Launch Operations team members supported spacecraft recovery opera-
tions at the nominal end-of-mission landing site. Beginning as soon asthe
spacecraft stopped rolling, the ground team took sensor measurements to
ensure that the atmosphere in the vicinity of the spacecraft was not explo-
sive. In the event of propellant leaks, a wind machine truck carrying a
large fan moved into the area to create a turbulent airflow that broke up
gas concentrations and reduced the potential for an explosion.

A ground support egquipment air-conditioning purge unit was attached
to the righthand orbiter T-O umbilical so cool air could be directed through
the orbiter to dissipate the heat of entry. A second ground support equip-
ment ground cooling unit was connected to the |efthand orbiter T-0 umbil-
ical spacecraft Freon coolant loops to provide cooling for the flight crew
and avionics during the postlanding and system checks. The flight crew
then left the spacecraft, and a ground crew powered down the spacecraft.

Meanwhile, at the Kennedy Space Center, the orbiter and ground sup-
port equipment convoy moved from the runway to the Orbiter Processing
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Facility. If the spacecraft landed at EdwardsAir Force Base, the same pro-
cedures and ground support equipment applied as at Kennedy after the
orhiter had stopped on the runway. The orbiter and ground support equip-
ment convoy moved from the runway to the orbiter mate and demate
facility. After detailed inspection, the spacecraft was prepared to be fer-
ried atop the Shuttle carrier aircraft from Edwards to Kennedy.

Upon its return to the Orbiter Processing Facility at Kennedy, a
ground crew safed the orbiter, removed its payload, and reconfigured the
orbiter payload bay for the next mission. The orbiter also underwent any
required maintenance and inspections while in the Orbiter Processing
Facility. The spacecraft was then towed to the Vehicle Assembly Building
and mated to the new external tank, beginning the cycle again.

Mission Control

The Mission Control Center at Johnson Space Center in Houston con-
trolled all Shuttle flights. It has controlled more than sixty NASA human
spaceflights since becoming operational in June 1965 for the Gemini |V
mission. Two flight control rooms contained the equipment needed to
monitor and control the missions.

The Mission Control Center assumed mission control functionswhen
the Space Shuttle cleared the service tower at Kennedy's Launch
Complex 39. Shuttle systems data, voice communications, and television
traveled almost instantaneously to the Mission Control Center through the
NASA Ground and Space Networks, the latter using the orbiting TDRS.
The Mission Control Center retained its mission control function until the
end of a mission, when the orbiter landed and rolled to a stop. At that
point, Kennedy again assumed control.

Normally, sixteen major flight control consoles operated during a
Space Shuttle mission. Each console was identified by a title or “call
sign,” which was used when communicating with other controllers or the
astronaut flight crew. Teams of up to thirty flight controllers sat at the
consoles directing and monitoring all aspects of each flight twenty-four
hours a day, seven days aweek. A flight director headed each team, which
typically worked an eight-hour shift. Table 3-14 lists the mission com-
mand and control positions and responsibilities.

During Spacelab missions, an additional position, the command and
data management systems officer, had primary responsibility for the data
processing of the Spacelab’s two main computers. To support Spacelab
missions, the electrical, environmental, and consumables systems engi-
neer and the data processing systems engineer both worked closely with
the command and data management systems officer because the missions
required monitoring additional displays involving aimost 300 items and
coordinating their activities with the Marshall Space Flight Center's
Payload Operations Control Center (POCC).

The Mission Control Center’s display/control system was one of the
most unusual support facilities. It consisted of a series of projected screen



SPACE TRANSPORTATION/HUMAN SPACEFLIGHT 143

displays that showed the orbiter’s real-time location, live television pic-
tures of crew activities, Earth views, and extravehicular activities. Other
displays included mission elapsed time as well as time remaining before
amaneuver or other major mission event. Many decisions or recommen-
dations made by the flight controllers were based on information shown
on the display/control system displays

Eventually, it was planned that modern state-of-the-art workstations
with more capability to monitor and analyze vast amounts of data would
replace the Apollo-era consoles. Moreover, instead of driving the con-
soles with a single main computer, each console would eventually have
its own smaller computer, which could monitor a specific system and be
linked into a network capable of sharing the data.

The POCCs operated in conjunction with the Flight Control Rooms.
They housed principa investigators and commercial users who monitored
and controlled payloads being carried aboard the Space Shuttle. One of the
most extensive POCCswas at the Marshall Space Flight Center in Huntsville,
Alabama, where Spacelab missions were coordinated with the Mission
Control Center. It was the command post, communications hub, and data
relay station for the principa investigators, mission managers, and support
teams. Here, decisions on payload operations were made, coordinated with
the Mission Control Center flight director, and sent to the Spacelab or Shuittle.

The POCC at the Goddard Space Flight Center controlled free-flying
spacecraft that were deployed, retrieved, or serviced by the Space Shuttle.
Planetary mission spacecraft were controlled from the POCC at NASA's Jet
Propulsion Laboratory in Pasadena, California. Finally, private sector pay-
load operators and foreign governments maintained their own POCCs at
various locations for the control of spacecraft systems under their contral.

NASA Centers and Responsihilities

Severa NASA centers had responsibility for particular areas of the
Space Shuttle program. NASA's Kennedy Space Center in Florida was
responsible for all launch, landing, and turnaround operations for STS mis-
sions requiring equatorial orbits. Kennedy had primary responsibility for
prelaunch checkout, launch, ground turnaround operations, and support
operations for the Shuttle and its payloads. Kennedy's Launch Operations
had responsibility for all mating, prelaunch testing, and launch control
ground activities until the Shuttle vehicle cleared the launch pad tower.

Responsibility was then turned over to NASA's Mission Control
Center at the Johnson Space Center in Houston. The Mission Control
Center's responsibility included ascent, on-orbit operations, entry,
approach, and landing until landing runout completion, at which time the
orbiter was handed over to the postlanding operations at the landing site
for turnaround and relaunch. At the launch site, the solid rocket boosters
and external tank were processed for launch and the solid rocket boosters
were recycled for reuse. The Johnson Space Center was responsible for
the integration of the complete Shuttle vehicle and was the central control
point for Shuttle missions.
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NASA’s Marshall Space Flight Center in Huntsville, Alabama, was
responsible for the SSMEs, external tanks, and solid rocket boosters.
NASA’'s National Space Technology Laboratories at Bay St. Louis,
Mississippi, was responsible for testing the SSMEs. NASA's Goddard
Space Flight Center in Greenbelt, Maryland, operated a worldwide track-
ing station network.

Crew Selection, Training, and Related Services
Crew Sdlection

NASA selected the first group of astronauts—known as the Mercury
seven—in 1959. Since then, NASA has selected eleven other groups of
astronaut candidates. Through the end of 1987, 172 individuals have
graduated from the astronaut program.

NASA selected the first thirty-five astronaut candidates for the Space
Shuttle program in January 1978. They began training at the Johnson
Space Center the following June. The group consisted of twenty mission
specialists and fifteen pilots and included six women and four members
of minority groups. They completed their one-year basic training program
in August 1979.

NASA accepted applications from qualified individuals—both civil-
ian and military—on a continuing basis. Upon completing the course,
successful candidates became regular members of the astronaut corps.
Usually, they were €eligible for a flight assignment about one year after
completing the basic training program.

Pilot Astronauts. Pilot astronauts served as either commanders or
pilots on Shuttle flights. During flights, commanders were responsible for
the vehicle, the crew, mission success, and safety. The pilots were second
in command; their primary responsibility was to assist the Shuttle com-
mander. During flights, commanders and pilots usually assisted in space-
craft deployment and retrieval operations using the Remote Manipulator
System (RMS) arm or other payload-unique equipment aboard the
Shuittle.

To be selected as a pilot astronaut candidate, an applicant must have
a bachelor’s degree in engineering, biological science, physical science,
or mathematics. A graduate degree was desired, although not essential.
The applicant must have had at least 1,000 hours flying time in jet air-
craft. Experience as atest pilot was desirable, but not required. All pilots
and missions specialists must be citizens of the United States.

Mission Specialist Astronauts. Mission specialist astronauts, work-
ing closely with the commander and pilot, were responsible for coordi-
nating on-board operations involving crew activity planning, use, and
monitoring of the Shuttle’s consumables (fuel, water, food, and so on), as
well as conducting experiment and payload activities. They must have a
detailed knowledge of Shuttle systems and the operational characteristics,
mission requirements and objectives, and supporting systems for each of



SPACE TRANSPORTATION/HUMAN SPACEFLIGHT 145

the experiments to be conducted on the assigned missions. Mission spe-
cialists performed on-board experiments, spacewalks, and payload-
handling functions involving the RMS arm.

Academically, applicants must have a bachelor's degree in engineer-
ing, biological science, physical science, or mathematics, plus at least
three years of related and progressively responsible professional experi-
ence. An advanced degree could substitute for part or al of the experience
requirement—one year for a master's degree and three years for a doc-
toral degree.

Payload Specialists. This newest category of Shuttle crew member,
the payload specialist, was a professional in the physical or life sciences
or atechnician skilled in operating Shuttle-unique equipment. The pay-
load sponsor or customer selected a payload specialist for a particular
mission. For NA SA-sponsored spacecraft or experiments requiring a pay-
load specialist, the investigator nominated the specialist who was
approved by NASA.

Payload specidists did not have to be U.S. citizens. However, they
must meet strict NASA health and physical fitness standards. In addition
to intensive training for a specific mission assignment at acompany plant,
a university, or government agency, the payload specialist also must take
a comprehensive flight training course to become familiar with Shuttle
systems, payload support equipment, crew operations, housekeeping
techniques, and emergency procedures. This training was conducted at
the Johnson Space Center and other locations. Payload specialist training
might begin as much as two years before a flight.

Astronaut Training

Astronaut training was conducted under the auspices of Johnson's
Mission Operations Directorate. Initial training for new candidates con-
sisted of a series of short courses in aircraft safety, including instruction
in gjection, parachute, and survival to prepare them in the event their air-
craft is disabled and they have to gject or make an emergency landing.
Pilot and mission specialist astronauts were trained to fly T-38 high-
performance jet aircraft, which were based at Ellington Field near
Johnson. Flying these aircraft, pilot astronauts could maintain their flying
skills and mission specialists could become familiar with high-
performance jets. They also took formal science and technical courses

Candidates obtained basic knowledge of the Shuttle system, includ-
ing payloads, through lectures, briefings, textbooks, mockups, and flight
operations manuals. They also gained one-on-one experience in the sin-
gle systems trainers, which contained computer databases with software
allowing studentsto interact with controls and displays similar to those of
a Shuttle crew station. Candidates learned to function in a weightless or
environment using the KC-135 four-engine jet transport and in an enor-
mous neutral buoyancy water tank called the Weightless Environment
Training Facility at Johnson.
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Because the orbiter landed on a runway much like a high-
performance aircraft, pilot astronauts used conventional and modified
T-38 trainers and the KC-135 aircraft to simulate actual landings. They
also used a modified Grumman Gulfstream |l, known as the Shuttle
Training Aircraft, which was configured to simulate the handling charac-
teristics of the orbiter for landing practice.

Advanced training included sixteen different course curricula cover-
ing al Shuttle-related crew training requirements. The courses ranged
from guidance, navigation, and control systems to payload deployment
and retrieval systems. This advanced training was related to systems and
phases. Systems training provided instruction in orbiter systems and was
not related to a specific mission or its cargo. It was designed to familiar-
ize the trainee with a feel for what it was like to work and live in space.
Generally, systems training was completed before an astronaut is
assigned to a mission. Phase-related training concentrated on the specific
skills an astronaut needed to perform successfully in space. This training
was conducted in the Shuttle Mission Simulator. Phase-related training
continued after acrew was assigned to a specific mission, normally about
seven months to one year before the scheduled launch date.

At that time, crew training became more structured and was directed by
atraining management team that was assigned to a specific Shuttle flight.
Thetraining involved carefully developed scripts and scenarios for the mis-
sion and was designed to permit the crew to operate as a closdly integrated
team, performing normal flight operations according to a flight timeline.

About 10 weeks before a scheduled launch, the crew began “flight-
specific integrated simulations, designed to provide a dynamic testing
ground for mission rules and flight procedures.” Simulating a real mis-
sion, the crew worked at designated stations interacting with the flight
control team members, who staffed their positions in the operationally
configured Mission Control Center.

These final prelaunch segments of training were called integrated and
joint integrated simulations and normally included the payload users
operations control centers. Everything from extravehicular activity (EVA)
operations to interaction with the tracking networks could be simulated
during these training sessions.

Shuttle Mission Simulator. The Shuttle Mission Simulator was the
primary system for training Space Shuttle crews. It was the only high-
fidelity simulator capable of training crews for all phases of a mission
beginning at T-minus thirty minutes, including such simulated events as
launch, ascent, abort, orbit, rendezvous, docking, payload handling,
undocking, deorbit, entry, approach, landing, and rollout.

The unique simulator system could duplicate main engine and solid
rocket booster performance, externa tank and support equipment, and
interface with the Mission Control Center. The Shuttle Mission
Simulator’'s construction was completed in 1977 at a cost of about
$100 million.
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Crew-Related Services

In support of payload missions, crew members provided unique ancil-
lary services in three specific areas. EVA, intravehicular activity (IVA),
and in-flight maintenance. EVAs, aso called spacewalks, referred to
activities in which crew members put on pressurized spacesuits and life
support systems (spacepaks), |eft the orbiter cabin, and performed various
payload-related activities in the vacuum of space, frequently outside the
payload bay. (Each mission allowed for at least two crew members to be
training for EVA.) EVA was an operational requirement when satellite
repair or equipment testing was called for on a mission. However, during
any mission, two crew members must be ready to perform a contingency
EVA if, for example, the payload bay doors failed to close properly and
must be closed manually, or equipment must be jettisoned from the pay-
load bay.

The first Space Shuttle program contingency EVA occurred in April
1985, during STS 51-D, a Discovery mission, following deployment of
the Syncom V-3 (Leasat 3) communications satellite. The satdlite’'s
sequencer lever failed, and initiation of the antenna deployment and spin-
up and perigee kick motor start sequences did not take place. The flight
was extended two days to give mission specialists Jeffrey Hoffman and
David Griggs an opportunity to try to activate the lever during EVA oper-
ations, which involved using the RMS. The effort was not successful, but
was accomplished on a later mission. Table 315 lists all of the opera-
tional and contingency EVASs that have taken place through 1988.

IVA included all activities during which crew members dressed in
spacesuits and using life support systems performed hands-on operations
inside a customer-supplied crew module. (IVAs performed in the
Spacelab did not require crew members to dress in spacesuits with life
support systems.)

Finally, in-flight maintenance was any off-normal, on-orbit mainte-
nance or repair action conducted to repair a malfunctioning payload. In-
flight maintenance procedures for planned payload maintenance or repair
were devel oped before a flight and often involved EVA.

Space Shuttle Payloads

Space Shuttle payloads were classified as either “attached” or “free-
flying.” Attached payloads such as Spacelab remained in the cargo bay or
elsewhere on the orbiter throughout the mission. Free-flying payloads
were released to fly alone. Some free-flyers were meant to be serviced or
retrieved by the Shuttle. Others were boosted into orbits beyond the
Shuttle’s reach.
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Attached Payloads
Spacelab

Spacelab was an orbiting laboratory built by the ESA for use with the
STS. It provided the scientific community with easy, economical accessto
space and an opportunity for scientists worldwide to conduct experiments
in space concerning astronomy, solar physics, space plasma physics, atmos-
pheric physics, Earth observations, life sciences, and materias sciences.

Spacelab was constructed from self-contained segments or modules.
It had two major subsections: cylindrical, pressurized crew modules and
U-shaped unpressurized instrument-carrying pallets. The crew modules
provided a “shirtdeeve’ environment where payload specials worked as
they would in a ground-based |aboratory. Pallets accommodated experi-
ments for direct exposure to space. They could be combined with anoth-
er small structure called an igloo.

Crew modules and pallets were completely reusable; they were
designed for multi-use applications and could be stacked or fitted togeth-
er in avariety of configurations to provide for completely enclosed, com-
pletely exposed, or a combination of both enclosed-exposed facilities.
The Spacelab components got all their electric, cooling, and other service
reguirements from the orbiter. An instrument pointing system, also part of
the Spacelab, provided pointing for the various Spacelab experiment tele-
scopes and cameras.

The crew module maintained an oxygen-nitrogen atmosphere identi-
cal to that inthe orbiter crew compartment. Depending on mission reguire-
ments, crew modules consisted of either one segment (short module) or
two segments (long module). The short module was four and two-tenths
meters long; the long module measured seven meters. All crew modules
were four meters in diameter. Most of the equipment housed in the short
module controlled the pallet-mounted experiments. Spacelab missions
used the long module when more room was needed for |aboratory-type
investigations. Equipment inside the crew modules was mounted in fifty-
centimeter-wide racks. These racks were easily removed between flights
so module-mounted experiments could be changed quickly.

The U-shaped pallet structure accommodated experiment equipment
for direct exposure to the space environment when the payload bay doors
were opened. It provided hardpoints for mounting heavy experiments and
inserts for supporting light payloads. Individual payload segments were
three meters long and four meters wide. The orbiter keel attachment fit-
ting provided lateral restraint for the pallet when installed in the orbiter
(Figure 3-8).

The igloo was a pressurized cylindrical canister 1,120 millimetersin
diameter and 2,384 millimeters in height and with a volume of two and
two-tenths cubic meters (Figure 3-9). It consisted of a primary structure,
asecondary structure, aremovable cover, and an igloo mounting structure
and housed the following components:
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Three computers (subsystem, experiment, and backup)
Two input-output units (subsystem and experiment)
One mass memory unit

Two subsystem remote acquisition units

Eleven interconnect stations

One emergency box

One power control box

One subsystem power distribution box

One remote amplification and advisory box

One high-rate multiplexer

An international agreement between the United States and Austria,
Belgium, Denmark, France, Germany, Italy, The Netherlands, Spain,
Switzerland, and the United Kingdom formally established the Spacelab
program. Ten European nations, of which nine were members of ESA,
participated in the program. NASA and ESA each bore their respective
program costs. ESA responsibilities included the design, development,
production, and delivery of the first Spacelab and associated ground sup-
port equipment to NASA, as well as the capability to produce additional
Spacelabs. NASA responsihilities included the development of flight and
ground support equipment not provided by ESA, the development of
Spacelab operational capability, and the procurement of additional hard-
ware needed to support NASA's missions.

ESA designed, developed, produced, and delivered the first Spacelab.
It consisted of a pressurized module and unpressurized pallet segments,
command and data management, environmental control, power distribu-
tion systems, an instrument pointing system, and much of the ground sup-
port equipment and software for both flight and ground operations.

NASA provided the remaining hardware, including the crew transfer
tunnel, verification flight instrumentation, certain ground support equip-
ment, and atraining simulator. Support software and procedures devel op-
ment, testing, and training activities not provided by ESA, which were
needed to demonstrate the operational capability of Spacelab, were also
NASA’s responsibility. NASA also developed two principal versions of
the Spacelab pallet system. One supported missions requiring the igloo
and pallet in a mixed cargo configuration; the other version supported
missions that did not require the igloo.

Scientific Experiments

In addition to the dedicated Spacelab missions, nearly all STS mis-
sions had some scientific experiments on board. They used the unique
microgravity environment found on the Space Shuttle or the environment
surrounding the Shuttle. These experiments were in diverse disciplines
and required varying degrees of crew involvement. Details of the scien-
tific experiments performed on the various Shuttle missions are found in
the “mission characteristics’ tables for each mission.
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Get-Away Specials

The Get-Away Specials were small self-contained payloads. Fifty-
three Get-Away Specia payloads had flown on Space Shuttle missions
through 1988. The idea for the program arose in the mid-1970s when
NASA began assigning major payloads to various Shuttle missions. It
soon became apparent that most missions would have a small amount of
space available after installing the major payloads. NASA's discussion of
how best to use this space led to the Small Self-Contained Payloads pro-
gram, later known as the Get-Away Special program.

This program gave anyone, including domestic and international
organizations, an opportunity to perform a small space experiment.
NASA hoped that by opening Get-Away Specias to the broadest com-
munity possible, it could further the goals of encouraging the use of space
by all, enhancing education with hands-on space research opportunities,
inexpensively testing ideas that could later grow into major space exper-
iments, and generating new activities unique to space.

In October 1976, NASA's Associate Administrator for Space Flight,
John Yardley, announced the beginning of the Get-Away Special program.
Immediately, R. Gilbert Moore purchased the first Get-Away Special pay-
load reservation. Over the next few months, NASA defined the program’s
boundaries. Only payloads of a scientific research and devel opment nature
that met NASA's safety regulations were acceptable. Payloads were to be
self-contained, supplying their own power, means of data collection, and
event sequencing. Keeping safety in mind and the varying technical exper-
tise of Get-Away Special customers, NASA designed a container that
could contain potential hazards. Three payload options evolved:

e A 0.07-cubic-meter container for payloads up to twenty-seven kilo-
grams costing $3,000

e A 0.07-cubic-meter container for payloads weighing twenty-eight to
forty-five kilograms for $5,000

e A 0.14-cubic-meter container for payloads up to ninety kilograms
costing $10,000

Early in 1977, NASA assigned the Get-Away Special program to the
Sounding Rocket Division, later renamed the Special Payloads Division,
at the Goddard Space Flight Center. Meanwhile, news of the Get-Away
Special program had passed informally throughout the aerospace com-
munity. With no publicity since Yardley’s initial announcement the previ-
ous year, NASA had aready issued more than 100 payload reservation
numbers.

The Get-Away Special team did not anticipate flying a Get-Away
Special payload before STS-5. However, the weight of a Get-Away
Special container and its adapter beam was needed as ballast for STS-3's
aft cargo bay. Thus, the Get-Away Specia program and the Flight
Verification Payload received an early go-ahead for the STS-3 flight in
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March 1982. Thefirst official Get-Away Special, a group of experiments
developed by Utah State University students, flew on STS-4. Details of
this Get-Away Specia and the other Get-Away Special experiments can
be found in the detailed STS mission tables that follow.

Shuttle Sudent Involvement Program

The Shuttle Student Involvement Program (SSIP) was ajoint venture
of NASA and the National Science Teachers Association (NSTA). It was
designed to stimulate the study of science and technology in the nation’s
secondary schools. To broaden participation in the program, NASA
solicited industrial firms and other groups to sponsor the development of
the student experiments. Sponsors were asked to assign a company sci-
entist to work with the student; fund the development of the experiment,
including the necessary hardware; provide travel funds to take the student
to appropriate NASA installations during experiment development; and
provide assistance in analyzing postflight data and preparing a final
report. Students proposed and designed the payloads associated with the
program.

NASA and the NSTA held contests to determine which student exper-
imentswould fly on Space Shuttle missions. Following the mission, NASA
returned experiment data to the student for analysis. Most Shuttle missions
had at least one SSIP experiment; some missions had several experiments
on board. Hardware developed to support the student experiments was
located in the mid-deck of the orbiter. As agenera rule, no more than one
hour of crew time was to be devoted to the student experiment.

The first SSIP project took place during the 1981-82 school year as
ajoint venture of NASA's Academic Affairs Division and the NSTA. The
NSTA announced the program, which resulted in the submission of
1,500 proposals and the selection of 191 winners from ten regions. Ten
national winners were selected in May 1991. NASA then matched the
finalists with industrial or other non-NASA sponsors who would support
the development and postflight analysis of their experiments. Winners
who were not matched with a sponsor had their experiments supported by
NASA. Details of individual SSIP experiments can be found in the
detailed STS mission tables that follow.

Free-Flying Payloads

Free-flying payloads are released from the Space Shuttle. Most have
been satellites that were boosted into a particular orbit with the help of a
inertial upper stage or payload assist module. Most free-flying payloads
had lifetimes of several years, with many performing long past their antic-
ipated life span. Some free-flying payloads sent and received communi-
cations data. These communications satellites usually belonged to
companies that were involved in the communications industry. Other
free-flying payloads contained sensors or other instruments to read
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atmaspheric conditions. The data gathered by the sensors was transmitted to
Earth either directly to aground station or by way of aTDRS. Scientists on
Earth interpreted the data gathered by the instruments. Examples of thiskind
of satellite were meteorologica satellites and planetary probes. These satel-
lites frequently were owned and operated by NASA or another government
agency, although private industry could participate in this type of venture.
Other free-flying payloads were meant to fly for only a short time
period. They were then retrieved by a robot arm and returned to the
Shuttle’s cargo bay. Individual free-flying payload missions are discussed
in Chapter 4, “Space Science,” in this volume and Chapter 2, “Space
Applications,” in Volume VI of the NASA Historical Data Book.

Payload | ntegration Process

The payload integration process began with the submission of a
Request for Flight Assignment form by the user organization—a private
or governmental organization—to NASA Headquarters. If NASA
approved the request, a series of actions began that ultimately led to
spaceflight. These actions included signing a launch services agreement,
developing a payload integration plan, and preparing engineering designs
and analyses, safety analysis, and a flight readiness plan. An important
consideration was the weight of the payload.

For orbiters Discovery (OV-103), Atlantis (OV-104), and Endeavour
(OV-105), the abort landing weight constraints could not exceed
22,906 kilograms of alowable cargo on the so-called simple satellite
deployment missions. For longer duration flights with attached payloads,
the allowable cargo weight for end-of-mission or abort situations was
limited to 11,340 kilograms. For Columbia (OV-102), however, these
allowable cargo weights were reduced by 3,810.2 kilograms.

In November 1987, NASA announced that the allowable end-of-mis-
sion tota landing weight for Space Shuttle orbiters had been increased
from the earlier limit of 95,709.6 kilograms to 104,328 kilograms. The
higher limit was attributed to an ongoing structural analysis and addition-
a review of forces encountered by the orbiter during maneuvers just
before touchdown. This new capability increased the performance capa-
bility between lift capacity to orbit and the allowable return weight during
reentry and landing. Thus, the Shuttle would be able to carry a cumulative
weight in excess of 45,360 kilograms of additional cargo through 1993.
This additional capability was expected to be an important factor in deliv-
ering materials for construction of the space station. Moreover, the new
allowable landing weights were expected to aid in relieving the payload
backlog that resulted from the STS 51-L Challenger accident.

Space Shuttle Missions

The following sections describe each STS mission beginning with
the first four test missions. Information on Space Shuttle missions is
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extremely well documented. The pre- and postflight Mission Operations
Reports (MORs) that NASA was required to submit for each mission
provided the majority of data. At aminimum, these reportslisted the mis-
sion objectives, described mission events and the payload in varying
degrees of detail, listed program/project management, and profiled the
crew. NASA usually issued the preflight MOR a few weeks prior to the
scheduled launch date.

The postflight MOR was issued following the flight. It assessed the
mission’s success in reaching its objectives and discussed anomalies and
unexpected events. It was signed by the individuals who had responsibil-
ity for meeting the mission objectives.

NASA also issued presskits prior to launch. These documentsinclud-
ed information of special interest to the media, the information from the
prelaunch MORs, and significant background of the mission. Other
sources included NASA Daily Activity Reports, NASA News, NASA
Fact Sheets, and other STS mission summaries issued by NASA.
Information was also available on-line through NASA Headquarters and
various NASA center home pages.

Mission Objectives

Mission objectives may seem to the reader to be rather general and
broad. These objectives usually focused on what the vehicle and its com-
ponents were to accomplish rather than on what the payload was to
accomplish. Because one main use of the Space Shuttle was as a launch
vehicle, deployment of any satellites on board was usually a primary mis-
sion objective. A description of the satellite’s objectives (beyond a top
level) and a detailed treatment of its configuration would be found in the
MOR for that satellite’'s mission. For instance, the mission objectives for
the Earth Radiation Budget Satellite would be found in the MOR for that
mission rather than in the MOR for STS 41-G, the launch vehicle for the
satellite. In addition, missions with specia attached payloads, such as
Spacelab or OSTA-1, issued individual MORs. These described the sci-
entific and other objectives of these payloads and on-board experiments
or “firsts’ to be accomplished in considerable detail.

The Test Missions. STS-1 Through STS4
Overview

Until the launch of STS-1 in April 1981, NASA had no proof of the
Space Shuttle as an integrated Space Transportation System that could
reach Earth orbit, perform useful work there, and return safely to the
ground. Thus, the purpose of the Orbital Flight Test (OFT) program was
to verify the Shuttle’s performance under real spaceflight conditions and
to establish its readiness for operational duty. The test program would
expand the Shuttle's operational range toward the limits of its design in
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careful increments. During four flights of Columbia, conducted from April
1981 to July 1982, NASA tested the Shuttle in its capacities as a launch
vehicle, habitat for crew members, freight handler, instrument platform,
and aircraft. NASA also evaluated ground operations before, during, and
after each launch. Each flight increased the various structural and thermal
stresses on the vehicle, both in space and in the atmosphere, by a planned
amount. The OFT phase of the STS program demonstrated the flight sys-
tem’s ability to safely perform launch orbital operations, payload/scientif-
ic operations, entry, approach, landing, and turnaround operations. Table
3-16 provides a summary of STS-1 through STS-4.

Following the landing of STS-4 on July 4, 1982, NASA declared the
OFT program a success, even though further testing and expansion of the
Shuttle’s capabilities were planned on operational flights. The OFT pro-
gram consisted of more than 1,100 tests and data collections. NASA test-
ed many components by having them function as planned—if an engine
valve or an insulating tile worked normally, then its design was verified.
Other components, such asthe RMS arm, went through validation runs to
check out their different capabilities. Final documentation of Shuttle per-
formance during OFT considered the reports from astronaut crews,
ground observations and measurements, and data from orbiter instru-
ments and specia developmental flight instrumentation that collected and
recorded temperatures and accelerations at various points around the
vehicle and motion from points around the Shuittle.

The first OFT flights were designed to maximize crew and vehicle
safety by reducing ascent and entry aerodynamic loads on the vehicle as
much as possible. The missions used two-person crews, and the orbiter
was equipped with two ejection seats until satisfactory performance, reli-
ability, and safety of the Space Shuttle had been demonstrated. Launch
operations were controlled from the Kennedy Space Center and flight
operations from the Johnson Space Center.

At the end of OFT, Columbia’s main engines had been demonstrated
successfully up to 100 percent of their rated power level (upgraded
engines throttled to 109 percent of thislevel on later flights) and down to
65 percent. Designed to provide 1.67 million newtons of thrust each at sea
level for an estimated fifty-five missions, the engines were on target to
meeting these guidelines at the end of the test program. They met all
requirements for start and cutoff timing, thrust direction control, and the
flow of propellants.

Launch Phase

NASA tested the Space Shuttle in its launch phase by planning
increasingly more demanding ascent conditions for each test flight, and
then by comparing predicted flight characteristics with data returned from
Aerodynamic Coefficient Identification Package and devel opmental flight
instrumentation instruments and ground tracking. Columbia lifted dlightly
heavier payloads into space on each mission. The altitudes and speeds at
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which the solid rocket boosters and external tank separated were varied, as
was the steepness of the vehicle's climb and main engine throttling times.
All of these changes corresponded to a gradual increasing during the test
program in the maximum dynamic pressure, or peak aerodynamic stress,
inflicted on the vehicle. At no time did Columbia experience any signifi-
cant problems with the aerodynamic or heat stresses of ascent.

A major milestone in the test program was the shift (after STS-2)
from using wind tunnel data for computing Columbia’s ascent path to
using aerodynamic data derived from the first two flights. On STS-1 and
STS-2, the Shuttle showed a dight lofting—about 3,000 meters at main
engine cutoff—above its planned trgjectory. This was caused by the
inability of wind tunnel models to simulate the afterburning of hot
exhaust gassesin the real atmosphere. Beginning with the third flight, the
thrust of the booster rockets was reoriented sightly to reduce thislofting.

On STS-3 and STS-4, however, the trgjectory was considered too
shallow, in part because of a slower than predicted burn rate for the solid
rocket boosters that had also been observed on the first two flights.
Engineers continued to use OFT data after STS-4 to refine their predic-
tions of this solid propellant burn rate so that ascent trajectories could be
planned as accurately as possible on future missions. In al cases, the
combined propulsion of main engines, solid boosters, and OMS engines
delivered the Shuttle to its desired orbit.

STS4 was the first mission to orbit at a twenty-eight-and-a-half-
degree inclination to the equator. The first flights flew more steeply
inclined orbits (thirty-eight to forty degrees) that took them over more
ground tracking stations. The more equatorial STS-4 inclination was
favored because it gave the vehicle a greater boost from the rotating Earth
at launch. The first two flights also verified that the vehicle had enough
energy for an emergency landing in Spain or Senegal, as abort options,
should two main engines fail during ascent. After STS-5, the crew gjec-
tion seats were removed from Columbia, eliminating the option to gect
and ending the need for astronauts to wear pressure suits during launch.

Solid Rocket Boosters. On each test flight, the twin solid rocket
boosters provided evenly matched thrust, shut off at the same times, and
separated as planned from the external tank, then parachuted down to
their designated recovery area in the Atlantic Ocean for towing back to
the mainland and reloading with solid propellant. Each booster had three
main parachutes that inflated fully about twenty seconds before water
impact. Prior to the test flights, these parachutes were designed to sepa-
rate automatically from the boosters by means of explosive bolts when the
rockets hit the water, because it was thought that recovery would be eas-
ier if the chutes were not still attached.

On the first and third flights, however, some parachutes sank before
recovery. Then, on STS-4, the separation bolts fired prematurely because
of strong vibrations, the parachutes detached from the rockets before
water impact, and the rockets hit the water at too great a speed and sank.
They were not recovered. As a result of these problems, NASA changed
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the recovery hardware and procedures beginning with STS-5. Instead of
separating automatically with explosives, the parachutes remained
attached to the boosters through water impact, and were detached by the
recovery team. Sections of the boosters were also strengthened as a result
of water impact damage seen on the test flights.

External Tank. The Space Shuttle’s external fuel tank met all perfor-
mance standards for OFT. Heat sensors showed ascent temperatures to be
moderate enough to allow for planned reductions in the thickness and
weight of the tank’s insulation. Beginning with STS-3, white paint on the
outside of the tank was left off to save another 243 kilograms of weight,
leaving the tank the brown color of its spray-on foam insulation.

Onboard cameras showed flawless separation of the tank from the
orbiter after the main engines cut off on each flight, and Shuttle crews
reported that this separation was so smoath that they could not feel it hap-
pening. To assist its breakup in the atmosphere, the tank had a pyrotech-
nic device that set it tumbling after separation rather than skipping along
the atmosphere like a stone. This tumble device failed on STS-1, but it
worked perfectly on all subsequent missions. On al the test flights, radar
tracking of the tank debris showed that the pieces fell well within the
planned impact area in the Indian Ocean.

Orbital Maneuvering System. Shortly after it separated from the fuel
tank, the orbiter fired its two aft-mounted OMS engines for additional
boosts to higher and more circularized orbits. At the end of orbital oper-
ations, these engines decelerated the vehicle, beginning the orbiter’s fall
to Earth. The engines performed these basic functions during OFT with
norma levels of fud consumption and engine wear. Further testing
included startups after long periods of idleness in vacuum and low gravi-
ty (STS-1 and STS-2), exposure to cold (STS-3), and exposure to the Sun
(STS-4). Different methods of distributing the system’s propellants were
also demonstrated. Fuel from the left tank was fed to the right tank, and
vice versa, and from the OMS tanks to the smaller RCS thrusters. On
STS-2, the engine cross-feed was performed in the middle of an engine
burn to simulate engine failure.

Orhital Operations

Once in space, opening the two large payload bay doors with their
attached heat radiators was an early priority. If the doors did not open in
orhit, the Shuttle could not deploy payloads or shed its waste heat. If they
failed to close at mission’s end, reentry through the atmosphere would be
impossible.

The STS-1 crew tested the payload bay doors during Columbia’s first
few hoursin space. The crew members first unlatched the doors from the
bulkheads and from each other. One at a time, they were opened in the
manual drive mode. The movement of the doors was dightly more jerky
and hesitant in space than in Earth-gravity simulations, but this was
expected and did not affect their successful opening and closing. The
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crew members closed and reopened the doors again one day into the
STS-1 mission as a further test, then closed them for good before reentry.
The crew verified normal alignment and latching of the doors, as did the
STS-2 crew during their door cycling tests, including one series in the
automatic mode.

The crew also tested door cycling after prolonged exposure to heat
and cold. The doors were made of a graphite-epoxy composite material,
while the orbiter itself was made of aluminum. It was therefore important
to understand how they would fit together after the aluminum expanded
or contracted in the temperature extremes of space. At the beginning of
STS-3 orhital operations, the doors opened as usual. The payload bay was
then exposed to cold shadow for a period of twenty-three hours. When the
crew closed the port-side door at the end of this “coldsoak,” the door
failed to latch properly, as it did after a similar cold exposure on the
STS-4 mission. Apparently, the orbiter warped very dlightly with nose
and tail bent upward toward each other, accounting in part for the doors
inability to clear the aft bulkhead.

The crew solved the problem by holding the orbiter in a top-to-Sun
position for fifteen minutes to warm the cargo bay, then undergoing a
short “barbecueroll” to even out vehicle temperatures, allowing the doors
to close and latch normally. In addition, hardware changes to the doors
and to the aft bulkhead improved their clearance.

Thermal Tests. Thermal tests accounted for hundreds of hours of
OFT mission time. The temperatures of spacecraft structures changed
dramatically in space, depending on their exposure to the Sun.
Temperatures on the surface of payload bay insulation on STS-3, for
example, went from a low of -96° C to a peak of 127° C. The Space
Shuttle kept its components within their designed temperature limits
through its active thermal control system, which included two coolant
loops that transported waste heat from the orbiter and payload electronics
to the door-mounted radiator panels for dumping into space, and through
the use of insulation and heaters. Figure 3-10 shows the insulating mate-
rials used on the orbiter.

The OFT program tested the orbiter’s ability to keep cool and keep
warm under conditions much more extreme than that of the average mis-
sion. STS-3 and STS-4 featured extended thermal “soaks,” where parts of
the orbiter were deliberately heated up or cooled down by holding certain
attitudes relative to the Sun for extended time periods. These long ther-
mal soaks were separated by shorter periods of “barbecue roll” for even
heating. On STS-4, the thermal soak tests continued with long tail-to-Sun
and bottom-to-Sun exposures.

Overall, these hot and cold soak tests showed that the Shuttle had a
better than predicted thermal stability. STS-3 readings showed that the
orbiter’'s skin kept considerably warmer during coldsoaks than had been
expected and that many critical systems, such as the orbital maneuvering
engines, were also warmer. Most vehicle structures also tended to heat up
or cool down more slowly than expected. The active thermal control sys-
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tem, with its coolant loops and space radiators, proved capable of han-
dling Shuttle heat loads in orbit, even under extreme conditions.

The crew tested the space radiators with all eight panels deployed,
and they proved capable of shedding most heat loads with only four pan-
els deployed. During ascent, another part of the thermal control system,
the Shuttle’s flash evaporators, transferred heat from circulating coolant
to water, beginning about two minutes into the ascent when the vehicle
first required active cooling. These flash evaporators normally worked
until the space radiators were opened in orbit. Then, during reentry, the
flash evaporators were reactivated and used down to an atitude of
approximately 36,000 meters. From that altitude down to the ground, the
Shuttle shed heat by boiling anmonia rather than water. During OFT, the
crew members successfully tested these methods of cooling as backups to
each other.

Subsystems. All crews for the flight test program tested and retested
the Space Shuttle’'s main subsystems under varying conditions. On the
four OFT flights, virtually every system—hydraulic, electrical, naviga-
tion and guidance, communications, and environmental control—
performed up to design standards or better.

The hydraulic subsystem that controlled the movement of the
Shuttle's engine nozzles, its airplane-like control flaps, and its landing
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gear functioned well during OFT launches and reentries. The crew tested
the hydraulic system successfully on STS-2 by cycling the eleven control
surfaces while in orbit. On STS-4, the hydraulics were evaluated after a
long coldsoak, and the crew found that the circulation pumps needed to
operate at only minimal levels to keep the hydraulic fluids above critical
temperatures, thus saving on electric power usage.

Although an oil filter clog in the hydraulic system’s auxiliary power
units delayed the launch of STS-2 by more than aweek, the problem did
not recur. Tighter seals were used to prevent the oil from being contami-
nated by the units hydrazine fuel.

The STS-2 mission was also cut short because of the failure of one of
the three Shuttle fuel cellsthat converted cryogenic hydrogen and oxygen
to electricity. A clog in the cell’s water flow lines caused the failure, and
this problem was remedied during OFT by adding filtersto the pipes. This
failure alowed an unscheduled test of the vehicle using only two fuel
cells instead of three, which were enough to handle all electrical needs.
Partly as aresult of the Shuttle'sthermal stability, electricity consumption
by the orbiter proved to be lower than expected, ranging from fourteen to
seventeen kilowatts per hour in orbit as opposed to the predicted fifteen
to twenty kilowatts.

The Shuttle's computers successfully demonstrated their ability to
control virtually every phase of each mission, from final countdown
sequencing to reentry, with only minor programming changes needed
during the test program. The crew checked out the on-orbit navigation
and guidance aids thoroughly. The orbiter “sensed” its position in space
by means of three inertial measurement units, whose accuracy was
checked and periodically updated by a star tracker located on the same
navigation base in the flight deck. The crew tested this star tracker/iner-
tial measurement unit alignment on the first Shuttle mission, including
once when the vehicle was rolling. The star tracker could find its guide
stars in both darkness and daylight. Its accuracy was better than expect-
ed, and the entire navigation instrument base showed stability under
extreme thermal conditions.

Radio and television communication was successful on al four
flights, with only minimal hardware and signal acquisition problems at
ground stations. Specific tests checked different transmission modes,
radio voice through the Shuttle's rocket exhaust during ascent, and UHF
transmission as a backup to the primary radio link during launch and
operations in space. All were successful. Tests on STS-4 also evaluated
how different orbiter attitudes affected radio reception in space.

The closed-circuit television system inside the orbiter and out in the
cargo bay gave high-quality video images of operations in orbit. In sun-
light and in artificial floodlighting of the payload bay, they showed the
necessary sensitivity, range of vision, remote control, and video-record-
ing capabilities.

Attitude Control. When in orbit, the Shuttle used its RCS to control
its attitude and to make small-scale movements in space. The thrusting
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power and propdlant usage of both types of RCS jets were as expected,
with the smaller verniers more fuel -efficient than expected. Two of the four
vernier jetsin Columbia’stail areahad a problem with the downward direc-
tion of their thrust. The exhaust hit the aft body flap and eroded some of its
protectivetiles, which also reduced the power of the jets. One possible solu-
tion considered wa