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CHAPTER ONE
INTRODUCTION

NASA began its operations as the nation’s civilian space agency in
1958 following the passage of the National Aeronautics and Space Act. It
succeeded the National Advisory Committee for Aeronautics (NACA).
The new organization was charged with preserving the role of the United
States “as a leader in aeronautical and space science and technology™ and
in its application, with expanding our knowledge of the Earth’s atmos-
phere and space, and with exploring flight both within and outside the
atmosphere.

By the 1980s, NASA had established itself as an agency with consid-
erable achievements on record. The decade was marked by the inaugura-
tion of the Space Shuttle flights and haunted by the 1986 Challenger
accident that temporarily halted the program. The agency also enjoyed
the strong support of President Ronald Reagan, who enthusiastically
announced the start of both the Space Station program and the National
Aerospace Plane program.

Overview of the Agency

NASA is an independent federal government agency that, during the
1980s, consisted of 10 field installations located around the United States,
the Jet Propulsion Laboratory (a government-owned facility staffed by
the California Institute of Technology), and a Headquarters located in
Washington, D.C. Headquarters was divided into a number of program
and staff offices that provided overall program management and handled
administrative functions for the agency. Each program office had respon-
sibility for particular program areas (see Figure 1-1). Headquarters also
interacted with Congress and the Executive Branch.

NASA’s structure was quite decentralized. Although Headquarters had
overall program responsibility, each installation was responsible for the
day-to-day execution and operations of its projects, managed its own facil-
ity, hired its own personnel, and awarded its own procurements. Each
installation also focused on particular types of projects and discipline areas.
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Program and Project Development

NASA called most of its activities programs or projects. The agency
defined a program as “a related series of undertakings which are funded
for the most part from NASA’s R&D appropriation, which continue over
a period of time (normally years), and which are designed to pursue a
broad scientific or technical goal.” A project is “a defined, time-limited
activity with clearly established objectives and boundary conditions exe-
cuted to gain knowledge, create a capability, or provide a service. . . . A
project is normally an element of a program.™

NASA’s flight programs and projects followed prescribed phases
(with associated letter designators) in their development and execution.
This sequence of activities consisted of concept development (Pre-Phase
A), mission analysis (Phase A), definition or system design (Phase B), exe-
cution (design, development, test, and evaluation) (Phase C/D), launch and
deployment operations (Phase E), and mission operations, maintenance,
and disposal (Phase F). Although most concepts for missions originated
within a field installation, Headquarters retained project responsibility
through Phase B. Once a program or project was approved and funded by
Congress, the principal responsibility for program or project implementa-
tion shifted to the field installation. Internal agency reviews were held dur-
ing and between each phase of a project. Before moving to Phase C/D,
NASA held a major agency review, and approval and funding by Congress
were required. Particular activities never moved beyond Phase B, nor were
they meant to. For instance, many aeronautics activities were designed as
research efforts and were intended to be turned over to the private sector
or to other government agencies once Phase B concluded.

NASA’s Budget Process

NASA's activities relied on getting a reasonable level of funding from
Congress. The federal budget process was quite complex, and a brief
description as it relates to NASA is presented here. Additional information
can be found in Chapter 8, “Finances and Procurement,” in Volume VI of
the NASA Historical Data Book.

NASA operated on a fiscal year (FY) that ran from October 1 through
September 30 of the following year. Through FY 1983, the agency bud-
get was broken into three accounts or appropriation categories: Research
and Development (R&D), Research and Program Management (R&PM),
and Construction of Facilities (C of F). An additional appropriation,
Space Flight, Control, and Data Communications (SFC&DC) was added
in FY 1984 for ongoing Shuttle-related and tracking and data acquisition
activities. Although a program office could administer activities from

'NASA Management Instruction 7120.3, “Space Flight Program and Project
Management,” February 6, 1985.
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more than one appropriation category, such as the Office of Space Flight,
which managed both R&D and SFC&DC activities, all funds were desig-
nated for particular appropriation categories and could not be transferred
between accounts without congressional approval.

Congress appropriated operating funds each year. These appropria-
tions were the culmination of a series of activities that required at least
two years of effort by the installations and Headquarters.

Two years before a budget year began, Headquarters sent guidelines
to each installation that contained programmatic and budget information
based on its long-range plans and the budget forecasts from the Office of
Management and Budget (OMB). Each installation then prepared a
detailed budget, or Program Operating Plan (POP), for the fiscal year that
would begin two years in the future. The installation also refined the bud-
get for the remainder of the current fiscal year and the next fiscal year that
it had already submitted and had approved, and it provided less detailed
budget figures for later years. Upon approval from each installation’s
comptroller and director, this budget was forwarded to the appropriate
Headquarters-level program office, to the NASA comptroller’s office,
and the NASA administrator.

Headquarters reviewed the budget requests from each installation,
held discussions with the installations, and negotiated with OMB to arrive
at a budget that looked realistic and had a fair chance of passage by
Congress. Following these negotiations, NASA formally submitted its
budget requests to OMB. This became part of the administration’s budget
that went to Congress in January of each year.

When Congress received the budget, NASA’s proposed budget first
went to the House and Senate science committees that were charged with
authorizing the agency’s budget. Each committee held hearings, usually
with NASA administrators; reviewed the submission in great detail;
debated, revised, and approved the submitted budget; and sent it to the
full House or Senate for approval. The authorization committees could
limit how much could be appropriated and often set extensive conditions
on how the funds were to be spent. Each house approved its own autho-
rization bill, which was then submitted to a House-Senate conference
committee to resolve any differences. After this took place, the compro-
mise bill was passed by the full House and Senate and submitted to the
President for his signature.

The process to appropriate funds was similar, with the bills going to
the proper appropriations committees for discussion, revision, and
approval. However, in practice, the appropriations committees usually
did not review the proposed budget in as great detail as the authorization
committees. Upon committee approval, the appropriations bills went to
the full House and Senate, back to a conference committee if necessary,
and finally to the President. After approval by the President, OMB estab-
lished controls on the release of appropriated funds to the various agen-
cies, including NASA.
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Once NASA received control over its appropriated funds, it ear-
marked the funds for various programs, projects, and facilities, each of
which had an “account” with the agency established for it. Funds were
then committed, obligated, costed, and finally disbursed according to the
progression of activities, which hopefully coincided with the timing of
events spelled out in the budget. NASA monitored all of its financial
activities scrupulously, first at the project and installation level and then
at the Headquarters level. Its financial transactions were eventually
reviewed by the congressional General Accounting Office to ensure that
they were legal and followed prescribed procedures.

In the budget tables that follow in each chapter, the “request” or “sub-
mission” column contains the amount that OMB submitted to Congress.
It may not be the initial request that NASA submitted to OMB. The
“authorization” is the ceiling set by the authorization committees in their
bill. The *“appropriation” is the amount provided to the agency. The “pro-
grammed” column shows the amount the agency actually spent during the
fiscal year for a particular program.
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CHAPTER TWO
LAUNCH SYSTEMS

Introduction

Launch systems provide access to space, obviously a necessary com-
ponent of all spaceflights. The elements of launch systems include the
various vehicles, engines, boosters, and other propulsive and launch
devices that help propel a spacecraft into space and position it properly.
From 1979 through 1988, NASA used both expendable launch vehicles
(ELVs)—those that can be used only once—and reusable launch vehicles.
This chapter addresses both types of vehicles. as well as other launch sys-
tem-related elements.

NASA used three families of ELVs (Scout, Delta, and Atlas) and one
reusable launch vehicle (Space Shuttle) from 1979 through 1988 (Figure
2-1). Each family of ELVs had several models, which are described in
this chapter. For the Space Shuttle, or Space Transportation System
(STS). the solid rocket booster, external tank, and main engine elements
comprised the launch-related elements and are addressed. The orbital
maneuvering vehicle and the various types of upper stages that boosted
satellites into their desired orbit are also described.

This chapter includes an overview of the management of NASA’s
launch vehicle program and summarizes the agency’s launch vehicle bud-
get. In addition, this chapter addresses other launch vehicle development,
such as certain elements of advanced programs.

Several trends that began earlier in NASA’s history continued in this
decade (1979-1988). The trend toward acquiring launch vehicles and ser-
vices from the commercial sector continued, as did the use of NASA-
launched vehicles for commercial payloads. President Reagan’s policy
directive of May 1983 reiterated U.S. government support for commer-
cial ELV activities and the resulting shift toward commercialization of
ELV activities. His directive stated that the “U.S. government fully
endorses and will facilitate commercialization of U.S. Expendable
Launch Vehicles.” His directive said that the United States would encour-
age use of its national ranges for commercial ELV operations and would
“make available, on a reimbursable basis, facilities, equipment, tooling,
and services that are required to support the production and operation of
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Figure 2—1. NASA Space Transportation System (1988)

U.S. commercial ELVs.” Use of these facilities would be priced to
encourage “viable commercial ELV launch activities.”

The policy also stated the government’s intention of replacing ELVs
with the STS as the primary launch system for most spaceflights.
(Original plans called for a rate flight of up to fifty Space Shuttle flights
per year.) However, as early as FY 1984, Congress recognized that rely-
ing exclusively on the Shuttle for all types of launches might not be the
best policy. Congress stated in the 1984 appropriations bill that “the
Space Shuttle system should be used primarily as a launch vehicle for
government defense and civil payloads only” and *“commercial customers
for communications satellites and other purposes should begin to look to
the commercialization of existing expendable launch vehicles.” The
Challenger accident, which delayed the Space Shuttle program, also con-

'Announcement of U.S. Government Support for Commercial Operations by
the Private Sector, May 16, 1983, from National Archives and Records Service’s
Weekly Compilation of Presidential Documents for May 16, 1983, pp. 721-23.

‘House Committee on Appropriations, Department of Housing and Urban
Development-Independent Agencies Appropriation Bill, 1984, Report to
Accompany H.R. 3133, 98th Cong., Ist sess., 1983, H. Rept. 98— (unnumbered).
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tributed to the development of a “mixed fleet strategy.” which recom-
mended using both ELVs and the Shuttle.’

Management of the Launch Vehicle Program

Two NASA program offices shared management responsibility for
the launch vehicle program: Code M (at different times called the Office
of Space Transportation, the Office of Space Transportation Acquisition.
and the Office of Space Flight) and Code O (the Office of Space
Transportation Operations). Launch system management generally
resided in two or more divisions within these offices, depending on what
launch system elements were involved.

The organizational charts that follow illustrate the top-level structure
of Codes M and O during the period 1979-1988. As in other parts of this
chapter, there is some overlap between the management-related material
presented in this chapter and the material in Chapter 3, “Space
Transportation and Human Spaceflight.”

Also during the period 1979 through 1988, two major reorganizations
in the launch vehicle area occurred (Figure 2-2): the split of the Office of
Space Transportation into Codes M and O in 1979 (Phase I) and the merg-
er of the two program offices into Code M in 1982 (Phase II). In addition,
the adoption of the mixed fleet strategy following the loss of the
Challenger reconfigured a number of divisions (Phase IlI). These man-
agement reorganizations reflected NASA’'s relative emphasis on the
Space Shuttle or on ELVs as NASA’s primary launch vehicle, as well as
the transition of the Shuttle from developmental to operational status.

Phase I: Split of Code M Into Space Transportation Acquisition
(Code M) and Space Transportation Operations (Code O)

John F. Yardley, the original associate administrator for the Office of
Space Transportation Systems since its establishment in 1977, continued
in that capacity, providing continuous assessment of STS development,
acquisition, and operations status. In October 1979, Charles R. Gunn
assumed the new position of deputy associate administrator for STS
(Operations) within Code M, a position designed to provide transition
management in anticipation of the formation of a new program office
planned for later that year (Figure 2-3).

‘NASA Office of Space Flight, Mixed Fleet Study, January 12, 1987. The
NASA Advisory Council had also established a Task Force on Issues of a Mixed
Fleet in March 1987 to study the issues associated with the employment of a
mixed fleet of launch vehicles and endorsed the Office of Space Flight study
results in its Study of the Issues of a Mixed Fleet. Further references to a mixed
fleet are found in remarks made by NASA Administrator James C. Fletcher on
May 15, 1987.
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Figure 2-2. Top-Level Launch Vehicle Organizational Structure

Office of Space Transportation (Code M;
.Iohrn V-‘r?lty ¢ )

Assoclate Administrator (Operations)
Deputy Assoclaty Mies tunn " (OPerions)

Spacelab Space Shuttle Expendatie Launch] STS O i Reliabitity, Resource Mgm Advanced
Program on'gmm Vatucle Program DLB rations| Quality & Salety| Adminisiration Programs
D. Lord M. Malkin 4 Mahon e H. Cohen C.A. Hovell J. Disher
- Engineering Engingaring - Smail & Med. Launch - Mission Anal & Int Budget - Adv. Con
int & Text Ral". Qual. & Satety Vah, Program - System Engr & - STS Ops. - Agv. Studies
Rel Oual & Safety - Sys. Operations « Atlas. Logistics - Spacetab Program - Adv. Development
«Delta - integrated Ops Budgel & Conirol
« Scout Pricing, Launch - Space Shittle
+ Atlas F Agreemert & Program Budget &
- Upper Siages Cust. Sve. Control
- STS Support Projects - Re!.. Qual & Safety - ELV Program

Budge! & Control
- Adm & Program Spt.

Figure 2-3. Office of Space Transportation (as of October 1979)

The formal establishment of the new Office of Space Operations
(Code O) occurred in November 1979, and Dr. Stanley I. Weiss became
its first permanent associate administrator in July 1980. Code O was the
principal interface with all STS users and assumed responsibilities for
Space Shuttle operations and functions, including scheduling, manifest-
ing, pricing, launch service agreements, Spacelab, and ELVs, except for
the development of Space Shuttle upper stages. The ELV program—
Atlas, Centaur, Delta, Scout, and Atlas F—moved to Code O and was
managed by Joseph B. Mahon, who had played a significant role in
launch vehicle management during NASA’s second decade.

Yardley remained associate administrator for Code M until May 1981,
when L. Michael Weeks assumed associate administrator responstbilities.



Two new divisions within Code M were established in May 1981. The
Upper Stage Division, with Frank Van Renssalaer as director, assumed
responsibility for managing the wide-body Centaur, the Inertial Upper Stage
(IUS), the Solid Spinning Upper Stage (SSUS), and the Solar-Electric
Propulsion System. The Solid Rocket Booster and External Tank Division,
with Jerry Fitts as director, was also created. In November 1981, Major
General James A. Abrahamson, on assignment from the Air Force, assumed

LAUNCH SYSTEMS

duties as permanent associate administrator of Code M (Figure 2-4).
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Figure 2-4. Code M/Code O Split (as of February 1980) (1 of 2)
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Phase II: Merger of Codes M and O Into the Office of Space Flight

In preparation for Space Shuttle operations, Codes M and O merged
in 1982 into the Office of Space Flight, Code M, with Abrahamson serv-
ing as associate administrator (Figure 2-5). Weiss became NASA'’s chief
engineer. Code M was responsible for the fourth and final developmental
Shuttle flight, the operational flights that would follow, future Shuttle
procurements, and ELVs. The new office structure included the Special
Programs Division (responsible for managing ELVs and upper stages),
with Mahon continuing to lead that division, the Spacelab Division, the
Customer Services Division, the Space Shuttle Operations Office, and the
Space Station Task Force. This task force, under the direction of John D.
Hodge, developed the programmatic aspects of a space station, including
mission analysis, requirements definition, and program management. In
April 1984, an interim Space Station Program Office superseded the
Space Station Task Force and, in August 1984, became the permanent
Office of Space Station (Code S), with Philip E. Culbertson serving as
associate administrator. In the second quarter of 1983, organizational
responsibility for ELVs moved from the Special Programs Division to the
newly formed Space Transportation Support Division, still under the
leadership of Joseph Mahon.

Jesse W. Moore took over as Code M associate administrator on
August 1, 1984, replacing Abrahamson, who accepted a new assignment
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James Abrahamson

Space Station
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[ I
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H. Cohen C. Les {acling) J.Harrington 1. Bekey (acting)
- STS Usiization - Orbrter Programs - Engineenng - Adv. Concepis Insttutions & Adm. - ELvs
- Syslems Planning + Avionics & Etectrical - Int & Tast - Adv. Deveiopment - Resourcas Mgmt + Allas Centaur
& Effectiveness Systams {Davelopment] + Detta
+Engr.& Syst Int Rasources Mgmt » Scaut
- Engne Program: [Oparanons| + Allas F
5ol Rocks) Boosier - Upper Stages
& Exomat Tank + Centaur
SRB +1uS
« External Tank. + SSUS
- Ground Systems &
Fhight Test
« Flight Test

- Launch & Landing
- STS Systems Engt &

loms £nd
‘Fs .msgmﬁén

m Thesa dwisions have an addtional subsdiary organizational level also haaded by Dwrectors

(@} The Space Station Task Force becams the Offica of Space Station (Code S} in August 1984
{b} 1n early 1983, the following changes ook piace in the Space Shuttle Operations Division:
Propuision Branch added

- Fhight & Turnaround Operalions auded

- Engine Programs eliminated

- SRB & external lank eliminated

. STS Systems Engineering and Infegration efiminated and replaced by Integration Offica

TS Cparations eliminated

(] Amanced Plannmg Division adoed Advanced Transpartation, Platiorms and Services. and Requirements Definibon; eliminated Advanced Concapts and Advanced

(@ m ma Socond quarter of 1963, organizational responsbiky for ELVS moved from the Special Programs Divisian 1o the new Space Transportabion Support Division,
under the leadarship of Jo:
te e me 1983, the Shattle Propulsion Dlvlslon was addad. Within #t were the Productvity Oparations Support office. the Engine Progeam office, the Sofid Rocket Program
and the External Tank Program off
1 naarty 1984 o Tother Satolite System afiice was added to the Spaca Transportation Support Division, and a Flight Demonstrations and Satelite Servioss and Crow
Serwices ofhce were added 1o Ihe Advanced Programs Dision
{g} In 1986, the Orbital Maneuvering Venicla office was adoed to the Space Transporiation Support Division.

Figure 2-5. Code M Merger (as of October 1982)
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in the Department of Defense (DOD). Moore was succeeded by Rear
Admiral Richard H. Truly, a former astronaut, on February 20, 1986.

Phase 111I: Post-Challenger Launch Vehicle Management

From the first Space Shuttle orbital test flight in April 1981 through
STS 61-C on January 12, 1986, NASA flew twenty-four successful Shuttle
missions, and the agency was well on its way to establishing the Shuttle as
its only launch vehicle. The loss of the Challenger (STS 51-L) on
January 26, 1986, grounded the Shuttle fleet for thirty-two months. When
flights resumed with STS-26 in September 1988, NASA planned a more
conservative launch rate of twelve launches per year. The reduction of the
planned flight rate forced many payloads to procure ELV launch services
and forced NASA to plan to limit Shuttle use to payloads that required a
crewed presence or the unique capabilities of the Shuttle. It also forced
NASA to recognize the inadvisability of relying totally on the Shuttle. The
resulting adoption of a “mixed fleet strategy™ included increased NASA-
DOD collaboration for the acquisition of launch vehicles and the purchase
of ELV launch services. This acquisition strategy consisted of competitive
procurements of the vehicle, software, and engineering and logistical
work, except for an initial transitional period through 1991, when pro-
curements would be noncompetitive if it was shown that it was in the gov-
ernment’s best interest to match assured launch vehicle availability with
payloads and established mission requirements.

The mixed fleet strategy was aimed at a healthy and affordable
launch capability, assured access to space, the utilization of a mixed fleet
to support NASA mission requirements, a dual-launch capability for crit-
ical payloads, an expanded national launch capability, the protection of
the Shuttle fleet, and the fostering of ELV commercialization. This last
goal was in accordance with the Reagan administration’s policy of
encouraging the growth of the fledgling commercial launch business
whenever possible. The Office of Commercial Programs (established in
1984) was designated to serve as an advocate to ensure that NASA's inter-
nal decision-making process encouraged and facilitated the development
of a domestic industrial base to provide access to space.

During this regrouping period, the ELV program continued to be man-
aged at Headquarters within the Office of Space Flight, through the Space
Transportation Support Division, with Joseph Mahon serving as division
director and Peter Eaton as chief of EL Vs, until late 1986. During this peri-
od, the Tethered Satellite System and the Orbital Maneuvering Vehicle
also became responsibilities of this division. In late 1986, Code M reorga-
nized into the basic configuration that it would keep through 1988 (Figure
2-6). This included a new management and operations structure for the
National Space Transportation System (NSTS). Amold J. Aldrich was
named director of the NSTS at NASA Headquarters. A new Flight Systems
Division, still under the leadership of Mahon, consisted of divisions for
ELVs and upper stages, as well as divisions for advanced programs and
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Figure 2-6. Office of Space Flight 1986 Reorganization

Space Shuttle carrier systems. The Propulsion Division was eliminated as
part of the NSTS’s move to clarify the points of authority and responsibil-
ity in the Shuttle program and to establish clear lines of communication in
the information transfer and decision-making processes.

Money for NASA’s Launch Systems

From 1979 through 1983, all funds for NASA’s launch systems came
from the Research and Development (R&D) appropriation. Beginning in
FY 1984, Congress authorized a new appropriation, Space Flight,
Control, and Data Communications (SFC&DC), to segregate funds for
ongoing Space Shuttle-related activities. This appropriation was in
response to an October 1983 recommendation by the NASA Advisory
Council, which stated that the operating budgets, facilities, and personnel
required to support an operational Space Shuttle be “fenced” from the rest
of NASA’s programs. The council maintained that such an action would
speed the transition to more efficient operations, help reduce costs, and
ease the transfer of STS operations to the private sector or some new gov-
ernment operating agency, should such a transfer be desired.* SFC&DC
was used for Space Shuttle production and capability development, space
transportation operations (including ELVs), and space and ground net-
work communications and data systems activities.

Most data in this section came from two sources. Programmed (actu-
al) figures came from the yearly budget estimates prepared by NASA’s
Budget Operations Division, Office of the Comptroller. Data on NASA's
submissions and congressional action came from the chronological histo-
ry budget submissions issued for each fiscal year.

‘NASA, Fiscal Year 1985 Budget Submission, Chronological History,
House Authorization Committee Report, issued April 22, 1986, p. 15.
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Table 2-1 shows the total appropriated amounts for launch vehicles
and launch-related components. Tables 2-2 through 2-12 show the
requested amount that NASA submitted to Congress, the amount autho-
rized for each item or program, the final appropriation, and the pro-
grammed (or actual) amounts spent for each item or program. The
submission represented the amount agreed to by NASA and OMB, not
necessarily the initial request NASA made to the President’s budget offi-
cer. The authorized amount was the ceiling set by Congress for a particu-
lar purpose. The appropriated amount reflected the amount that Congress
actually allowed the Treasury to provide for specific purposes.®

As is obvious from examining the tables, funds for launch vehicles
and other launch-related components were often rolled up into the total
R&D or SFC&DC appropriation or other major budget category (*‘undis-
tributed” funds). This made tracking the funding levels specifically des-
ignated for launch systems difficult. However, supporting congressional
committee documentation clarified some of Congress’s intentions. In the
late 1970s and early 1980s, Congress intended that most space launches
were to move from ELVs to the Space Shuttle as soon as the Shuttle
became operational. This goal was being rethought by 1984, and it was
replaced by a mixed fleet strategy after 1986. However, even though the
government returned to using ELVs for many missions, it never again
took prime responsibility for most launch system costs. From 1985
through 1987, Congress declared that the NASA ELV program would be
completely funded on a reimbursable basis. Launch costs would be paid
by the customer (for example, commercial entities, other government
agencies, or foreign governments). Not until 1988 did Congress provide
direct funding for two Delta II launch vehicles that would be used for
NASA launches in the early 1990s. Although the federal government
funded the Shuttle to a much greater degree, it was also to be used, when
possible, for commercial or other government missions in which the cus-
tomer would pay part of the launch and payload costs.

In some fiscal years, ELVs, upper stages, Shuttle-related launch ele-
ments, and advanced programs had their own budget lines in the con-
gressional budget submissions. However, no element always had its own
budget line. To follow the changes that took place, readers should consult
the notes that follow each table as well as examine the data in each table.
Additional data relating to the major Space Shuttle budget categories can
be found in the budget tables in Chapter 3.

NASA'’s budget structure changed from one year to the next depending
on the status of various programs and budget priorities. From 1979 through
1983, all launch-related activities fell under the R&D appropriation.

“The term “appropriation” is used in two ways. It names a major budget cat-
egory (for instance, R&D or SFC&DC). It is also used to designate an amount
that Congress allows an agency to spend (for example, NASA’s FY 1986 appro-
priation was $7,546.7 million).
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Launch elements were found in the Space Flight Operations program, the
Space Shuttle program, and the ELV program. The Space Flight
Operations program included the major categories of space transportation
systems operations capability development, space transportation system
operations, and advanced programs (among others not relevant here).
Upper stages were found in two areas: space transportation systems oper-
ations capability development included space transportation system upper
stages, and space transportation system operations included upper stage
operations.

The Space Shuttle program included design, development, test, and
evaluation (DDT&E), which encompassed budget items for the orbiter,
main engine, external tank, solid rocket booster (SRB), and launch and
landing. The DDT&E category was eliminated after FY 1982. The pro-
duction category also was incorporated into the Space Shuttle program.
Production included budget line items for the orbiter, main engine, and
launch and landing.

The ELV program included budget items for the Delta, Scout,
Centaur, and Atlas F. (FY 1982 was the last year that the Atlas F appeared
in the budget.)

FY 1984 was a transition year. Budget submissions (which were sub-
mitted to Congress as early as FY 1982) and authorizations were still part
of the R&D appropriation. By the time the congressional appropriations
committee acted, the SFC&DC appropriation was in place. Two major
categories, Shuttle production and operational capability and space trans-
portation operations, were in SFC&DC. Shuttle production and opera-
tional capability contained budget items for the orbiter, launch and
mission support, propulsion systems (including the main engine, solid
rocket booster, external tank, and systems support), and changes and sys-
tems upgrading. Space transportation operations included Shuttle opera-
tions and ELVs. Shuttle operations included flight operations, flight
hardware (encompassing the orbiter, solid rocket booster, and external
tank), and launch and landing. ELVs included the Delta and Scout. (FY
1984 was the last year that there was a separate ELV budget category until
the FY 1988 budget.) R&D’s Space Transportation Capability
Development program retained upper stages, advanced programs, and the
Tethered Satellite System.

Beginning in FY 1985, most launch-related activities moved to the
SFC&DC appropriation. In 1987, NASA initiated the Expendable Launch
Vehicles/Mixed Fleet program to provide launch services for selected
NASA payloads not requiring the Space Shuttle’s capabilities.

Space Shuttle Funding

Funds for the Space Shuttle Main Engine (SSME) were split into a
DDT&E line item and a production line item from 1979 through 1983.
Funds for the external tank and SRB were all designated as DDT&E.
Beginning with FY 1984, SSME, external tank, and SRB funds were
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located in the capability development/flight hardware category and in the
Propulsion System program. Capability development included continuing
capability development tasks for the orbiter, main engine, external tank,
and SRB and the development of the filament wound case SRB. Congress
defined propulsion systems as systems that provided “for the production
of the SSME, the implementation of the capability to support operational
requirements, and the anomaly resolution for the SSME, SRB, and exter-
nal tank.”

Some Space Shuttle funds were located in the flight hardware budget
category. Flight hardware provided for the procurement of the external
tank, the manufacturing and refurbishment of SRB hardware and motors,
and space components for the main engine; orbiter spares, including
external tank disconnects, sustaining engineering, and logistics support
for external tank, SRB, and main engine flight hardware elements; and
maintenance and operation of flight crew equipment.

Tables 2—1 through 2-9 provide data for the launch-related elements
of the Space Shuttle and other associated items. Budget data for addi-
tional Shuttle components and the major Shuttle budget categories are
found in the Chapter 3 budget tables.

Characteristics

The following sections describe the launch vehicles and launch-related
components used by NASA during the period 1979 through 1988. A chronol-
ogy of each vehicle’s use and its development is also presented, as well as the
characteristics of each launch vehicle and launch-related component.

In some cases, finding the “correct” figures for some characteristics
was difficult. The specified height, weight, or thrust of a launch vehicle
occasionally differed among NASA, contractor, and media sources.
Measurements, therefore, are approximate. Height or length was mea-
sured in several different ways, and sources varied on where a stage
began and ended for measuring purposes. The heights of individual stages
were generally without any payload. However, the overall height of the
assembled launch vehicle may include the payload. Source material did
not always indicate whether the overall length included the payload, and
sometimes one mission operations report published two figures for the
height of a launch vehicle within the same report.

Thrust was also expressed in more than one way. Source material
referred to thrust “in a vacuum,” “at sea level,” ““average,” “nominal,” and
“maximum.” Thrust levels vary during a launch and were sometimes pre-
sented as a range of values or as a percentage of “rated thrust.”
Frequently, there was no indication of which definition of thrust was
being used.

This chapter uses the following abbreviations for propellants: LH: =
liquid hydrogen, LOX = liquid oxygen, N:H: = hydrazine, N:O. = nitro-
gen tetroxide, RJ-1 = liquid hydrocarbon, and RP-1 = kerosene.
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Expendable Launch Vehicles

From 1979 through 1988, NASA attempted seventy-four launches
with a 94.6-percent success rate using the expendable Atlas E/F, Atlas-
Centaur, Delta, or all-solid-fueled Scout vehicle—all vehicles that had
been used during NASA's second decade. During this time, the agency
continued to built Deltas and maintained its capability to build Scouts and
Atlases on demand. It did not emphasize ELV development but rather
focused on Space Shuttle development and the start of STS operational
status. However, the adoption of the mixed fleet strategy returned some
attention to ELV development

The following section summarizes ELV activities during the decade
from 1979 through 1988. Figure 27 and Table 213 present the success
rate of each launch vehicle.
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Figure 2-7. Expendable Launch Vehicle Success Rate
1979

NASA conducted nine launches during 1979, all successful. These used
the Scout, the Atlas E/F, the Atlas-Centaur, and the Delta. Of the nine launch-
es, three launched NASA scientific and application payloads, and six sup-
ported other U.S. government and nongovernment reimbursing customers.®

A Scout vehicle launched the NASA Stratospheric Aerosol and Gas
Experiment (SAGE), a NASA magnetic satellite (Magsat), and a reim-
bursable United Kingdom scientific satellite (UK-6/Ariel). An Atlas-
Centaur launched a FltSatCom DOD communications satellite and a
NASA scientific satellite (HEAO-3). Three launches used the Delta: one
domestic communications satellite for Western Union, another for RCA,
and an experimental satellite, called SCATHA, for DOD. A weather satel-
lite was launched on an Atlas F by the Air Force for NASA and the
National Oceanic and Atmospheric Administration (NOAA).

*Aeronautics and Space Report of the President, 1979 (Washington, DC:
U.S. Government Printing Office (GPO), 1980), p. 39.
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1980

Seven ELV launches took place in 1980: three on Deltas, three on
Atlas-Centaurs, and one on an Atlas F. Of the seven, one was for NASA;
the other six were reimbursable launches for other U.S. government,
international, and domestic commercial customers that paid NASA for
the launch and launch support costs.’

A Delta launched the Solar Maximum Mission, the single NASA mis-
sion, with the goal of observing solar flares and other active Sun phe-
nomena and measuring total radiative output of the Sun over a six-month
period. A Delta also launched GOES 4 (Geostationary Operational
Environmental Satellite) for NOAA. The third Delta launch, for Satellite
Business Systems (SBS), provided integrated, all-digital. interference-
free transmission of telephone, computer, electronic mail, and videocon-
ferencing to clients.

An Atlas-Centaur launched FltSatCom 3 and 4 for the Navy and
DOD. An Atlas-Centaur also launched Intelsat V F-2. This was the first
in a series of nine satellites launched by NASA for Intelsat and was the
first three-axis stabilized Intelsat satellite. An Atlas F launched NOAA-B,
the third in a series of Sun-synchronous operational environmental mon-
itoring satellites launched by NASA for NOAA. A booster failed to place
this satellite in proper orbit, causing mission failure.

1981

During 1981, NASA launched missions on eleven ELVs: one on a
Scout, five using Deltas (two with dual payloads). four on Atlas-Centaurs,
and one using an Atlas F. All but two were reimbursable launches for
other agencies or commercial customers, and all were successful.’

A Scout vehicle launched the DOD navigation satellite, NOVA 1. In
five launches, the Delta, NASA's most-used launch vehicle, deployed
seven satellites. Two of these launches placed NASA's scientific Explorer
satellites into orbit: Dynamics Explorer 1 and 2 on one Delta and the
Solar Mesosphere Explorer (along with Uosat for the University of
Surrey, England) on the other. The other three Delta launches had paying
customers, including the GOES 5 weather satellite for NOAA and two
communications satellites, one for SBS and one for RCA.

An Atlas-Centaur, which was the largest ELV being used by NASA,
launched four missions: Comstar D-4, a domestic communications satel-
lite for Comsat; two Intelsat V communications satellites for Intelsat; and
the last in the current series of FltSatCom communications satellites for
DOD. An Atlas F launched the NOAA 7 weather satellite for NOAA.

"Aeronautics and Space Report of the President, 1980 (Washington, DC:
GPO, 1981).

“Aeronautics and Spuace Report of the President, 1981 (Washington, DC:
GPO, 1982).
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In addition, ELVs continued to provide backup support to STS cus-
tomers during the early development and transition phase of the STS system.

1982

NASA launched nine missions on nine ELVs in 1982, using seven
Deltas and two Atlas-Centaurs. Of the nine, eight were reimbursable
launches for other agencies or commercial customers, and one was a
NASA applications mission.’

The Delta supported six commercial and international communications
missions for which NASA was fully reimbursed: RCA’s Satcom 4 and 5,
Western Union’s Westar 4 and 5, India’s Insat 1A, and Canada’s Telesat G
(Anik D-1). In addition, a Delta launched Landsat 4 for NASA. The Landsat
and Telesat launches used improved, more powerful Deltas. An Aerojet
engine and a tank with a larger diameter increased the Delta weight-carry-
ing capability into geostationary-transfer orbit by 140 kilograms. An Atlas-
Centaur launched two communications satellites for the Intelsat.

1983

During 1983, NASA launched eleven satellites on eleven ELVs, using
eight Deltas, one Atlas E, one Atlas-Centaur, and one Scout. A Delta
launch vehicle carried the European Space Agency’s EXOSAT x-ray
observatory to a highly elliptical polar orbit. Other 1983 payloads
launched into orbit on NASA ELVs were the NASA-Netherlands Infrared
Astronomy Satellite (IRAS), NOAA 8 and GOES 6 for NOAA, Hilat for
the Air Force, Intelsat VF-6 for Intelsat, Galaxy 1 and 2 for Hughes
Communications, Telstar 3A for AT&T, and Satcom 1R and 2R for RCA;
all except IRAS were reimbursable.

The increased commercial use of NASA’s launch fleet and launch
services conformed to President Reagan’s policy statement on May 16,
1983, in which he announced that the U.S. government would facilitate
the commercial operation of the ELV program.

1964

During 1984, NASA’s ELVs provided launch support to seven satel-
lite missions using four Deltas, one Scout, one Atlas-Centaur, and one
Atlas E. During this period, the Delta vehicle completed its forty-third
consecutive successful launch with the launching of the NATO-IIID satel-
lite in November 1984. In addition, a Delta successfully launched
Landsat 5 for NOAA in March (Landsat program management had trans-

‘Aeronautics and Space Report of the President, 1982 (Washington, DC:
GPO, 1983), p. 19.

“Aeronautics and Space Report of the President, 1983 (Washington, DC:
GPO, 1984), p. 17.
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ferred to NOAA in 1983); AMPTE, a joint American, British, and
German space physics mission involving three satellites, in August; and
Galaxy-C in September. Other payloads launched during 1984 by NASA
ELVs included a Navy navigation satellite by a Scout, an Intelsat com-
munications satellite by an Atlas-Centaur, and a NOAA weather satellite
by an\Atlas F vehicle. The launch of the Intelsat satellite experienced an
anomaly in the launch vehicle that resulted in mission failure. All mis-
sions, except the NASA scientific satellite AMPTE, were reimbursable
launches for other U.S. government, international, and domestic com-
mercial missions that paid NASA for launch and launch support."

In accordance with President Reagan’s policy directive to encourage
commercialization of the launch vehicle program, Delta, Atlas-Centaur,
and Scout ELVs were under active consideration during this time by com-
mercial operators for use by private industry. NASA and Transpace
Carriers, Inc. (TCI), signed an interim agreement for exclusive rights to
market the Delta vehicle, and negotiations took place with General
Dynamics on the Atlas-Centaur. A Commerce Business Daily announce-
ment, published August 8, 1984, solicited interest for the private use of
the Scout launch vehicle. Ten companies expressed interest in assuming
a total or partial takeover of this vehicle system.

Also in August 1984, President Reagan approved a National Space
Strategy intended to implement the 1983 National Space Policy. This
strategy called for the United States to encourage and facilitate commer-
cial ELV operations and minimize government regulation of these opera-
tions. It also mandated that the U.S. national security sector pursue an
improved assured launch capability to satisfy the need for a launch sys-
tem that complemented the STS as a hedge against “unforeseen technical
and operational problems” and to use in case of crisis situations. To
accomplish this, the national security sector should “pursue the use of a
limited number of ELVs.”"

1985

In 1985, NASA’s ELVs continued to provide launch support during
the transition of payloads to the Space Shuttle. Five launches took place
using ELVs. Two of these were DOD satellites launched on Scouts—one
from the Western Space and Missile Center and the other from the
Wallops Flight Facility. Atlas-Centaurs launched the remaining three mis-
sions for Intelsat on a reimbursable basis.”

"Aeronautics and Space Report of the President, 1984 (Washington, DC:
GPO, 1985), p. 23

“White House Fact Sheet, “National Space Strategy.” August 15, 1984,

“Aeronautics and Space Report of the President, 1985 (Washington, DC:
GPO, 1986).
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1986

In 1986, NASA’s ELVs launched five space application missions for
NOAA and DOD. A Scout launched the Polar Beacon Experiments and
Auroral Research satellite (Polar Bear) from Vandenberg Air Force Base; an
Atlas-Centaur launched a FltSatCom satellite in December; an Atlas E
launched a NOAA satellite; and two Delta vehicles were used—one to
launch a NOAA GOES satellite and the other to launch a DOD mission. One
of the Delta vehicles failed during launch and was destroyed before boosting
the GOES satellite into transfer orbit. An investigation concluded that the
failure was caused by an electrical short in the vehicle wiring. Wiring modi-
fications were incorporated into all remaining Delta vehicles. In September,
the second Delta vehicle successfully launched a DOD mission.*

Partly as a result of the Challenger accident, NASA initiated studies in
1986 on the need to establish a Mixed Fleet Transportation System, consist-
ing of the Space Shuttle and existing or new ELVs. This policy replaced the
earlier stated intention to make the Shuttle NASA’s sole launch vehicle.

1987

In 1987, NASA launched four spacecraft missions using ELVs, Three
of these missions were successful: a Delta launch of GOES 7 for NOAA
into geostationary orbit in February; a Delta launch of Palapa B-2, a com-
munications satellite for the Indonesian government, in March; and a
Scout launch of a Navy Transit satellite in September. In March, an Atlas-
Centaur launch attempt of FltSatCom 6, a Navy communications satellite,
failed when lightning in the vicinity of the vehicle caused the engines to
malfunction. The range safety officer destroyed the vehicle approximate-
ly fifty-one seconds after launch.”

1988

The ELV program had a perfect launch record in 1988 with six success-
ful launches. In February, a Delta ELV lifted a classified DOD payload into
orbit. This launch marked the final east coast Delta launch by a NASA launch
team. A NASA-Air Force agreement, effective July 1, officially transferred
custody of Delta Launch Complex 17 at Cape Canaveral Air Force Station to
the Air Force. Over a twenty-eight-year period, NASA had launched 143
Deltas from the two Complex 17 pads. A similar transaction transferred
accountability for Atlas/Centaur Launch Complex 36 to the Air Force."

“Aeronautics and Space Report of the President, 1986 (Washington, DC:
GPO, 1987).

“Aeronautics and Space Report of the President, 1987 (Washington, DC:
GPO, 1988).

“Aeronautics and Space Report of the President, 1988 (Washington, DC:
GPO, 1989).
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Also in 1988. a Scout launched San Marcos DL from the San
Marco launch facility in the Indian Ocean, a NASA-Italian scientific
mission, during March. Its goal was to explore the relationship
between solar activity and meteorological phenomena by studying the
dynamic processes that occur in the troposphere. stratosphere, and
thermosphere. In April, another Scout deployed the SOO0S-3, a Navy
navigation satellite. In June, a third Scout carried the NOVA-II. the
third in a series of improved Navy Transit navigation satellites, into
space. The final Scout launch of the year deployed a fourth SOOS mis-
sion in August. In September, an Atlas E launched NOAA H, a
National Weather Service meteorological satellite funded by NOAA.
into Sun-synchronous orbit. This satellite payload included on-board
search-and-rescue instruments.

In addition to arranging for the purchase of launch services from
the commercial sector, NASA took steps to divest itself of an adjunct
ELV capability and by making NASA-owned ELV property and ser-
vices available to the private sector. During 1988, NASA finalized a
barter agreement with General Dynamics that gave the company own-
ership of NASA’s Atlas-Centaur flight and nonflight assets. In
exchange, General Dynamics agreed to provide the agency with two
Atlas-Centaur launches at no charge. An agreement was signed for the
first launch service—supporting the FltSatCom F-8 Navy mission.
NASA and General Dynamics also completed a letter contract for a
second launch service to support the NASA-DOD Combined Release
and Radiation Effects Satellite (CRRES) mission. In addition, NASA
transferred its Delta vehicle program to the U.S. Air Force. Finally,
enabling agreements were completed to allow ELV companies to nego-
tiate directly with the appropriate NASA installation. During 1988,
NASA Headquarters signed enabling agreements with McDonnell
Douglas, Martin Marietta, and LTV Corporation. The Kennedy Space
Center and General Dynamics signed a subagreement in March to
allow General Dynamics to take over maintenance and operations for
Launch Complex 36.

ELV Characteristics
The Atlas Family

The basic Atlas launch vehicle was a one-and-a-half stage stainless
steel design built by the Space Systems Division of General Dynamics. It
was designed as an intercontinental ballistic missile (ICBM) and was
considered an Air Force vehicle. However, the Atlas launch vehicle was
also used successfully in civilian space missions dating from NASA's
early days. The Atlas launched all three of the unmanned lunar explo-
ration programs (Ranger, Lunar Orbiter, and Surveyor). Atlas vehicles
also launched the Mariner probes to Mars, Venus, and Mercury and the
Pioneer probes to Jupiter, Saturn, and Venus.



30 NASA HISTORICAL DATA BOOK

NASA used two families of Atlas vehicles during the 1979-1988
period: the Atlas E/F series and the Atlas-Centaur series. The Atlas E/F
launched seven satellites during this time, six of them successful (Table
2-14). The Atlas E/F space booster was a refurbished ICBM. It burned
kerosene (RP-1) and liquid oxygen in its three main engines, two
Rocketdyne MA-3 booster engines, and one sustainer engine. The Atlas
E/F also used two small vernier engines located at the base of the RP-1
tank for added stability during flight (Table 2-15). The Atlas E/F was
designed to deliver payloads directly into —
low-Earth orbit without the use of an upper i
stage.

The Atlas-Centaur (Figure 2-8) was the
nation’s first high-energy launch vehicle pro-
pelled by liquid hydrogen and liquid oxygen.
Developed and launched under the direction
of the Lewis Research Center, it became g’;"_,
operational in 1966 with the launch of
Surveyor I, the first U.S. spacecraft to soft-
land on the Moon’s surface. Beginning in
1979, the Centaur stage was used only in
combination with the Atlas booster, but it had
been successfully used earlier in combination
with the Titan III booster to launch payloads
into interplanetary trajectories, sending two
Helios spacecraft toward the Sun and two Atias

Viking spacecraft toward Mars."” From 1979 | Sage™
through 1988, the Atlas-Centaur launched 18

satellites with only two failures (Table 2—16).

The Centaur stage for the Atlas booster
was upgraded in 1973 and incorporated an
integrated electronic system controlled by a
digital computer. This flight-proven “astrion-
ics” system checked itself and all other Sys-
tems prior to and during the launch phase;
during flight, it controlled all events after the
liftoff. This system was located on the equipment module on the forward
end of the Centaur stage. The 16,000-word capacity computer replaced
the original 4,800-word capacity computer and enabled it to take over
many of the functions previously handled by separate mechanical and
electrical systems. The new Centaur system handled navigation, guidance
tasks, control pressurization, propellant management, telemetry formats
and transmission, and initiation of vehicle events (Table 2-17).

_

Figure 2-8. Atlas-Centaur
Launch Vehicle

"For details, see Linda Neuman Ezell, NASA Historical Datu Book, Volume
{: Programs and Projects, 1969—1978 (Washington, DC: NASA SP-4012,
1988).
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The Delta Family

NASA has used the Delta launch vehicle since the agency’s incep-
tion. In 1959. NASA’s Goddard Space Flight Center awarded a contract
to Douglas Aircraft Company (later McDonnell Douglas) to produce and
integrate twelve launch vehicles. The Delta, using components from the
Air Force’s Thor intermediate range ballistic missile (IRBM) program
and the Navy’s Vanguard launch program, was available eighteen months
later. The Delta has evolved since that time to meet the increasing
demands of its payloads and has been the most widely used launch vehi-
cle in the U.S. space program, with thirty-five launches from 1979
through 1988 and thirty-four of them successful (Table 2-18).

The Delta configurations of the late 1970s and early 1980s were des-
ignated the 3900 series. Figure 2-9 illustrates the 3914, and Figure 2-10
shows the 3920 with the Payload Assist Module (PAM) upper stage. The
3900 series resembled the earlier 2900 series (Table 2-19), except for the
replacement of the Castor II solid strap-on motors with nine larger and
more powerful Castor IV solid motors (Tables 2-20 and 2-21).

The RS-27 engine, manufactured by the Rocketdyne Division of
Rockwell International, powered the first stage of the Delta. It was a single-
start power plant, gimbal-mounted and operated on a combination of liquid
oxygen and kerosene (RP-1). The thrust chamber was regeneratively

B
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Fairing
Sacond
Stage
3536 m
Oversil
Lengtn t@— Fuel Tank
First ]
je— Oxidizer Tank
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Figure 2-9. Figure 2-10.

Delta 3914 Delta 3920/PAM-D
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cooled, with the fuel circulating through 292 tubes that comprised the
inner wall of the chamber.

The following four-digit code designated the type of Delta launch
vehicle:
*  Istdigit designated the type of strap-on engines:

2 = Castor II, extended long tank Thor with RS-27 main
engine

3 = Castor IV, extended long tank Thor with RS-27 main
engine

* 2nd digit designated the number of strap-on engines
* 3rd digit designated the type of second stage and manufacturer:
1 = ninety-six-inch manufactured by TRW (TR-201)
2 = ninety-six-inch stretched tank manufactured by Aerojet
(AJ10-118K)
* 4th digit designated the type of third stage:
0 no third stage
3 TE-364-3
4 TE-364-4
For example, a model desig-
nation of 3914 indicated the use of
Castor IV strap-on engines, oy Stage
extended long tank with an RS-27 T Aftair A
main engine; nine strap-ons; a =
ninety-six-inch second stage man- — Antares 1A
ufactured by TRW; and a TE-364- Third Stage
4 third stage engine. A PAM U
designation appended to the last M)
digit indicated the use of a

McDonnell-Douglas PAM. ~— Castor llA
Second Stage

+~—Spacecraft

Scout Launch Vehicle

1=

The standard Scout launch =
vehicle (Scout is an acronym for
Solid Controlled Orbital Utility
Test) was a solid propellant four-
stage booster system. It was the “—Rigol lllA
world’s first all-solid propellant First Stage
launch vehicle and was one of
NASA’s most reliable launch
vehicles. The Scout was the small-
est of the basic launch vehicles A%@>
used by NASA and was used for -
orbit, probe, and reentry Earth
missions (Figure 2—-11).

Figure 2-11. Scout-D Launch Vehicle
(Used in 1979)
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The first Scout launch took place in 1960. Since that time, forty-six
NASA Scout launches have taken place, including fourteen between 1979
and 1988, when every launch was successful (Table 2-22). In addition to
NASA payloads, Scout clients included DOD, the European Space
Research Organization, and several European governments. The Scout
was used for both orbital and suborbital missions and has participated in
research in navigation, astronomy, communications, meteorology, geo-
desy, meteoroids, reentry materials, biology, and Earth and atmospheric
sensing. It was the only U.S. ELV launched from three launch sites:
Wallops on the Atlantic Ocean, Vandenberg on the Pacific Ocean, and the
San Marco platform in the Indian Ocean. It could also inject satellites into
a wider range of orbital inclinations than any other launch vehicle.

Unlike NASA's larger ELVs, the Scout was assembled and the pay-
load integrated and checked out in the horizontal position. The vehicle
was raised to the vertical orientation prior to launch. The propulsion
motors were arranged in tandem with transition sections between the
stages to tie the structure together and to provide space for instrumenta-
tion. A standard fifth stage was available for highly elliptical and solar
orbit missions.

Scout’s first-stage motor was based on an earlier version of the
Navy’s Polaris missile motor; the second-stage motor was developed
from the Army’s Sergeant surface-to-surface missile; and the third- and
fourth-stage motors were adapted by NASA’s Langley Research Center
from the Navy’s Vanguard missile. The fourth-stage motor used on the
G model could carry almost four times as much payload to low-Earth
orbit as the original model in 1960—that is, 225 kilograms versus fifty-
nine kilograms (Table 2-23).

Vought Corporation, a subsidiary of LTV Corporation, was the prime
contractor for the Scout launch vehicle. The Langley Research Center
managed the Scout program.

Space Shuttle

The reusable. multipurpose Space Shuttle was designed to replace the
ELVs that NASA used to deliver commercial, scientific, and applications
spacecraft into Earth’s orbit. Because of its unique design, the Space
Shuttle served as a launch vehicle, a platform for scientific laboratories,
an orbiting service center for other satellites, and a return carrier for pre-
viously orbited spacecraft. Beginning with its inaugural flight in 1981 and
through 1988, NASA flew twenty-seven Shuttle missions (Table 2-24).
This section focuses on the Shuttle’s use as a launch vehicle. Chapter 3
discusses its use as a platform for scientific laboratories and servicing
functions.

The Space Shuttle system consisted of four primary elements: an
orbiter spacecraft, two solid rocket boosters (SRBs), an external tank to
house fuel and an oxidizer, and three main engines. Rockwell
International built the orbiter and the main engines: Thiokol Corporation
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produced the SRB motors; and the external tank was built by Martin
Marietta Corporation. The Johnson Space Center directed the orbiter and
integration contracts, while the Marshall Space Flight Center managed
the SRB, external tank, and main engine contracts.

The Shuttle could transport up to 29,500 kilograms of cargo into near-
Earth orbit (185.2 to 1,111.2 kilometers). This payload was carried in a bay
about four and a half meters in diameter and eighteen meters long. Major
system requirements were that the orbiter and the two SRBs be reusable
and that the orbiter have a maximum 160-hour turnaround time after land-
ing from the previous mission. The orbiter vehicle carried personnel and
payloads to orbit, provided a space base for performing their assigned tasks,
and returned personnel and payloads to Earth. The orbiter provided a hab-
itable environment for the crew and passengers, including scientists and
engineers. Additional orbiter characteristics are addressed in Chapter 3.

The Shuttle was launched in an upright position, with thrust provid-
ed by the three main engines and the two SRBs. After about two minutes,
at an altitude of about forty-four kilometers, the two boosters were spent
and were separated from the orbiter. They fell into the ocean at predeter-
mined points and were recovered for reuse.

The main engines continued firing for about eight minutes, cutting off
at about 109 kilometers altitude just before the spacecraft was inserted
into orbit. The external tank was separated, and it followed a ballistic tra-
Jectory back into a remote area of the ocean but was not recovered.

Two smaller liquid rocket engines made up the orbital maneuvering
system (OMS). The OMS injected the orbiter into orbit, performed
maneuvers while in orbit, and slowed the vehicle for reentry. After reen-
try, the unpowered orbiter glided to Earth and landed on a runway.

The Shuttle used two launch sites: the Kennedy Space Center in
Florida and Vandenberg Air Force Base in California. Under optimum
conditions, the orbiter landed at the site from which it was launched.
However, as shown in the tables in Chapter 3 that describe the individual
Shuttle missions, weather conditions frequently forced the Shuttle to land
at Edwards Air Force Base in California, even though it had been
launched from Kennedy.

Main Propulsion System

The main propulsion system (MPS) consisted of three Space Shuttle
main engines (SSMEs), three SSME controllers, the external tank, the
orbiter MPS propellant management subsystem and helium subsystem,
four ascent thrust vector control units, and six SSME hydraulic servo-actu-
ators. The MPS, assisted by the two SRBs during the initial phases of the
ascent trajectory, provided the velocity increment from liftoff to a prede-
termined velocity increment before orbit insertion. The Shuttle Jettisoned
the two SRBs after their fuel had been expended, but the MPS continued
to thrust until the predetermined velocity was achieved. At that time, main
engine cutoff (MECO) was initiated, the external tank was Jettisoned, and
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the OMS was ignited to provide the final velocity increment for orbital
insertion. The magnitude of the velocity increment supplied by the OMS
depended on payload weight, mission trajectory, and system limitations.

Along with the start of the OMS thrusting maneuver (which settled the
MPS propellants), the remaining liquid oxygen propellant in the orbiter
feed system and SSMEs was dumped through the nozzles of the engines.
At the same time, the remaining liquid hydrogen propellant in the orbiter
feed system and SSMEs was dumped overboard through the hydrogen fill
and drain valves for six seconds. Then the hydrogen inboard fill and drain
valve closed, and the hydrogen recirculation valve opened. continuing the
dump. The hydrogen flowed through the engine hydrogen bleed valves to
the orbiter hydrogen MPS line between the inboard and outboard hydro-
gen fill and drain valves, and the remaining hydrogen was dumped
through the outboard fill and drain valve for approximately 120 seconds.

During on-orbit operations, the flight crew vacuum made the MPS
inert by opening the liquid oxygen and liquid hydrogen fill and drain
valves, which allowed the remaining propellants to be vented to space.
Before entry into the Earth’s atmosphere, the flight crew repressurized the
MPS propellant lines with helium to prevent contaminants from being
drawn into the lines during entry and to maintain internal positive pres-
sure. MPS helium also purged the spacecraft’s aft fuselage. The last activ-
ity involving the MPS occurred at the end of the landing rollout. At that
time. the helium remaining in on-board helium storage tanks was released
into the MPS to provide an inert atmosphere for safety.

Main Engine

The SSME represented a major advance in propulsion technology.
Each engine had an operating life of seven and a half hours and fifty-five
starts and the ability to throttle a thrust level that extended over a wide
range (65 percent to 109 percent of rated power level). The SSME was
the first large, liquid-fuel rocket engine designed to be reusable.

A cluster of three SSMEs housed in the orbiter’s aft fuselage provid-
ed the main propulsion for the orbiter. Ignited on the ground prior to
launch, the cluster of liquid hydrogen-liquid oxygen engines operated in
parallel with the SRBs during the initial ascent. After the boosters sepa-
rated, the main engines continued to operate. The nominal operating time
was approximately eight and a half minutes. The SSME:s developed thrust
by using high-energy propellants in a staged combustion cycle. The pro-
pellants 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 cycle ensured maximum performance
because it eliminated parasitic losses. The various thrust levels provided
for high thrust during liftoff and the initial ascent phase but allowed thrust
to be reduced to limit acceleration to three g's during the final ascent
phase. The engines were gimbaled to provide pitch, yaw, and roll control
during the orbiter boost phase.
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Key components of each engine included four turbopumps (two low-
and two high-pressure), two preburners, the main injector, the main com-
bustion chamber, the nozzle, and the hot-gas manifold. The manifold was
the structural backbone of the engine. It supported the two preburners, the
high-pressure pumps, the main injector, the pneumatic control assembly,
and the main combustion chamber with the nozzle. Table 2-25 summa-
rizes SSME characteristics.

The SSME was the first rocket engine to use a built-in electronic dig-
ital controller. The controller accepted commands from the orbiter for
engine start, shutdown, and change in throttle setting and also monitored
engine operation. In the event of a failure, the controller automatically
corrected the problem or shut down the engine safely.

Main Engine Margin Improvement Program. Improvements to the
SSMEs for increased margin and durability began with a formal Phase I
program in 1983. Phase II focused on turbomachinery to extend the time
between high-pressure fuel turbopump (HPFT) overhauls by reducing the
operating temperature in the HPFT and by incorporating margin improve-
ments to the HPFT rotor dynamics (whirl), turbine blade, and HPFT bear-
ings. Phase II certification was completed in 1985, and all the changes
were incorporated into the SSMEs for the STS-26 mission.

In addition to the Phase II improvements, NASA made additional
changes to the SSME to further extend the engine’s margin and durability.
The main changes were to the high-pressure turbomachinery, main combus-
tion chamber, hydraulic actuators, and high-pressure turbine discharge tem-
perature sensors. Changes were also made in the controller software to
improve engine control. Minor high-pressure turbomachinery design changes
resulted in margin improvements to the turbine blades, thereby extending the
operating life of the turbopumps. These changes included applying surface
texture to important parts of the fuel turbine blades to improve the material
properties in the pressure of hydrogen and incorporating a damper into the
high-pressure oxidizer turbine blades to reduce vibration,

Plating a welded outlet manifold with nickel increased the main com-
bustion chamber’s life. Margin improvements were also made to five
hydraulic actuators to preclude a loss in redundancy on the launch pad.
Improvements in quality were incorporated into the servo-component coil
design, along with modifications to increase margin. To address a tem-
perature sensor in-flight anomaly, the sensor was redesigned and exten-
sively tested without problems.

To certify the improvements to the SSMEs and demonstrate their reli-
ability through margin (or limit) testing, NASA initiated a ground test pro-
gram in December 1986. Its primary purposes were to certify the
improvements and demonstrate the engine’s reliability and operating mar-
gin. From December 1986 to December 1987, 151 tests and 52,363 seconds
of operation (equivalent to 100 Shuttle missions) were performed. These
hot-fire ground tests were performed at the single-engine test stands at the
Stennis Space Center in Mississippi and at the Rockwell International
Rocketdyne Division’s Santa Susana Field Laboratory in California.
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NASA also conducted checkout and acceptance tests of the three
main engines for the STS-26 mission. Those tests, also at Stennis, began
in August 1987, and all three STS-26 engines were delivered to the
Kennedy Space Center by January 1988.

Along with hardware improvements, NASA conducted several major
reviews of requirements and procedures. These reviews addressed such
topics as possible failure modes and effects, as well as the associated crit-
ical items list. Another review involved having a launch/abort reassess-
ment team examine all launch-commit criteria, engine redlines, and
software logic. NASA also performed a design certification review. Table
2-26 lists these improvements, as well as events that occurred earlier in
the development of the SSME.

A related effort involved Marshall Space Flight Center engineers
who, working with their counterparts at Kennedy, accomplished a com-
prehensive launch operations and maintenance review. This ensured that
engine processing activities at the launch site were consistent with the lat-
est operational requirements.

External Tank

The external tank contained the propellants (liquid hydrogen and lig-
uid oxygen) for the SSMEs and supplied them under pressure to the three
main engines in the orbiter during liftoff and ascent. Just prior to orbital
insertion, the main engines cut off, and the external tank separated from
the orbiter, descended through a ballistic trajectory over a predesignated
area, broke up, and impacted in a remote ocean area. The tank was not
recovered.

The largest and heaviest (when loaded) element of the Space Shuttle,
the external tank had three major components: a forward liquid oxygen
tank; an unpressurized intertank, which contained most of the electrical
components; and an aft liquid hydrogen tank. Beginning with the STS-6
mission. NASA used a lightweight external tank (LWT). For each
kilogram of weight reduced from the original external tank, the cargo-
carrying capability of the Space Shuttle spacecraft increased one kilo-
gram. The weight reduction was accomplished by eliminating portions of
stringers (structural stiffeners running the length of the hydrogen tank),
using fewer stiffener rings, and by modifying major frames in the hydro-
gen tank. Also, significant portions of the tank were milled differently to
reduce thickness, and the weight of the external tank’s aft SRB attach-
ments was reduced by using a stronger, yet lighter and less expensive,
titanium alloy. Earlier, the use of the LWT reduced the total weight by
deleting the antigeyser line. The line paralleled the oxygen feed line and
provided a circulation path for liquid oxygen to reduce the accumulation
of gaseous oxygen in the feed line while the oxygen tank was being filled
before launch. After NASA assessed propellant loading data from ground
tests and the first four Space Shuttle missions, engineers removed the
antigeyser line for STS-5 and subsequent missions. The total length and
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diameter of the external tank remained unchanged (Figure 2—12). Table
2-27 summarizes the external tank characteristics, and Table 2-28 pre-
sents a chronology of external development.

As well as containing and delivering the propellant, the external tank
served as the structural backbone of the Space Shuttle during launch oper-
ations. The external tank consisted of two primary tanks: a large hydro-
gen tank and a smaller oxygen tank, joined by an intertank to form one
large propellant-storage container. Superlight ablator (SLA-561) and
foam insulation sprayed on the forward part of the oxygen tank, the inter-
tank, and the sides of the hydrogen tank protected the outer surfaces. The
insulation reduced ice or frost formation during launch preparation, pro-
tecting the orbiter from free-falling ice during flight. This insulation also
minimized heat leaks into the tank, avoided excessive boiling of the lig-
uid propellants, and prevented liquification and solidification of the air
next to the tank.

The external tank attached to the orbiter at one forward attachment
point and two aft points. In the aft attachment area, umbilicals carried flu-
ids, gases, electrical signals, and electrical power between the tank and
the orbiter. Electrical signals and controls between the orbiter and the two
SRBs also were routed through those umbilicals.

Liquid Oxygen Tank. The liquid oxygen tank was an aluminum
monocoque structure composed of a fusion-welded assembly of pre-
formed, chem-milled gores, panels, machined fittings, and ring chords. It
operated in a pressure range of 1,035 to 1,138 mmHg. The tank contained
antislosh and antivortex provisions to minimize liquid residuals and damp
fluid motion. The tank fed into a 0.43-meter-diameter feedline that sent
the liquid oxygen through the intertank, then outside the external tank to
the aft righthand external tank/orbiter disconnect umbilical. The feedline
permitted liquid oxygen to flow at approximately 1,268 kilograms per
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second, with the SSMEs operating at 104 percent of rated thrust, or per-
mitted a maximum flow of 71,979 liters per minute. The liquid oxygen
tank’s double-wedge nose cone reduced drag and heating, contained the
vehicle's ascent air data system, and served as a lightning rod.

Intertank. The intertank was not a tank in itself but provided a
mechanical connection between the liquid oxygen and liquid hydrogen
tanks. The primary functions of the intertank were to provide structural
continuity to the propellant tanks, to serve as a protective compartment to
house instruments, and to receive and distribute thrust loads from the
SRBs. The intertank was a steel/aluminum semimonocoque cylindrical
structure with flanges on each end for joining the liquid oxygen and lig-
uid hydrogen tanks. It housed external tank instrumentation components
and provided an umbilical plate that interfaced with the ground facility
arm for purging the gas supply. hazardous gas detection, and hydrogen
gas boiloff during ground operations. It consisted of mechanically joined
skin, stringers, and machined panels of aluminum alloy. The intertank
was vented during flight. It contained the forward SRB-external tank
attach thrust beam and fittings that distributed the SRB loads to the liquid
oxygen and liquid hydrogen tanks.

Liquid Hydrogen Tank. The liquid hydrogen tank was an aluminum
semimonocoque structure of fusion-welded barrel sections. five major
ring frames. and forward and aft ellipsoidal domes. Its operating pressure
was 1,759 mmHg. The tank contained an antivortex baffle and siphon
outlet to transmit the liquid hydrogen from the tank through a 0.43-meter
line to the left aft umbilical. The liquid hydrogen feedline flow rate was
211.4 kilograms per second, with the SSMEs at 104 percent of rated
thrust, or a maximum flow of 184.420 liters per minute. At the forward
end of the liquid hydrogen tank was the external tank/orbiter forward
attachment pod strut, and at its aft end were the two external tank/orbiter
aft attachment ball fittings as well as the aft SRB-external tank stabiliz-
ing strut attachments.

External Tank Thermal Protection System. The external tank ther-
mal protection system consisted of sprayed-on foam insulation and pre-
molded ablator materials. The system also included the use of phenolic
thermal insulators to preclude air liquefaction. Thermal isolators were
required for liquid hydrogen tank attachments to preclude the liquefaction
of air-exposed metallic attachments and to reduce heat flow into the lig-
uid hydrogen. The thermal protection system weighed 2,192 kilograms.

External Tank Hardware. The external hardware, external
tank/orbiter attachment fittings, umbilical fittings, and electrical and
range safety system weighed 4.136.4 kilograms.

Each propellant tank had a vent and relief valve at its forward end.
This dual-function valve could be opened by ground support equipment
for the vent function during prelaunch and could open during flight when
the ullage (empty space) pressure of the liquid hydrogen tank reached
1,966 mmHg or the ullage pressure of the liquid oxygen tank reached
1,293 mmHg.
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The liquid oxygen tank contained a separate, pyrotechnically operat-
ed, propulsive tumble vent valve at its forward end. At separation, the lig-
uid oxygen tumble vent valve was opened, providing impulse to assist in
the separation maneuver and more positive control of the entry aerody-
namics of the external tank.

There were eight propellant-depletion sensors, four each for fuel and
oxidizer. The fuel-depletion sensors were located in the bottom of the fuel
tank. The oxidizer sensors were mounted in the orbiter liquid oxygen
feedline manifold downstream of the feedline disconnect. During SSME
thrusting, the orbiter general purpose computers constantly computed the
instantaneous mass of the vehicle because of the usage of the propellants.
Normally, MECO was based on a predetermined velocity; however, if
any two of the fuel or oxidizer sensors sensed a dry condition, the engines
would be shut down.

The locations of the liquid oxygen sensors allowed the maximum
amount of oxidizer to be consumed in the engines, while allowing suffi-
cient time to shut down the engines before the oxidizer pumps ran dry. In
addition, 500 kilograms of liquid hydrogen were loaded over and above
that required by the six-to-one oxidizer/fuel engine mixture ratio. This
assured that MECO from the depletion sensors was fuel rich; oxidizer-
rich engine shutdowns could cause burning and severe erosion of engine
components,

Four pressure transducers located at the top of the liquid oxygen and
liquid hydrogen tanks monitored the ullage pressures. Each of the two aft
external tank umbilical plates mated with a corresponding plate on the
orbiter. The plates helped maintain alignment among the umbilicals.
Physical strength at the umbilical plates was provided by bolting corre-
sponding umbilical plates together. When the orbiter general purpose
computers commanded external tank separation, the bolts were severed
by pyrotechnic devices.

The external tank had five propellant umbilical valves that interfaced
with orbiter umbilicals—two for the liquid oxygen tank and three for the
liquid hydrogen tank. One of the liquid oxygen tank umbilical valves was
for liquid oxygen, the other for gaseous oxygen. The liquid hydrogen tank
umbilical had two valves for liquid and one for gas. The intermediate-
diameter liquid hydrogen umbilical was a recirculation umbilical used
only during the liquid hydrogen chill-down sequence during prelaunch.

The external tank also had two electrical umbilicals that carried elec-
trical power from the orbiter to the tank and the two SRBs and provided
information from the SRBs and external tank to the orbiter. A swing-arm-
mounted cap to the fixed service structure covered the oxygen tank vent
on top of the external tank during countdown and was retracted about two
minutes before liftoff. The cap siphoned off oxygen vapor that threatened
to form large ice on the external tank, thus protecting the orbiter’s ther-
mal protection system during launch.

External Tank Range Safety System. A range safety system, moni-
tored by the flight crew, provided for dispersing tank propellants if nec-
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essary. It included a battery power source, a receiver/decoder, antennas,
and ordnance.

Post-Challenger Modification. Prior to the launch of STS-26.
NASA modified the external tank by strengthening the hydrogen pressur-
ization line. In addition, freezer wrap was added to the hydrogen line.
This permitted the visual detection of a hydrogen fire (Table 2-28).

Solid Rocket Boosters

The two SRBs provided the main thrust to lift the Space Shuttle off
the pad and up to an altitude of about forty-four and a half kilometers. In
addition, the two SRBs carried the entire weight of the external tank and
orbiter and transmitted the weight load through their structure to the
mobile launcher platform. The SRBs were ignited after the three SSMEs’
thrust level was verified. The two SRBs provided 71.4 percent of the
thrust at liftoff and during first-stage ascent. Seventy-five seconds after
SRB separation, SRB apogee occurred at an altitude of approximately
sixty-five kilometers. SRB impact occurred in the ocean approximately
226 kilometers downrange, to be recovered and returned for refurbish-
ment and reuse.

The primary elements of each booster were the motor (including
case, propellant, igniter, and nozzle), structure, separation systems. oper-
ational flight instrumentation, recovery avionics, pyrotechnics, decelera-
tion system, thrust vector control system, and range safety destruct
system (Figure 2-13). Each booster attached to the external tank at the
SRB’s aft frame with two lateral sway braces and a diagonal attachment.
The forward end of each SRB joined the external tank at the forward end
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of the SRB’s forward skirt. On the launch pad, each booster also con-
nected to the mobile launcher platform at the aft skirt with four bolts and
nuts that were severed by small explosives at liftoff.

The SRBs were used as matched pairs. Each consisted of four solid
rocket motor (SRM) segments. The pairs were matched by loading each
of the four motor segments in pairs from the same batches of propellant
ingredients to minimize any thrust imbalance. The exhaust nozzle in the
aft segment of each motor, in conjunction with the orbiter engines,
steered the Space Shuttle during the powered phase of launch. The seg-
mented-casing design assured maximum flexibility in fabrication and
ease of transportation and handling. Each segment was shipped to the
launch site on a heavy-duty rail car with a specially built cover.

The propellant mixture in each SRB motor consisted of an ammoni-
um perchlorate (oxidizer, 69.6 percent by weight), aluminum (fuel,
16 percent), iron oxide (a catalyst, 0.4 percent), a polymer (a binder that
held the mixture together, 12.04 percent), and an epoxy curing agent
(1.96 percent). The propellant was an eleven-point star-shaped perfora-
tion in the forward motor segment and a double-truncated-cone perfora-
tion in each of the aft segments and aft closure. This configuration
provided high thrust at ignition and then reduced the thrust by approxi-
mately one-third fifty seconds after liftoff to prevent overstressing the
vehicle during maximum dynamic pressure.

The cone-shaped aft skirt supported the four aft separation motors.
The aft section contained avionics, a thrust vector control system that con-
sisted of two auxiliary power units and hydraulic pumps, hydraulic Sys-
tems, and a nozzle extension jettison system. The forward section of each
booster contained avionics, a sequencer, forward separation motors, a nose
cone separation system, drogue and main parachutes, a recovery beacon, a
recovery light, a parachute camera on selected flights, and a range safety
system. Each SRB incorporated a range safety system that included a bat-
tery power source, a receiver-decoder, antennas, and ordnance.

Each SRB had two integrated electronic assemblies, one forward and
one aft. After burnout, the forward assembly initiated the release of the
nose cap and frustum and turned on the recovery aids. The aft assembly,
mounted in the external tank-SRB attach ring, connected with the forward
assembly and the orbiter avionics systems for SRB ignition commands
and nozzle thrust vector control. Each integrated electronic assembly had
a multiplexer-demultiplexer, which sent or received more than one mes-
sage, signal, or unit of information on a single communications channel.

Eight booster separation motors (four in the nose frustum and four in
the aft skirt) of each SRB thrust for 1.02 seconds at SRB separation from
the external tank. SRB separation from the external tank was electrically
initiated. Each solid rocket separation motor was 0.8 meter long and
32.5 centimeters in diameter (Table 2-29).

Location aids were provided for each SRB, frustum-drogue chutes,
and main parachutes. These included a transmitter, antenna, strobe/con-
verter, battery, and saltwater switch electronics. The recovery crew
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retrieved the SRBs, frustum/drogue chutes, and main parachutes. The
nozzles were plugged, the solid rocket motors were dewatered, and the
crew towed the SRBs back to the launch site. Each booster was removed
from the water, and its components disassembled and washed with fresh
and de-ionized water to limit saltwater corrosion. The motor segments,
igniter, and nozzle were shipped back to Thiokol for refurbishment. The
SRB nose caps and nozzle extensions were not recovered.

Testing and production of the SRB were well under way in 1979. The
booster performed well until the Challenger accident revealed flaws that
had very likely existed for several missions but had resulted in little reme-
dial action. The 1986 Challenger accident forced major modifications to
the SRB and SRM.

Post-Challenger Modifications. On June 13, 1986, President Reagan
directed NASA to implement, as soon as possible, the recommendations
of the Presidential Commission on the Space Shuttle Challenger
Accident. During the downtime following the Challenger accident,
NASA analyzed critical structural elements of the SRB, primarily focused
in areas where anomalies had been noted during postflight inspection of
recovered hardware.

Anomalies had been noted in the attach ring where the SRBs joined
the external tank. Some of the fasteners showed distress where the ring
attached to the SRB motor case. Tests attributed this to the high loads
encountered during water impact. To correct the situation and ensure
higher strength margins during ascent, the attach ring was redesigned to
encircle the motor case completely (360 degrees). Previously, the attach
ring formed a “*C” and encircled the motor case 270 degrees.

In addition, NASA performed special structural tests on the aft skirt.
During this test program, an anomaly occurred in a critical weld between
the hold-down post and skin of the skirt. A redesign added reinforcement
brackets and fittings in the aft ring of the skirt. These modifications added
approximately 200 kilograms to the weight of each SRB.

Solid Rocket Motor Redesign. The Presidential Commission deter-
mined that the cause of the loss of the Challenger was “a failure in the
joint between the two lower segments of the right solid rocket motor. The
specific failure was the destruction of the seals that are intended to pre-
vent hot gases from leaking through the joint during the propellant burn
of the rocket motor.”"

Consequently, NASA developed a plan for a redesigned solid rocket
motor (RSRM). Safety in flight was the primary objective of the SRM
redesign. Minimizing schedule impact by using existing hardware, to the
extent practical, without compromising safety was another objective.

“Report at a Glance. report to the President by the Presidential Commission
on the Space Shuttle Challenger Accident, Chapter 1V, “The Cause of the
Accident.” Finding (no pg. number).
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NASA established a joint redesign team with participants from the
Marshall Space Flight Center, other NASA centers, Morton Thiokol, and
outside NASA. The team developed an “SRM Redesign Project Plan” to
formalize the methodology for SRM redesign and requalification. The
plan provided an overview of the organizational responsibilities and rela-
tionships; the design objectives, criteria, and process; the verification
approach and process; and a master schedule. Figure 2—14 shows the
SRM Project Schedule as of August 1986. The companion “Development
and Verification Plan™ defined the test program and analyses required to
verify the redesign and unchanged components of the SRM. The SRM
was carefully and extensively redesigned. The RSRM received intense
scrutiny and was subjected to a thorough certification process to verify
that it worked properly and to qualify the motor for human spaceflight.

NASA assessed all aspects of the existing SRM and required design
changes in the field joint, case-to-nozzle joint, nozzle, factory joint, pro-
pellant grain shape, ignition system, and ground support equipment. The
propellant, liner, and castable inhibitor formulations did not require
changes. Design criteria were established for each component to ensure a
safe design with an adequate margin of safety. These criteria focused on
loads, environments, performance, redundancy, margins of safety, and
verification philosophy.

The team converted the criteria into specific design requirements dur-
ing the Preliminary Requirements Reviews held in July and August 1986.
NASA assessed the design developed from these requirements at the
Preliminary Design Review held in September 1986 and baselined in
October 1986. NASA approved the final design at the Critical Design
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Review held in October 1987. Manufacture of the RSRM test hardware
and the first flight hardware began prior to the Preliminary Design
Review and continued in parallel with the hardware certification pro-
gram. The Design Certification Review considered the analyses and test
results versus the program and design requirements to certify that the
RSRM was ready to fly.

Specific Modifications. The SRM field-joint metal parts, internal
case insulation, and seals were redesigned, and a weather protection sys-
tem was added. The major change in the motor case was the new tang
capture feature to provide a positive metal-to-metal interference fit
around the circumference of the tang and clevis ends of the mating seg-
ments. The interference fit limited the deflection between the tang and
clevis O-ring sealing surfaces caused by motor pressure and structural
loads. The joints were designed so that the seals would not leak under
twice the expected structural deflection and rate.

The new design, with the tang capture feature, the interference fit,
and the use of custom shims between the outer surface of the tang and
inner surface of the outer clevis leg, controlled the O-ring sealing gap
dimension. The sealing gap and the O-ring seals were designed so that a
positive compression (squeeze) was always on the O-rings. The minimum
and maximum squeeze requirements included the effects of temperature,
O-ring resiliency and compression set, and pressure. The redesign
increased the clevis O-ring groove dimension so that the O-ring never
filled more than 90 percent of the O-ring groove, and pressure actuation
was enhanced.

The new field-joint design also included a new O-ring in the capture
feature and an additional leak check port to ensure that the primary O-ring
was positioned in the proper sealing direction at ignition. This new or
third O-ring also served as a thermal barrier in case the sealed insulation
was breached. The field-joint internal case insulation was modified to be
sealed with a pressure-actuated flap called a j-seal, rather than with putty
as in the STS 51-L (Challenger) configuration.

The redesign added longer field-joint-case mating pins, with a recon-
figured retainer band, to improve the shear strength of the pins and
increase the metal parts’ joint margin of safety. The joint safety margins,
both thermal and structural, were demonstrated over the full ranges of
ambient temperature, storage compression, grease effect, assembly stress-
es, and other environments. The redesign incorporated external heaters
with integral weather seals to maintain the joint and O-ring temperature
at a minimum of 23.9 degrees Celsius. The weather seal also prevented
water intrusion into the joint.

Original Versus Redesigned SRM Case-to-Nozzle Joint. The SRM
case-to-nozzle joint, which experienced several instances of O-ring ero-
sion in flight, was redesigned to satisfy the same requirements imposed
on the case field joint. Similar to the field joint, case-to-nozzle joint mod-
ifications were made in the metal parts, internal insulation, and O-rings.
The redesign added radial bolts with Stato-O-Seals to minimize the joint
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sealing gap opening. The internal insulation was modified to be sealed
adhesively, and a third O-ring was included. The third O-ring served as a
dam or wiper in front of the primary O-ring to prevent the polysulfide
adhesive from being extruded in the primary O-ring groove. It also served
as a thermal barrier in case the polysulfide adhesive was breached. The
polysulfide adhesive replaced the putty used in the STS 51-L joint. Also,
the redesign added an another leak check port to reduce the amount of
trapped air in the joint during the nozzle installation process and to aid in
the leak check procedure.

Nozzle. Redesigned internal joints of the nozzle metal parts incorpo-
rated redundant and verifiable O-rings at each joint. The modified nozzle
steel fixed housing part permitted the incorporation of the 100 radial bolts
that attached the fixed housing to the case’s aft dome. The new nozzle
nose inlet, cowl/boot, and aft exit cone assemblies used improved bond-
ing techniques. Increasing the thickness of the aluminum nose inlet hous-
ing and improving the bonding process eliminated the distortion of the
nose inlet assembly’s metal-part-to-ablative-parts bond line. The changed
tape-wrap angle of the carbon cloth fabric in the areas of the nose inlet
and throat assembly parts improved the ablative insulation erosion toler-
ance. Some of these ply-angle changes had been in progress prior to STS
51-L. Additional structural support with increased thickness and contour
changes to the cowl and outer boot ring increased their margins of safety.
In addition, the outer boot ring ply configuration was altered.

Factory Joint. The redesign incorporated minor modifications in the
case factory joints by increasing the insulation thickness and layup to
increase the margin of safety on the internal insulation. Longer pins were
also added, along with a reconfigured retainer band and new weather seal
to improve factory joint performance and increase the margin of safety. In
addition, the redesign changed the O-ring and O-ring groove size to be
consistent with the field joint.

Propellant. The motor propellant forward transition region was
recontoured to reduce the stress fields between the star and cylindrical
portions of the propellant grain.

Ignition System. The redesign incorporated several minor modifica-
tions into the ignition system. The aft end of the igniter steel case, which
contained the igniter nozzle insert, was thickened to eliminate a localized
weakness. The igniter internal case insulation was tapered to improve the
manufacturing process. Finally, although vacuum putty was still used at
the joint of the igniter and case forward dome, it eliminated asbestos as
one of its constituents.

Ground Support Equipment. Redesigned ground support equipment
(1) minimized the case distortion during handling at the launch site,
(2) improved the segment tang and clevis joint measurement system for
more accurate reading of case diameters to facilitate stacking, (3) mini-
mized the risk of O-ring damage during joint mating, and (4) improved
leak testing of the igniter, case, and nozzle field joints. A ground support
equipment assembly aid guided the segment tang into the clevis and
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rounded the two parts with each other. Other ground support equipment
modifications included transportation monitoring equipment and the lift-
ing beam.

Testing. Tests of the redesigned motor were carried out in a horizon-
tal attitude, providing a more accurate simulation of actual conditions of
the field joint that failed during the STS 51-L mission. In conjunction with
the horizontal attitude for the RSRM full-scale testing, NASA incorporat-
ed externally applied loads. Morton Thiokol constructed a second hori-
zontal test stand for certification of the redesigned SRM. The contractor
used this new stand to simulate environmental stresses, loads, and tem-
peratures experienced during an actual Space Shuttle launch and ascent.
The new test stand also provided redundancy for the original stand.

The testing program included five full-scale firings of the RSRM
prior to STS-26 to verify the RSRM performance. These included two
development motor tests, two qualification motor tests, and a production
verification motor test. The production verification motor test in August
1988 intentionally introduced severe artificial flaws into the test motor to
make sure that the redundant safety features implemented during the
redesign effort worked as planned. Laboratory and component tests were
used to determine component properties and characteristics. Subscale
motor tests simulated gas dynamics and thermal conditions for compo-
nents and subsystem design. Simulator tests, consisting of motors using
full-size flight-type segments, verified joint design under full flight loads,
pressure, and temperature.

Full-scale tests verified analytical models and determined hardware
assembly characteristics; joint deflection characteristics; joint perfor-
mance under short duration, hot-gas tests, including joint flaws and flight
loads; and redesigned hardware structural characteristics. Table 2-30 lists
the events involved in the redesign of the SRB and SRM as well as earli-
er events in their development.”

Upper Stages

The upper stages boost payloads from the Space Shuttle’s parking
orbit or low-Earth orbit to geostationary-transfer orbit or geosynchronous
orbit. They are also used on ELV missions to boost payloads from an
early stage of the orbit maneuver into geostationary-transfer orbit or geo-
synchronous orbit. The development of the upper stages used by NASA
began prior to 1979 and continued throughout the 1980s (Table 2-31).

The upper stages could be grouped into three categories, according to
their weight delivery capacity:

+ Low capacity: 453- to 1,360-kilogram capacity to geosynchronous
orbit

wSee Ezell, NASA Historical Data Book, Volume 111, for earlier events in
SRB development.
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*  Medium capacity: 1,360- to 3,175-kilogram capacity to geosynchro-
nous orbit

* High capacity: 3,175- to 5.443-kilogram capacity to geosynchronous
orbit

Inertial Upper Stages

DOD designed and developed the Inertial Upper Stage (IUS)
medium-capacity system for integration with both the Space Shuttle and
Titan launch vehicle. It was used to deliver spacecraft into a wide range
of Earth orbits beyond the Space Shuttle’s capability. When used with the
Shuttle, the solid-propellant IUS and its payload were deployed from the
orbiter in low-Earth orbit. The IUS was then ignited to boost its payload
to a higher energy orbit. NASA used a two-stage configuration of the [US
primarily to achieve geosynchronous orbit and a three-stage version for
planetary orbits.

The IUS was 5.18 meters long and 2.8 meters in diameter and
weighed approximately 14,772 kilograms. It consisted of an aft skirt, an
aft stage SRM with 9,707 kilograms of solid propellant generating
202,828.8 newtons of thrust, an interstage, a forward stage SRM with
2,727.3 kilograms of propellant generating 82,288 newtons of thrust and
using an extendible exit cone, and an equipment support section. The
equipment support section contained the avionics that provided guidance,
navigation, telemetry, command and data management, reaction control,
and electrical power. All mission-critical components of the avionics sys-
tem and thrust vector actuators, reaction control thrusters, motor igniter,
and pyrotechnic stage separation equipment were redundant to ensure
better than 98-percent reliability (Figure 2-15).
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Figure 2-15. Inertial Upper Stage
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The spacecraft was attached to the IUS at a maximum of eight attach-
ment points. These points provided substantial load-carrying capability
while minimizing thermal transfer. Several IUS interface connectors pro-
vided power and data transmission to the spacecraft. Access to these con-
nectors could be provided on the spacecraft side of the interface plane or
through the access door on the IUS equipment bay.

The IUS provided a multilayer insulation blanket of aluminized
Kapton with polyester net spacers and an aluminized beta cloth outer
layer across the IUS and spacecraft interface. All IUS thermal blankets
vented toward and into the IUS cavity. All gases within the IUS cavity
vented to the orbiter payload bay. There was no gas flow between the
spacecraft and the 1US. The thermal blankets were grounded to the IUS
structure to prevent electrostatic charge buildup.

Beginning with STS-26, the [US incorporated a number of advanced
features. It had the first completely redundant avionics system developed
for an uncrewed space vehicle. This system could correct in-flight fea-
tures within milliseconds. Other advanced features included a carbon
composite nozzle throat that made possible the high-temperature, long-
duration firing of the TUS motor and a redundant computer system in
which the second computer could take over functions from the primary
computer. if necessary.

Payload Assist Module

The Payload Assist Module (PAM), which was originally called the
Spinning Stage Upper Stage, was developed by McDonnell Douglas at its
own expense for launching smaller spacecraft to geostationary-transfer
orbit. It was designed as a higher altitude booster of satellites deployed in
near-Earth orbit but operationally destined for higher altitudes. The
PAM-D could launch satellites weighing up to 1,247 kilograms. It was
originally configured for satellites that used the Delta ELV but was used
on both ELVs and the Space Shuttle. The PAM-DII (used on STS 61-B
and STS 61-C) could launch satellites weighing up to 1,882 kilograms. A
third PAM, the PAM-A, had been intended for satellites weighing up to
1,995 kilograms and was configured for missions using the Atlas-
Centaur. NASA halted its development in 1982, pending definition of
spacecraft needs. Commercial users acquired the PAM-D and PAM-DII
directly from the manufacturer.

The PAM consisted of a deployable (expendable) stage and reusable
airborne support equipment. The deployable stage consisted of a spin-
stabilized SRM, a payload attach fitting to mate with the unmanned
spacecraft, and the necessary timing., sequencing, power, and control
assemblies.

The PAM’s airborne support equipment consisted of the reusable hard-
ware elements required to mount, support, control, monitor, protect, and
operate the PAM’s expendable hardware and untended spacecraft from
liftoff to deployment from the Space Shuttle or ELV. It also provided these
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functions for the safing and return of the stage and spacecraft in case of an
aborted mission. The airborne support equipment was designed to be as
self-contained as possible. The major airborne support equipment elements
included the cradle for structural mounting and support, the spin table and
drive system, the avionics system to control and monitor the airborne sup-
port equipment and the PAM vehicle, and the thermal control system.

The PAM stages were supported through the spin table at the base of
the motor and through restraints at the PAF. The forward restraints were
retracted before deployment. The sunshield of the PAM-D and DII pro-
vided thermal protection of the PAM/untended spacecraft when the Space
Shuttle orbiter payload bay doors were open on orbit.

Transfer Orbit Stage

The development of the Transfer Orbit Stage (TOS) began in April
1983 when NASA signed a Space System Development Agreement with
Orbital Sciences Corporation (OSC) to develop a new upper stage. Under
the agreement, OSC provided technical direction, systems engineering,
mission integration, and program management of the design, production,
and testing of the TOS. NASA, with participation by the Johnson and
Kennedy Space Centers, provided technical assistance during TOS devel-
opment and agreed to provide technical monitoring and advice during
TOS development and operations to assure its acceptability for use with
major national launch systems, including the STS and Titan vehicles.
NASA also established a TOS Program Office at the Marshall Space
Flight Center. OSC provided all funding for the development and manu-
facturing of TOS (Figure 2-16).

In June 1985, Marshall awarded a 16-month contract to OSC for a
laser initial navigation system (LINS) developed for the TOS. Marshall
would use the LINS for guidance system research, testing, and other pur-
poses related to the TOS program.

Production of the TOS began in mid-
1986. It was scheduled to be used on the
Advanced Communications Technology
Satellite (ACTS) and the Planetary
Observer series of scientific exploration
spacecraft, beginning with the Mars
Observer mission in the early 1990s.

The TOS could place 2,490 to
6,080 kilograms payloads into geosta-
tionary-transfer orbit from the STS and :
up to 5,227 kilograms from the Titan
Il and IV and could also deliver space-
craft to planetary and other high-ener-
gy trajectories. The TOS allowed
smaller satellites to be placed into geo-
stationary-transfer orbit in groups of

Figure 2-16.
Transfer Orbit Stage
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two or three. Two payloads of the Atlas class (1,136 kKilograms) or three
payloads of the Delta class (636 kilograms) could be launched on a sin-
gle TOS mission. Besides delivery of commercial communications satel-
lites, its primary market, the TOS would be used for NASA and DOD
missions.

The TOS system consisted of flight vehicle hardware and software
and associated airborne and ground support equipment required for
buildup. Table 3-32 lists its characteristics. Performance capabilities of
the TOS included:

*  Earth escape transfer capability

*  Geosynchronous transfer orbit capability
*  Orbit inclination change capability

* Low-altitude transfer capability

* Intermediate transfer orbit capability

*  De-orbit maneuver

* Satellite repair and retrieval

Apogee and Maneuvering System

The liquid bipropellant Apogee and Maneuvering System (AMS) was
designed to be used both with and independently of the TOS. The AMS
would boost the spacecraft into a circular orbit and allow on-orbit maneu-
vering. Martin Marietta Denver Aerospace worked to develop the AMS
with Rockwell International’s Rocketdyne Division, providing the AMS
RS-51 bipropellant rocket engine, and Honeywell, Inc., supplied the
TOS/AMS LINS avionics system.

When it became operational, the TOS/AMS combination would
deliver up to approximately 2,950 kilograms into geosynchronous orbit
from the orbiter’s parking orbit into final geosynchronous orbit. The
TOS/AMS would have a delivery capability 30 percent greater than the
IUS and would reduce stage and STS user costs. The main propulsion,
reaction control, avionics, and airborne support equipment systems would
be essentially the same as those used on the TOS. In particular, the avion-
ics would be based on a redundant, fault-tolerant LINS.

Operating alone, the AMS would be able to place communications
satellites weighing up to approximately 2,500 kilograms into geostation-
ary-transfer orbit after deployment in the standard Space Shuttle parking
orbit. Other missions would include low-orbit maneuvering between the
Shuttle and the planned space station, delivery of payloads to Sun-
synchronous and polar orbits, and military on-demand maneuvering capa-
bility. The AMS was planned to be available for launch in early 1989 and
would provide an alternative to the PAM-DII.

The avionics, reaction control system, and airborne support equip-
ment designs of the AMS would use most of the standard TOS compo-
nents. Main propulsion would be provided by the 2,650-pound thrust
Rocketdyne RS-51 engine. This engine was restartable and operable over
extended periods. A low-thrust engine option that provided 400 pounds of
thrust would also be available for the AMS.
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Centaur Upper Stage

NASA studied and began production in the early 1980s of a modified
Centaur upper stage for use with the STS for planetary and heavier geo-
synchronous mission applications. The proposed modifications would
increase the size of the propellant tanks to add about 50 percent more pro-
pellant capacity and make the stage compatible with the Space Shuttle.
This wide-body version would use the same propulsion system and about
85 percent of the existing Centaur’s avionics systems. Contracts were
negotiated with General Dynamics, Honeywell, Pratt & Whitney, and
Teledyne for the design, development, and procurement of Centaur upper
stages for the Galileo and International Solar Polar missions that were
scheduled for 1986.

However, following the Challenger accident, NASA determined that
even with modifications, the Centaur could not comply with necessary
safety requirements for use on the Shuttle. The Centaur upper stage ini-
tiative was then dropped.

Advanced Programs

Advanced programs focused on future space transportation activities,
including improving space transportation operations through the intro-
duction of more advanced technologies and processes, and on servicing
and protecting U.S. space assets. The following sections describe NASA’s
major advanced program initiatives. Several of the efforts progressed
from advanced program status to operational status during this decade.

Orbital Transfer Vehicle

NASA’s Advanced Planning/Programs Division of the Office of
Space Transportation identified the need for an Orbital Transfer Vehicle
(OTV) in the early 1980s, when it became obvious that a way was need-
ed to transport payloads trom the Space Shuttle’s low-Earth orbit to a
higher orbit and to retrieve and return payloads to the Shuttle or future
space station. The Marshall Space Flight Center was designated as the
lead center for the development effort, and the Lewis Research Center led
the propulsion system studies. An untended OTV was proposed for a first
flight in the early 1990s.

NASA believed that the use of aerobraking was necessary to make
the OTV affordable. Studies beginning in 1981 conducted at Marshall by
definition phase contractors Boeing Aerospace Company and General
Electric Reentry Systems determined that aerodynamic braking was an
efficient fuel-saving technigue for the OTV, perhaps doubling payload
capacity. This technique would use the Earth’s atmosphere as a braking
mechanism for return trips, possibly supplemented by the use of a ballute,
an inflatable drag device. When the transfer vehicle passed through the
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atmosphere, the friction of the air against the vehicle would provide
enough drag to slow the vehicle. Otherwise, a rocket engine firing would
be required to brake the vehicle. Aeroassist braking would save one burn,
and the extra fuel could be used to transport a larger payload to a high
orbit. The aeroassisted braking could result in about a twofold increase in
the amount of payload that could be ferried to high altitudes.

Boeing’s studies emphasized low lifting-body designs—"low lift-to-
drag ratio”—designs with a relatively low capability of lift to enable them
to fly, but ones that weigh less. General Electric Reentry Systems focused
on moderate lift-to-drag ratio designs—relatively moderate lift capability
and somewhat heavier weight.

In 1981, NASA designated the Lewis Research Center the lead cen-
ter for OTV propulsion technology. This program supported technology
for three advanced engine concepts that were developed by Aerojet
TechSystems, Pratt & Whitney, and Rocketdyne to satisfy a NASA-
supplied set of goals. The proposed engines would be used to transfer
loads—both personnel and cargo—between low-Earth orbit and geosyn-
chronous orbit, and beyond. In addition, because OTVs would face
requirements ranging from high-acceleration round-trip transfers for
resupply to very low-acceleration one-way transfers of large. flexible
structures. NASA investigated variable thrust propulsion systems, which
would provide high performance over a broad throttling range.

In 1983. NASA chose the same three contractors to begin a program
leading to the design, development, test, and engineering of the OTV.
These contracts expired in 1986. NASA sponsored another competitive
procurement to continue the OTV propulsion program. Funding was
reduced. and only Rocketdyne and Aerojet continued the advanced
engine technology development. Component testing began in 1988, and
further investigations into aerobraking continued into the 1990s.

The OTV would be used primarily to place NASA, DOD, and com-
mercial satellites and space platforms into geosynchronous orbit. The
OTV could also deliver large payloads into other orbits and boost plane-
tary exploration spacecraft into high-velocity orbits approaching their
mission trajectory. The vehicle was expected to use liquid oxygen-liquid
hydrogen propellants.

The OTV's reusable design provided for twenty flights before it had
to be refurbished or replaced. Because of its reusability, the OTV would
significantly reduce payload transportation costs.

At the same time, that Lewis was leading propulsion studies.
Marshall initiated studies in 1984 to define OTV concepts and chose
Boeing Aerospace and Martin Marietta to conduct the conceptual studies.
The studies examined the possibilities of both a space-based and an
Earth-based OTV. Both would initially be uncrewed upper stages. The
ultimate goal, however, was to develop a crewed vehicle capable of fer-
rying a crew capsule to geosynchronous orbit. The vehicle would then
return the crew and capsule for other missions. The development of a
crew capsule for the OTV was planned for the 1990s.
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The Space Shuttle would carry the Earth-based OTV into space. It
would be launched from the Shuttle's payload bay or from an aft cargo
carrier attached to the aft end of the Shuttle’s external tank. The OTV
would transfer payloads from a low orbit to a higher one. It would also
retrieve payloads in high orbits and return them to the Shuttle. The OTV
would then return to Earth in the Shuttle’s payload bay. The OTV would
separate from the Shuttle’s external tank at about the same time that the
payload was deployed from the orbiter’s cargo bay. The two components
would then join together and begin to travel to a higher orbit. This Earth-
based OTV offered the advantage of performing vehicle maintenance and
refueling on the ground with the help of gravity, ground facilities. and
workers who do not have to wear spacesuits.

A space-based OTV would be based at the future space station. It
would move payloads into higher orbit from the space station and then
return to its home there. It would be refueled and maintained at the space
station. Studies showed cost savings for space-based OTVs. This type of
OTV could be assembled in orbit rather than on the ground so it could be
larger than a ground-based unit and capable of carrying more payload.
Initial studies of an OTV that would be based at the space station were
completed in 1985.

A single-stage OTV could boost payloads of up to 7,272 kilograms to
high-Earth or geosynchronous orbit. A multistage OTV could provide up
to 36,363 kilograms to lunar orbit with 6.818.2 kilograms returned to
low-Earth orbit. After completing its delivery or servicing mission, the
OTV would use its rocket engines to start a descent. Skimming through
the thin upper atmosphere (above sixty kilometers), the OTVs aerobrake
would slow the OTV without consuming extra propellant. Then. because
of orbital dynamics, the OTV would navigate back to a low-Earth orbit.
When the OTV reached the desired orbital altitude, its rocket engines
would again fire, circularizing its orbit until it was retrieved by the Space
Shuttle or an orbital maneuvering vehicle (OMV) dispatched from the
space station.

NASA Administrator James M. Beggs stated in June 1985 that the
OTV would complement the proposed OMV. The OTV would transport
payloads from low-Earth orbit to destinations much higher than the OMV
could reach. The majority of the payloads transported by the OTV would
be delivered to geostationary orbit. Beggs envisioned that most OTVs
would be based at the space station, where they would be maintained.
fueled, and joined to payloads. In time, the OTV would also be used to
transport people (o geostationary orbit.

Orbital Maneuvering Vehicle
The OMV (Figure 2-17) was designed to aid satellite servicing and

retrieval. This uncrewed vehicle could be characterized as a “space tug,”
which would move satellites and other orbiting objects from place to
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place above the Earth. A reusable.
remotely operated unmanned propulsive
vehicle to increase the range of the STS,
the OMV was designed to be used pri-
marily for spacecraft delivery, retrieval,
boost, deboost, and close proximity visu-
al observation beyond the operating
range of the Space Shuttle. The vehicle
would extend the reach of the Shuttle up
to approximately 2,400 kilometers.

Concept definition studies were com-
pleted in 1983, and development began
toward a flight demonstration of the abil-
ity to refuel propellant tanks of an orbit-
ing satellite. In 1984, an in-tlight
demonstration of hydrazine fuel transfer
took place successfully on STS 41-G.
System definition studies were complet-

Figure 2-17. ed in 1985, and in June 1986, TRW was

Orbital Maneuvering Vehicle selected by NASA for negotiations lead-

ing to the award of a contract to develop

the OMYV. The Preliminary Requirements Review took place in 1987, and

the Preliminary Design Review was held in 1988, with the Marshall
Space Flight Center managing the effort.

NASA planned for the OMV to be available for its first mission in
1993, when it would be remotely controlled from Earth. In the early years
of use. NASA envisioned that the OMV would be deployed from the
Space Shuttle for each short-duration mission and returned to Earth for
servicing. Later, the vehicle would be left parked in orbit for extended
periods, for use with both the Shuttle and the space station. However, the
OMYV was the victim of budget cuts, and the contract with TRW was can-
celed in June 1990.

Tethered Satellite System

The Tethered Satellite System (TSS) program was a cooperative
effort between the government of Italy and NASA to provide the capa-
bility to perform science in areas of space outside the reach of the Space
Shuttle. The TSS would enable scientists to conduct experiments in the
upper atmosphere and ionosphere while tethered to the Space Shuttle as
its operating base. The system consisted of a satellite anchored to the
Space Shuttle by a tether up to 100 kilometers long. (Tethers are long.
superstrong tow lines joining orbiting objects together.)

The advanced development stage of the program was completed in
1983. and management for the TSS moved to the Space Transportation
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and Capability Development Division. In 1984, a study and laboratory
program was initiated to define and evaluate several applications of teth-
ers in space. Possible applications included power generation, orbit rais-
ing in the absence of propellants, artificial gravity, and space vehicle
constellations. In 1986, the Critical Design and Manufacturing Reviews
were conducted on the satellite and the deployer. In 1988, manufacture
and qualification of the flight subsystems continued. The twelve-meter
deployer boom, reel motor, and on-board computer were all qualified and
delivered. Also, manufacture of the deployer structure was initiated, and
the tether control mechanisms were functionally tested. A test program
was completed for the satellite structural and engineering models. The
flight satellite structure was due for delivery in early 1989. The develop-
ment of the scientific instruments continued, with delivery of flight satel-
lite instruments scheduled for early 1989. The first TSS mission was
scheduled for 1991,

Advanced Launch System

The Advanced Launch System, a joint NASA-DOD effort, was a Sys-
tems definition and technology advanced development program aimed at
defining a new family of launchers for use after 2000, including a new
heavy-lift vehicle. President Reagan signed a report to Congress in
January 1988 that officially created the program. Within this DOD-
funded program, NASA managed the liquid engine system and advanced
development efforts.

Next Manned Launch Vehicle

In 1988, attention was focused on examining various next-generation
manned launch vehicle concepts. Three possible directions were consid-
ered: Space Shuttle evolution, a personnel launch system, and an
advanced manned launch system. The evolution concept referred to the
option of improving the current Shuttle design through the incorporation
of upgraded technologies and capabilities. The personnel launch system
would be a people carrier and have no capability to launch payloads into
space. The advanced manned launch system represented an innovative
crewed transportation system. Preliminary studies on all three possibili-
ties progressed during 1988.

Shuttle-C

Shuttle-C (cargo) was a concept for a large, uncrewed launch vehicle
that would make maximum use of existing Space Shuttle systems with a
cargo canister in place of the orbiter. This proposed cargo-carrying launch
vehicle would be able to lift 45,454.5 to 68,181.8 kilograms to low-Earth
orbit. This payload capacity is two to three times greater than the Space
Shuttle payload capability.
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In October 1987. NASA selected three contractors to perform the
first of a two-phase systems definition study for Shuttie-C. The efforts
focused on vehicle configuration details, including the cargo element’s
length and diameter. the number of liquid-fueled main engines. and an
operations concept evaluation that included ground and flight support
systems. A major purpose of the study was to determine whether Shuttle-
C would be cost effective in supporting the space station. Using Shuttle-
C could free the Space Shuttle for STS-unique missions, such as solar
system exploration, astronomy, life sciences, space station crew rotation,
and logistics and materials processing experiments. Shuttle-C  also
would be used to launch planetary missions and serve as a test bed for
new Shuttle boosters.

The results of the Shuttle-C eftorts were to be coordinated with other
ongoing advanced launch systems studies to enable a joint steering group.
composed of DOD and NASA senior managers. The purpose of the steer-
ing group was to formulate a national heavy-lift vehicle strategy that best
accommodated both near-term requirements and longer term objectives
for reducing space transportation operational costs.

Advanced Upper Stages

Advanced missions in the future would require even greater capabil-
ities to move from low- to high-Earth orbit and beyond. During 1988,
activity in the advanced upper stages arca focused on the space transfer
vehicle (STV) and the possibility of upgrading the existing Centaur upper
stage. The STV concept involved a cryogenic hydrogen-oxygen vehicle
that could transport payloads weighing from 909.1 to 8.636 kilograms
from low-Earth orbit to geosynchronous orbit or the lunar surtace. as well
as for unmanned planetary missions. The STV concept could potentially
lead to a vehicle capable of supporting human exploration missions to the
Moon or Mars.

Advanced Solid Rocket Moror

The Advanced Solid Rocket Motor (ASRM) was an STS improve-
ment intended to replace the RSRM that was used on STS-26. The ASRM
would be based on a better design than the former rocket motor, contain
more reliable safety margins, and use automated manufacturing tech-
niques. The ASRM would also enhance Space Shuttle performance by
offering a potential increase of payload mass to orbit from 5454.5 kilo-
grams to 9090.9 kilograms for the Shuttle. In addition. a new study on lig-
uid rocket boosters was conducted that examined the feasibility of
replacing SRMs with liquid engines.

In March 1988, NASA submitted the “Space Shuttle Advanced Solid
Rocket Motor Acquisition Plan™ to Congress. This plan reviewed pro-
curement strategy for the ASRM and discussed implementation plans
and schedules. Facilities in Mississippi would be used for production
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and testing of the new rocket motor. In August 1988, NASA issued an
request for proposals to design, develop, test, and evaluate the ASRM.
Contract award was anticipated for early 1989, and the first flight using
the new motor was targeted for 1994.
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Table 2-25. Space Shuttle Main Engine Characteristics

93

Number of Engines
Thrust

Operating Life

Range of Thrust Level
Propellant

Nominal Burn Time
Prime Contractor

Three on each Shuttle
2,000,000 newtons each

7.5 hours and 55 starts
65%—-109% of rated power level
LOX/LLH:

522 sec.
Rockwell International
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Table 2-27. Space Shuttle External Tank Characteristics

Propellants

Length

Diameter

Weight of Propellant

Gross Liftoff Weight

Inert Weight of Lightweight Tank
Liquid Oxygen Max. Weight
Liquid Oxygen Tank Volume
Liquid Oxygen Tank Diameter
Liquid Oxygen Tank Length
Liquid Oxygen Tank Weight
Liquid Hydrogen Max. Weight
Liquid Hydrogen Tank Diameter
Liquid Hydrogen Tank Length
Liquid Hydrogen Tank Volume
Liquid Hydrogen Tank Weight (Empty)
Intertank Length

Intertank Diameter

Intertank Weight

Prime Contractor

LH:, LOX

46.8 m

84 m

700,000 kg
750,980 kg

30, 096 kg
617,774 kg
542,583 liters
8.4 m

15 m

5.454.5 kg empty
103, 257 kg

84 m

2946 m
1,458,228 liters
13,181.8 kg

6.9 m

8.4 m

5,500 kg

Martin Marietta Aerospace
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Table 2—-32. Transfer Orbit Stage Characteristics

Length 33m

Weight With Full Propellant Load 10,886 kg

Airborne Support Equipment Weight 1,450 kg

Payload to Geotransfer Orbit 6,080 kg from Shuttle

Payload to Planetary and High-Energy Orbits 5,227 kg from Titan 11 and 1V
Orbis 21 solid rocket motor

and attitude control system
1,360 ke to 3,175 kg capacity

Propulsion System

Capacity
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CHAPTER THREE
SPACE TRANSPORTATION/

HUMAN SPACEFLIGHT

Introduction

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 Shuttle: 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 changes that occurred as a result
of the accident; and the development of the Space Station program
through 1988, one of NASA’s major initiatives of the decade. It also
describes the budget for human spaceflight at NASA and the management
of human spaceflight activities.

The Last Decade Reviewed (1 969-1978)

The successful culmination of three major spaceflight programs and
steady progress in 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 (o
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 IVB
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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 198 I, devel-
opment of the new Space Shuttle moved slowly but steadily toward its
inaugural launch in 198]. The major component of the Space
Transportation System (STS), the Shuttle would perform a variety of
tasks in orbit, 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, the first test orbiter. in September 1976, setting off a series of
system and flight tests. The production of C olumbia, 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
orbital flight test scheduled for the spring of 198].

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

The inauguration of Space Shuttle flights dominated the decade from
1979 through 1988. Twenty-seven Shuttle flights took place, and twenty-
six of them were successful. However, from January 28, 1986, the mem-
ory of STS 5I-L dominated the thoughts of many Americans and
effectively overshadowed NASA’s considerable achievements. The loss
of life and, 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 com-
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mercial satellites and performed an array of scientific and engineering
experiments. The three Spacelab missions highlighted NASA's investiga-
tions aboard the Shuttle, studying everything from plant life and monkey
nutrition to x-ray emissions from clusters of galaxies.

The 1980s also included a push toward the development of a perma-
nently occupied space ctation. 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 clements 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 later
in this section.

The Space Shuttle program was the major segment of NASA's
National Space Transportation System (NSTS), managed by the Oftice 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 dircctly 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 field 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 NSTS office were located at NASA Headquarters, Johnson,
Kennedy, Marshall, 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 II 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 11 managers and were responsible for managing the
design, qualification, and manufacturing of Space Shuttle components, as
well as all 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 external tank.



SPACE TRANSPORTATION/HUMAN SPACEFLIGHT 111

Robert 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 a general 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 Il 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 all Space Shuttle program
elements. including flight software, orbiter, external tank, solid rocket
boosters, main engines, payloads, payload carriers, and Shuttle facilities.
His responsibilities also 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 rectitied. Two of the
recommendations (Recommendations Il 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 a memorandum released 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 responsibilities 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 Shuttle Projects Office had overall management and coordina-
tion responsibility for the Marshall elements involved in the Shuttle pro-
gram: 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. This included 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 directors to 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 organization 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.
Reliability. 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, Maintainabitity
and Quality Assurance

Deputy AA
Space Flight Deguly AA for
y
Safety Panel Assurance
Data Syatems
Support Staft y [Trend Assessment
Analysis Division Division
R R
[ .
Reliability, Center Saf(e)ty,
Maintainability & . Programs Realiability & Quality,
Quality Assurance Safety Division Assurance Division Assurance
Division Directorles

Figure 3-2. Safety, Reliabilitv, and Quality Assurance Office Organization
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The responsibilities 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 a three-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 a long-range assessment of NASA's
overall capabilities and requirements, including relationships between the
various space centers and NASA Headquarters. His report reflected dis-
cussions with representatives from all the NASA centers and the contrac-
tors involved 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. a Level A" was substituted, locat-
ed in the Washington metropolitan area, assuming the same functions
Johnson previously held (Figure 3-3).

Fletcher said the program would use the services of a top-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 Station 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
matters.

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-
tors for 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 international involve-
ment, fong-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 overall
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 a further reorganization of the Office
of Space Station in December 1986.



SPACE TRANSPORTATION/HUMAN SPACEFLIGHT {17

Associate

Adminisirator

Deputy Associate
Safety, Admunistralor

Reg?,g',','f: &+ — Deputy Associals

Assurance Administrator for
el Development

Speciat Assistanl

Senor Chuel
Engineer Scientist
[ I I I I ]
Strategic Plans
information A%‘:ﬁ;ﬁzz;\ Palicy Operations utihzalion A Pr%g(ams
Systems Division Division Dvision Dwision Dwision Dwision

Program
Director

Figure 3—4. Office of Space Station 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
all 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 requirements 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 development 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.
including 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 his retirement from NASA in April 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 Rescarch and Development (R&D) appropriation
through FY 1983. Beginning with FY 1984, the majority of funds for
human spacetlight 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 3—1, appropriated funding levels for human space-
flight for most ycars met NASA’s budget requests as submitted 10
Congress. The last column in the table shows the actual 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 all 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 a major 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 levels for individual pro-
grams 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 billion, 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 billion 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’s initial $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 development 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 initial 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 Commitiee on the Space Station
of the National Research Council (Washington. DC: National Academy Press,
September 1987).

‘Report 1o accompany Department of Housing and Urban
Development-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. In the FY 1988 Continuing Resolution 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 general—have been addressed previously in
Chapter 2, “Launch Systems.") The last 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 usctul 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 i, 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

'NSTS 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 111 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
orbital 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 Shuttle 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 Shuttle 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 structural 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 still 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 members in 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, deorbit, abort-to-orbit.
and abort-once-around and could provide up to 453.6 kilograms of



124 NASA HISTORICAL DATA BOOK

Main Engines
(3)

Deployabla
Orbital
Maneuvering
System
Enginea
@

Elevons

37.24 Meters

Remote Payload (L;::di"g
Ir
?::":“' Manlpuiator Bay Door
Dool System
e Arm
Orbiter Length

23.79 Meters

Figure 3-5. Space Shutile Orbiter

propellant to the aft reaction control system (RCS). The RCS, contained in
the two OMS pods and in a module 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 hydrogen—liquid 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-
allel 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 a thrust range of
65 to 109 percent, which provided for a high thrust level during liftoff and
the initial ascent phase but allowed thrust to be reduced to limit acceler-
ation 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 silica tiles 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 a backup) monitored all Space Shuttle
subsystems. They simultaneously processed data from every area of the
Shuttle, cach 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:

»  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 Palmdale assembly facility for
modifications on January 30, 1984, and was returned to the Kennedy
Space Center on July 14, 1985, for return to flight.

»  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,

*  Discovery (OV-103) was named after two ships. One was the vessel
in which Henry Hudson in 161011 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.

s Atlantis (OV-104) was named after a two-masted ketch operated for
the Woods Hole Oceanographic Institute 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.



126 NASA HISTORICAL DATA BOOK

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 a voyage 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.

Orbiter Purge, Vent, und 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, also 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 1o 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 a forward 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 via transmitted commands; checked data transmission errors and
crew control input errors: supported the annunciation of vehicle system
failures and out-of-tolerance 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) tlight 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 allowed the GPCs to fly the
vehicle: the flight crew simply selected the various operational sequences.
In the manual 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

The in-flight crew escape system was provided for use only when the
orbiter would be in controlled gliding flight and unable to reach a runway.
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 a landing site. The probability of the flight crew
surviving a ditching was very slim.

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 slide replaced the
emergency egress side hatch bar. It provided the orbiter flight crew mem-
bers with a rapid and safe emergency €gress through the orbiter mid-deck
ingress/egress side hatch after a normal opening of the side hatch or after
jettisoning of the side hatch at the nominal end-of-mission landing site or
at a remote or emergency landing site. The emergency egress slide 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 also
provided support for stabilizing scverely injured or ill crew members
until they were returned to Earth. The medical system consisted of the
medications and bandage kit and the emergency medical kit.

Operational Bioinstrumentation System. The operational bioinstru-
mentation system provided an amplitied electrocardiograph analog signal
from either of two designated flight crew members to 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 altitude 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 a radio/bea-
con, signal mirror, shroud cutter, pen gun flare kit, sea dye marker, smoke
tlare, and beacon.
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Sleeping Provisions. Sleeping provisions consisted of sleeping bags,
sleep restraints, or rigid sleep stations. During a mission with one shift,
all crew members slept 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 pro-
visions 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
meals, 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 egress to and from crew seats in the launch and landing configura-
tion, 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 cnter 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 3 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 a treadmill.

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 Instrumentation. 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/demultiplexcrs. 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 ook up the entire cargo-carrying capacity and
services of the orbiter, such as the Spacelab and some DOD payloads.

* 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.

*  Mid-deck payloads—smull, usually self-contained packages—were
stored in compartments on the mid-deck. These were ofien 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 & 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 of 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 land-
ing.

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.

EXTERNAL TANK ————=——""

SEPARATION g
-
- Ky

] \\ORBITAL INSERTION

~
~

- ~
” ~
~N
N
~

STAGING N N

N
BOOSTER N\
SPLASHDOWN R
T e o
P LI~ eXTERNAL TANK
IMPACT
TETA e
TERMINAL
LAUNGH PHASE

\_.._ HORIZONTAL T
LANDING >

EDWARDS AIR

FORCE BASE W

Figure 3-6. Typical STS Flight Profile




SPACE TRANSPORTATION/HUMAN SPACEFLIGHT 133

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 comiprised 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 major flight component consisted of indepen-
dent hardware checks and servicing in an operation called standalone 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
orbiter, 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 all 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. Loaded, 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 ser-
vicing 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 tlight.

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 formal 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 Shuttle 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 trom 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
located 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 all of the Apollo/Saturn V 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 arcas 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 ftlight schedule delays resulting from the STS 51-L
accident, NASA made an additional 105 pad modifications. These includ-
ed the installation 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

e Orbiter Access Arm

* 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
e 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).
The Vandenberg Air Force Base launch site in California was 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 allowable 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—rep-
resented 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 condi-
tions, or present 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 Shuttle for liftoff. All this took only a few 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 altitude 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-falling booster descended to an altitude 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, a truncated conc 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 liftoft, the spent solid rock-
et boosters, weighing about 7.484 kilograms, had slowed their descent specd
to about 100 kilometers per hour, and splashdown took place in the prede-
termined arca. There. a crew aboard a specially 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 translation 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 trajectory and cntered 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 a flight, such as a cabin 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):

«  The abort-to-orbit (ATO) mode was designed to allow the vehicle to
achieve a temporary 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

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 OMS 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
a ballistic trajectory, 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 a landing at or near the launch site.

A definite order of preference existed for the various abort modes. The
type of failure 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-site, in that order. The mode chosen was the highest
one that could be completed 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 communications were 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 require a contingency abort. Such an abort would maintain orbiter
integrity for in-flight crew escape if a landing could not be achieved at a
suitable landing tield.

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 onc 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-tlight crew escape system would be used before ditching
the orbiter.

Orbit Insertion. An orbit could be accomplished in two ways: the con-
ventional 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 OMS engines shortly after
MECQO, placing the orbiter into an elliptical orbit. A second OMS burn was
initiated when the orbiter reached apogee in its elliptical orbit. This brought
the orbiter into a near circular orbit. If required during a mission, the orbit
could be raised or lowered by additional tirings 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 ftuel could then be used for frequent changes in the operational
orbit, as called 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 altitude
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 sclecting 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 a typical 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
vector at a target. These activities were planned with fuel consumption,
vehicle thermal limits, payload requirements, and rendezvous/proximity
operations considerations in mind. The Mission Control Center, usually
referred to as “Houston,” controlled Space Shuttle 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 a variety of maneuvers, the Shuttle
used an array of forty-six large and small rocket thrusters—the OMS 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 all 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

*The 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 configurations that would facilitate postlanding
processing.

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-
el. 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 altitude. 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 as the
spacecraft stopped rolling, the ground team took sensor measurements 10
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 equipment 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 lefthand 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 Edwards Air Force Base, the same
procedures and ground support equipment applied as at Kennedy after the
orbiter 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 I'V
mission. Two flight control rooms contained the equipment needed to
monitor and control the missions.

The Mission Control Center assumed mission control functions when
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 tlight 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 a week. 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 almost 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
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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
a maneuver 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 principal investigators and commercial users who monitored
and controlled payloads being carried aboard the Space Shuttle. One of the
most extensive POCCs was 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 principal 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 Shuttle.

The POCC at the Goddard Space Flight Center controlled free-flying
spacecratt 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 control.

NASA Centers and Responsibilities

Several 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 faunch 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 Selection

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
Shuttle.

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 a test 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
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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 all 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 a technician skilled in operating Shuttle-unique equipment. The pay-
load sponsor or customer selected a payload specialist for a particular
mission. For NASA-sponsored spacecraft or experiments requiring a pay-
load specialist, the investigator nominated the specialist who was
approved by NASA.

Payload specialists 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 a company 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 ejection, parachute. and survival to prepare them in the event their air-
craft is disabled and they have to eject 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 students to 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 Il 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 all 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 a crew 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
a training management team that was assigned to a specific Shuttle flight.
The training involved carefully developed scripts and scenarios for the mis-
sion and was designed to permit the crew to operate as a closely integrated
teamn, performing normal flight operations according to a flight timeline.

About 10 weeks before a scheduled launch, the crew began “flight-
specific intcgrated 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, external 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.



e

e

SPACE TRANSPORTATION/HUMAN SPACEFLIGHT 147

Crew-Related Services

In support of payload missions. crew members provided unique
ancillary services in three specific arcas: EVA. intravehicular activity
(IVA), and in-flight maintenance. EVAs, also called spacewalks. referred
to activities in which crew members put on pressurized spacesuits and life
support systems (spacepaks). left the orbiter cabin, and performed various
payloud—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 1o 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 IV-3 (Leasat 3) communications satellite. The satellite’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 Hottman 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 Jater mission. Table 3-15 lists all of the operd-
tional and contingency EVAs that have taken place through 1988.

VA 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 developed before a flight and often involved EVA.

Space Shuttle Payloads

Space Shuttle payloads were classitied 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 access to

in space concerning astronomy, solar physics, space plasma physics, atmos-

pheric physics, Earth observations, life sciences, and materials sciences.
Spacelab was constructed from self-contained segments or modules,

It had two major subsections: cylindrical, pressurized crew modules and

The Spacelab components got all their electric, cooling, and other service
requirements from the orbiter. An instrument pointing system, also part of
the Spacelab, provided pointing for the various Spacelab experiment tele-

module controlled the pallet-mounted experiments. Spacelab missions
used the long module when more room was needed for laboralory-type
investigations, Equipment inside the crew modules was mounted in fifty-
centimeter-wide racks. These racks were easily removed between flights
80 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-

(Figure 3-8).

The igloo was a pressurized cylindrical canister 1,120 millimeters in
diameter and 2,384 millimeters in height and with 4 volume of two and
two-tenths cubic meters (Figure 3-9). It consisted of a primary structure,
a secondary structure, o removable 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 responsibilities 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 a training simulator. Support software and procedures devel-
opment. 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 Special 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 Specials 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 development nature
that met NASA's safety regulations were acceptable. Payloads were to be
self-contained, supplying their own power, means of data collection, and
cvent 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:

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

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

* 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 already 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 Special program and the Flight
Verification Payload received an early go-ahead for the STS-3 flight in
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March 1982. The first official Get-Away Special, a group of experiments
developed by Utah State University students, flew on STS-4. Details of
this Get-Away Special and the other Get-Away Special experiments can
be found in the detailed STS mission tables that follow.

Shuttle Student Involvement Program

The Shuttle Student Involvement Program (SSIP) was a joint 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-
iments would 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 a general 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
a joint 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
anticipated life span. Some free-flying payloads sent and received com-
munications 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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atmospheric conditions. The data gathered by the sensors was transmitted to
Earth either directly to a ground station or by way of a TDRS. Scientists on
Earth interpreted the data gathered by the instruments. Examples of this kind
of satellite were meteorological 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 Integration 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), Arlantis (OV-104), and Endeavour
(OV-105), the abort landing weight constraints could not exceed
22,906 kilograms of allowable 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 total 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-
al 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 a minimum, these reports listed the
mission 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 press kits prior to launch. These documents includ-
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 special 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 STS-4
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-
tern’s ability to safely perform Jaunch orbital operations, payload/sciemif-
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 as the 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 special developmental flight instrumentation that collected and
recorded temperatures and accelerations at various points around the
vehicle and motion from points around the Shuttle.

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 (o 100 percent of their rated power level (upgraded
engines throttled to 109 percent of this level on later flights) and down to
65 percent. Designed to provide | 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 Coefticient Identification Package and developmental flight
instrumentation instruments and ground tracking. Columbia lifted slightly
heavier payloads into space on each mission. The altitudes and speeds at
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which the solid rocket boosters and externa] 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 Columbiq experience any signifi-

from using wind tunnel data for computing Columbiq’s ascent path to
using aerodynamic data derived from the first two flj ghts. On STS-1 and
STS-2, the Shuttle showed a slight lofting—about 3.000 meters at main

the rockets hit the water, because it wag thought that recovery would be
easier if the chutes were not still attached.
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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 smooth 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 all 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
normal levels of fuel consumption and engine wear. Further testing
included startups after long periods of idleness in vacuum and low grav-
ity (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.

Orbital 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
orbit, 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 hours in 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 slightly 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 orbital 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 slightly 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 “barbecue roll” 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 altitude of
approximately 36,000 meters. From that altitude down 1o the ground, the
Shuttle shed heat by boiling ammonia 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 10 design standards or better.

The hydraulic subsystem  that controlled the movement of the
Shuttle’s engine nozzles, its airplane-like control flaps. and 1ts landing
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gear functioned welj 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 g
long coldsoak, and the crew found that the circulation pumps needed to

nated by the units’ hydrazine fuel.

The STS-2 mission was also cut short because of the failure of one of
the three Shuttle fue] cells that 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 filters to the pipes. This
failure allowed ap unscheduled test of the vehicle using only two fue]
cells instead of three, which were enough to handle ajj electrical needs,
Partly as a result of the Shuttle’s thermal stability, electricity consumption
by the orbiter proved to be lower than €xpected, ranging from fourteen to
seventeen kilowatts per hour in orbijt g Opposed to the predicted fifteen
to twenty kilowatts.

The Shuttle’s computers successfully demonstrated their ability o
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-orbijt navigation
and guidance aids thoroughly. The orbiter “sensed” its Position in space
by means of three inertial Measurement units, whoge 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 wag rolling. The star tracker could find jts guide
stars in both darkness and daylight. Its accuracy was better than expect-
ed, and the entire navigation instrument base showed stability under

how different orbiter attitudes affected radio Teception in space.

necessary Sensitivity, range of vision, remote control, and video-record-
ing capabilities.

Altitude Control. When in orbit, the Shuttle used its RCS 1o contro]
its attitude and to make small-scale Mmovements in space. The thrusting
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power and propellant usage of both types of RCS Jets were as expected,
with the smaller verniers more fuel-efficient than expected. Two of the four
vernier jets in Columbia’s tail area had a problem with the downward direc-
tion of their thrust. The exhaust hit the aft body flap and eroded some of its
protective tiles, which also reduced the power of the jets. One possible solu-
tion considered was to reorient these jets slightly on future orbiters.

The orbiter demonstrated its ability to come to rest after a maneuver.
At faster rates, it proved nearly impossible to stop the vehicle’s motion
without overshooting, then coming back to the required “stop™ position,
particularly with the large primary engines. Both types of thrusters were
used to keep the orbiter steady in “attitude hold” postures. The small
thrusters were particularly successful and fuel-efficient, holding the vehi-
cle steady down to one-third of a degree of drift at normal rates of fuel
use, which was three times their required sensitivity.

Further tests of the RCS assessed how well Columbia could hold
steady without firing its jets when differential forces of gravity tended to
tug the vehicle out of position. The results of these tests looked promising
for the use of “passive gravity gradient” attitudes for future missions
where steadiness for short periods of time was required without jet firings.

Remote Manipulator System. Ground simulators could not practice
three-dimensional maneuvers because the remote manipulator system
(RMS) arm was too fragile to support its own weight in Earth gravity.
Therefore, one of the most important as well as most time-consuming of
all OFT test series involved the fifteen-meter mechanical arm. This
Canadian-built device, jointed as a human arm at the shoulder, elbow, and
wrist, attached to the orbiter at various cradle points running the length of
the inside of the cargo bay. In place of a hand, the arm had a cylindrical
end effector that grappled a payload and held it rigid with wire snares. A
crew member controlled the arm from inside the orbiter. The arm could
be moved freely around the vehicle in a number of modes, with or with-
out help from the Shuttle’s computers.

The crew tested all manual and automatic drive modes during OFT.
They also tested the arm’s ability to grab a payload firmly, remove it from
a stowed position, then reberth it precisely and securely. Lighting and
television cameras also were verified—the crew relied on sensitive elbow
and wrist cameras as well as cameras mounted in the payload bay to mon-
itor operations. For the test program, special data acquisition cameras in
the cargo bay documented arm motion.

STS-2 was the first mission to carry the arm. Although the crew did
not pick up a payload with the arm, the astronauts performed manual
approaches to a grapple fixture in the cargo bay, and they found the arm
to control smoothly. The crew also began tests to see how the arm's
movement interacted with orbiter motions. The crew reported that firings
of the small vernier thrusters did not influence arm position, nor did arm
motions necessitate attitude adjustment firings by the orbiter.

STS-3 tests evaluated the arm with a payload. The end effector grap-
pled the 186-kilogram Plasma Diagnostics Package (PDP), removed it
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manually from its berth in the cargo bay, and maneuvered it automatical-
ly around the orbiter in support of OFT space environment studies. Pilot
Gordon Fullerton deployed and reberthed the package. Before one such
deployment, the arm automatically found its way to within 3.8 centime-
ters of the grapple point in accordance with preflight predictions. The
crew also verified the computer’s ability to automatically stop an arm
joint from rotating past the limit of its mobility. The third crew complet-
ed forty-eight hours of arm tests, including one unplanned demonstration
of the elbow camera’s ability to photograph Columbia’s nose area during
an on-orbit search for missing tiles.

Television cameras provided excellent views of arm operations in
both sunshine and darkness, and the STS-4 crew reported that nighttime
operations, although marginal, were still possible after three of the six
payload bay cameras failed. The third and fourth crews continued evalu-
ating vehicle interactions with arm motion by performing roll maneuvers
as the arm held payloads straight up from the cargo bay. This was done
with the PDP on STS-3 and with the Induced Environment
Contamination Monitor on STS-4, which weighed twice as much. In both
cases, the crew noted a slight swaying of the arm when the vehicle
stopped, which was expected.

The RMS was designed to move a payload of 29,250 kilograms, but
it was tested only with masses under 450 kilograms during OFT. Future
arm tests would graduate to heavier payloads, some with grapple points
fixed to simulate the inertias of even more massive objects.

The Shuttle Environment. In addition to these hardware checkouts,
the test program also assessed the Space Shuttle environment. This was
important for planning future missions that would carry instruments sen-
sitive to noise, vibration, radiation, or contamination. During OFT,
Columbia carried two sensor packages for examining the cargo bay envi-
ronment. The Dynamic, Acoustic and Thermal Environment experi-
ment—a group of accelerometers, microphones, and heat and strain
gauges—established that noise and stress levels inside the bay were gen-
erally lower than predicted. The Induced Environment Contamination
Monitor, normally secured in the cargo bay. was also moved around by
the manipulator arm to perform an environmental survey outside the
orbiter on STS-4.

The Contamination Monitor and the Shuttle-Spacelab Induced
Atmosphere Experiment and postlanding inspections of the cargo bay
backed up the Induced Environment Contamination Monitor’s survey of
polluting particles and gasses. These inspections revealed minor deposits
and some discoloration of films and painted surfaces in the bay, which
were still being studied after OFT. A new payload bay lining was added
after STS-4.

The PDP measured energy fields around the orbiter on STS-3. The
PDP, used in conjunction with the Vehicle Charging and Potential
Experiment, mapped the distribution of charged particles around the
spacecraft. These readings showed a vehicle that was relatively “quiet”
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electrically—it moved through the Earth’s energy fields with interference
levels much lower than the acceptable limits. The crew also discovered a
soft glow around some of the Shuttle’s surfaces that appeared in several
nighttime photographs. An experiment added to STS-4 to identify the glow’s
Spectrum supported a tentative explanation that the phenomenon resulted
from the interaction with atomic Oxygen in the thin upper atmosphere.

Inside the Shuttle, the cabin and mid-deck areas proved to be livable
and practical working environments for the crew members. The test flight
crews monitored cabin air quality, pressure, temperature. radiation, and
noise levels and filmed their chores and activities in space to document
the Shuttle’s “habitability.” The crews reported that their mobility inside
Columbia was excellent, and they found that anchoring themselves in low
gravity was easier than expected. There was almost no need for special
foot restraints, and the crew members could improvise with ordinary duct
tape attached to their shoes to hold themselves in place.

Descent and Landing

At the end of its time in orbit, the Space Shuttle’s payload bay doors
were closed, and the vehicle assumed a tail-first, upside-down posture
and retrofired its OMS engines to drop out of orbit. It then flipped to a
nose-up attitude and began its descent through the atmosphere back to
Earth. Figure 3-11 shows the STS-1 entry flight profile.

The Shuttle’s insulation needed to survive intact the burning friction
of reentry to fly on the next mission. Columbia’s aluminum surface was
covered with several different types of insulation during the test program,
with their distribution based on predicted heating patterns. These included
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more than 30,000 rigid silica tiles of two types (black for high tempera-
tures, white for lower) that accounted for over 70 percent of the orbiter’s
surface area.

Television cameras viewing the outside of the Shuttle clearly
revealed that several tiles had shaken loose during the vehicle’s ascent
and were missing from the aft engine pods. These tiles had not been den-
sified—a process that strengthened the bond between tile and orbiter—as
had all the tiles in critical areas and every tile installed after October
1979. No densified tiles were lost during the test flights.

On each flight, there was some damage to tile surfaces during launch
and reentry. Vehicle inspection revealed hundreds of pits and gouges after
STS-1 and STS-2. While the damage was not critical, many tiles needed
to be replaced. Crew reports, launch pad cameras, and cockpit films
recorded chunks of ice and/or insulation falling from the external tank;
during ascent and launch, pad debris flew up and hit the orbiter, and these
impacts were blamed for most of the tile damage. During the test pro-
gram, NASA instituted a general cleanup of the pad before launch, and
the removal of a particular insulation that had come loose from the boost-
er rockets reduced debris significantly. On the external tank, certain
pieces of ice-forming hardware were removed. As a result, impact dam-
age to the tiles was greatly reduced. While some 300 tiles needed to be
replaced after STS-1, fewer than forty were replaced after STS-4.

Weather also damaged some tiles during the test program. Factory
waterproofing of new tiles did not survive the heat of reentry, and
Columbia had to be sprayed with a commercial waterproofing agent after
each mission so as not to absorb rainwater on the pad. The waterproofing
agent was found to loosen tile bonds where it formed puddles, though,
and STS-3 lost some tiles as a result.

Then, while STS-4 sat on the pad awaiting launch, a heavy hail and
rainstorm allowed an estimated 540 kilograms of rainwater to be
absorbed into the porous tiles through pits made by hailstones. This water
added unwanted weight during ascent and later caused motion distur-
bances to the vehicle when the water evaporated into space. Shuttle engi-
neers planned to use an injection procedure to waterproof the interior of
the tiles for future missions.

As a whole, the thermal protection system kept the orbiter’s skin within
required limits during the OFT flights, even during the hottest periods of
reentry. For the test program’s last three flights, the crews performed short-
duration maneuver changes in the vehicle’s pitch angle that tested the effects
of different attitudes on heating. Heating on the control surfaces was
increased over the four flights, and on STS-3 and STS-4, the angle of entry
into the atmosphere was flown more steeply to collect data under even more
demanding conditions. Sensors on the orbiter reported temperatures consis-
tent with preflight predictions. Notable exceptions were the aft engine pods,
where some low-temperature flexible insulation was replaced with high-tem-
perature black tiles after STS-1 showed high temperatures and scorching.
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Aerodynamic Tests

The major objective of aerodynamic testing was (o verify controlled
flight over a wide range of altitudes (beginning at 120,000 meters where
the air is very thin) and velocities, from hypersonic to subsonic. In both
manual and automatic control modes, the vehicle flew very reliably and
agreed with wind tunnel predictions.

Each flight crew also conducted a number of maneuvers either as pro-
grammed inputs by the guidance computer or as control stick commands
by the crew in which the vehicles flaps and rudder were positioned to
bring about more demanding flight conditions or to fill data gaps where
wind tunnel testing was not adequate. These corrections were executed
perfectly. In the thin upper atmosphere, the Space Shuttle used its reac-
tion control thrusters to help maintain its attitude. Over the four test
flights, these thrusters showed a greater-than-expected influence on the
vehicle’s motion. The orbiter’s navigation and guidance equipment also
performed well during reentry. Probes that monitored air speeds were
successfully deployed at speeds below approximately Mach 3, and navi-
gational aids by which the orbiter checks its position relative to the
ground worked well with only minor adjustments.

Unlike returning Apollo capsules, the Space Shuttle had some cross-
range capability—it could deviate from a purely ballistic path by gliding
right or left of its aim point and so, even though it had no powered thrust
during final approach, it did have a degree of control over where it land-
ed. The largest cross-range demonstrated during the test program was
930 kilometers on STS-4.

The Space Shuttle could return to Earth under full computer control
from atmospheric entry to the runway. During the test program. however,
Columbia’s approach and landing were partly manual. The STS-1
approach and landing was fully manual. On STS-2, the auto-land control
was engaged at 1,500 meters altitude, and the crew took over at ninety
meters. Similarly, STS-3 flew on auto-land from 3,000 meters down to
thirty-nine meters before the commander took stick control. It was decid-
ed after an error in nose attitude during the STS-3 landing that the crew
should not take control of the vehicle so short a time before touchdown.
The STS-4 crew therefore took control from the auto-land as Columbia
moved into its final shallow glide slope at 600 meters. Full auto-land
capability remained to be demonstrated after STS-5, as did a landing with
a runway cross-wind.

Stress gauges on the landing gear and crew reports indicated that a
Shuttle landing was smoother than most commercial airplanes. Rollout on
the runway after touchdown fell well within the 4.500-meter design limit
on each landing, but the actual touchdown points were all considerably
beyond the planned touchdown points. This was because the Shuttle had
a higher ratio of lift to drag near the ground than was expected, and it
“floated” farther down the runway.
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Ground Work

The OFT program verified thousands of ground procedures, from
mating the vehicle before launch to refurbishing the solid rocket boosters
and ferrying the orbiter from landing site to launch pad. As the test pro-
gram progressed, many ground operations were changed or streamlined.
Certain tasks that had been necessary for an untried vehicle before
STS-1 could be eliminated altogether. As a result of this learning, the
“turnaround” time between missions was shortened dramatically—from
188 days for STS-2 to seventy-five days between STS-4 and STS-5.
Major time-saving steps included:

* Leaving cryogenic fuels in their on-board storage tanks between
flights rather than removing them after landing

* Alternating the use of primary and backup systems on each flight
rather than checking out both sets of redundant hardware on the
ground before each launch

* Reducing the number of tests of critical systems as they proved
flightworthy from mission to mission

The OFT program verified the soundness of the STS and its readiness
for future scientific, commercial, and defense applications.

Orbiter Experiments Program

Many of the experiments that flew on the first four Shuttle missions
were sponsored by the Office of Aeronautics and Space Technology
(Code R) through its Orbiter Experiments Program. NASA used the data
gathered from these experiments to verify the accuracy of wind tunnel
and other ground-based simulations made prior to flight, ground-to-flight
extrapolation methods, and theoretical computational methods.

The prime objective of these experiments was to increase the tech-
nology reservoir for the development of future (twenty-first century)
space transportation systems, such as single-stage-to-orbit, heavy-lift
launch vehicles and orbital transfer vehicles that could deploy and service
large, automated, person-tended, multifunctional satellite platforms and a
staffed, permanent facility in Earth orbit. The Orbiter Experiments
Program experiments included:

Aerodynamic Coefficient Identification Package

Shuttle Entry Air Data System

Shuttle Upper Atmospheric Mass Spectrometer

Data Flight Instrumentation Package

Dynamic, Acoustic and Thermal Environment Experiment
Infrared Imagery of Shuttle

Shuttle Infrared Leeside Temperature Sensing

* Tile Gap Heating Effects Experiment

* Catalytic Surface Effects
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Each of these experiments, plus the others listed in Table 3-16, is dis-
cussed as part of the individual “mission characteristics™ tables (Tables
3-17 through 3-20).

Mission Characteristics of the Test Missions (STS-1 Through STS-4)
STS-1

Objective. The mission objective was to demonstrate a safe ascent
and return of the orbiter and crew.

Overview. Columbia reported on spacecraft performance and the
stresses encountered during launch, flight, and landing. The flight suc-
cessfully demonstrated two systems: the payload bay doors with their
attached heat radiators and the RCS thrusters used for attitude control in
orbit. John W. Young and Robert L. Crippen tested all systems and con-
ducted many engineering tests, including opening and closing the cargo
bay doors. Opening these doors is critical to deploy the radiators that
release the heat that builds up in the crew compartment. Closing them is
necessary for the return to Earth.

Young and Crippen also documented their flight in still and motion
pictures. One view of the cargo bay that they telecast to Earth indicated
that all or part of sixteen heat shielding tiles were lost. The loss was not
considered critical as these pods were not subjected to intense heat, which
could reach 1.650° C while entering the atmosphere. More than
30,000 tiles did adhere. A detailed inspection of the tiles, carried out later,
however, revealed minor damage to approximately 400 tiles. About
200 would require replacement, 100 as a result of flight damage and
100 identified prior to STS-1 as suitable for only one flight.

Observations revealed that the water deluge system designed to sup-
press the powerful acoustic pressures of liftoff needed to be revised, after
the shock from the booster rockets was seen to be much larger than antic-
ipated. In the seconds before and after liftoff, a “rainbird” deluge system
had poured tens of thousands of gallons of water onto the launch platform
and into flame trenches beneath the rockets to absorb sound energy that
might otherwise damage the orbiter or its cargo. Strain gauges and micro-
phones measured the acoustic shock, and they showed up to four times
the predicted values in parts of the vehicle closest to the launch pad.

Although Columbia suffered no critical damage, the sound suppres-
sion system was modified before the launch of STS-2. Rather than dump-
ing into the bottom of the flame trenches, water was injected directly into
the exhaust plumes of the booster rockets at a point just below the exhaust
nozzles at the time of ignition. In addition. energy-absorbing water
troughs were placed over the exhaust openings. The changes were enough
to reduce acoustic pressures to 20 to 30 percent of STS-1 levels for the
second launch.
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STS-2
Objectives. NASA’s mission objectives for STS-2 were to:

* Demonstrate the reusability of the orbiter vehicle

* Demonstrate launch, on-orbit, and entry performance under condi-
tions more demanding than STS-1

*  Demonstrate orbiter capability to support scientific and applications
research with an attached payload

*  Conduct RMS tests

Overview. Originally scheduled for five days, the mission was cut
short because one of Columbia’s three fuel cells that converted supercold
(cryogenic) hydrogen and oxygen to electricity failed shortly after the
vehicle reached orbit. Milestones were the first tests of the RMS’s fifteen-
meter arm and the successful operation of Earth-viewing instruments in
the cargo bay. The mission also proved the Space Shuttle’s reusability.

In spite of the shortened mission, approximately 90 percent of the
major test objectives were successfully accomplished, and 60 percent of
the tests requiring on-orbit crew involvement were completed. The per-
formance of lower priority tests were consistent with the shortened mis-
sion, and 36 percent of these tasks were achieved.

The mission’s medical objectives were to provide routine and contin-
gency medical support and to assure the health and well-being of flight
personnel during all phases of the STS missions. This objective was
achieved through the careful planning, development, training, and imple-
mentation of biomedical tests and procedures compatible with STS oper-
ations and the application of principles of general preventive medicine. It
was also discovered that shortened sleep periods, heavy work loads, inad-
equate time allocation for food preparation and consumption, and esti-
mated lower water intake were just sufficient for a fifty-four-hour
mission. A plan was therefore developed to restructure in-flight timelines
and institute corrective health maintenance procedures for longer periods
of flight.

OSTA-1 was the major on-board mission payload. Sponsored by the
Office of Space and Terrestrial Applications, it is addressed in Chapter 2,
“Space Applications,” in Volume VI of the NASA Historical Data Book.

STS-3
Objectives. The NASA mission objectives for STS-3 were to:

* Demonstrate ascent, on-orbit, and entry performance under condi-
tions more demanding than STS-2 conditions

* Extend orbital flight duration

* Conduct long-duration thermal soak tests

* Conduct scientific and applications research with an attached payload
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Overview. NASA designated OSS-1 as the attached payload on
STS-3. The Office of Space Science sponsored the mission. This mission
is discussed in Chapter 4, “Space Science.”

The crew performed tests of the robot arm and extensive thermal test-
ing of Columbia itself during this flight. Thermal testing involved expos-
ing the tail, nose, and tip to the Sun for varying periods of time, rolling it
(“barbecue roll”) in between tests to stabilize temperatures over the entire
body. The robot arm tested satisfactorily, moving the PDP experiment
around the orbiter.

STS-4
Objectives. The NASA mission objectives for STS-4 were to:

* Demonstrate ascent, on-orbit, and entry performance under condi-
tions more demanding than STS-3 conditions

*  Conduct long-duration thermal soak tests

*  Conduct scientific and applications research with attached payloads

Overview. This was the first Space Shuttle launch that took place on
time and with no schedule delays. The mission tested the flying, handling.
and operating characteristics of the orbiter, performed more exercises
with the robot arm, conducted several scientific experiments in orbit, and
landed at Edwards Air Force Base for the first time on a concrete runway
of the same length as the Shuttle Landing Facility at the Kennedy Space
Center. Columbia also planned to conduct more thermal tests by expos-
ing itself to the Sun in selected altitudes, but these plans were changed
because of damage caused by hail, which fell while Columbia was on the
pad. The hail cut through the protective coating on the tiles and let rain-
water inside. In space, the affected area on the underside of the orbiter
was turned to the Sun. The heat of the Sun vaporized the water and pre-
vented further possible tile damage from freezing.

The only major problem on this mission was the loss of the two solid
rocket booster casings. The main parachutes failed to function properly,
and the two casings hit the water at too high a velocity and sank. They
were later found and examined by remote camera, but not recovered.

During the mission, the crew members repeated an STS-2 experiment
that required the robot arm to move an instrument called the Induced
Environmental Contamination Monitor around the orbiter to gather data
on any gases or particles being released by the orbiter. They also con-
ducted the Continuous Flow Electrophoresis System experiment, which
marked the first use of the Shuttle by a commercial concern, McDonnell
Douglas (Figure 3-12). In addition to a classified Air Force payload in the
cargo bay, STS-4 carried the first Get-Away Special—a series of nine
experiments prepared by students from Utah State University.

The payload bay was exposed to cold shadow for several hours after
opening of the doors. When the port-side door was closed at the end of
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Figure 3-12. Continuous Flow Electrophoresis System Mid-deck Gallery Location

the “coldsoak,” it failed to latch properly, as it did during the STS-3 mis-
sion. The solution on both flights was the same and was adopted as the
standard procedure for closing the doors following a long cold exposure:
the orbiter would hold a top-to-Sun position for fifteen minutes to warm
the cargo bay, then undergo a short “barbecue roll” to even out vehicle
temperatures, allowing the doors to close normaily.

Mission Characteristics of the Operational Missions (STS-5 Through
STS-27)

The Space Transportation System became operational in 1982, after
completing the last of four orbital flight tests. These flights had demon-
strated that the Space Shuttle could provide flexible, efficient transporta-
tion into space and back for crew members, equipment, scientific
experiments, and payloads. From this point, payload requirements would
take precedence over spacecraft testing. Table 3-21 summarizes Shuttle
mission characteristics. The narrative and tables that follow (Tables 3-22
through 3-44) provide more detailed information on each Shuttle mission.

STS-5

STS-5 was the first operational Space Shuttle mission. The crew
adopted the theme “We Deliver” as it deployed two commercial commu-
nications satellites: Telesat-E (Anik C-3) for Telesat Canada and SBS-C
for Satellite Business Systems. Each was equipped with the Payload Assist
Module-D (PAM-D) solid rocket motor, which fired about forty-five min-
utes after deployment, placing each satellite into highly elliptical orbits.
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The mission carried the first crew of four, double the number on the
previous four missions. It also carried the first mission specialists—
individuals qualified in satellite deployment payload support, EVAs, and
the operation of the RMS. This mission featured the first Shuttle landing
on the 15,000-foot-long concrete runway at Edwards Air Force Base in
California. NASA canceled the first scheduled EVA, or spacewalk, in the
Shuttle program because of a malfunction in the spacesuits.

Experiments on this mission were part of the Orbiter Experiments
Program, managed by NASA's Office of Aeronautics and Space
Technology (OAST). The primary objective of this program was to
increase the technology reservoir for the development of future space
transportation systems to be used by the Office of Space Flight for further
certification of the Shuttle and to expand its operational capabilities.
Figure 3—13 shows the STS-5 payload configuration, and Table 3-22 lists
the mission’s characteristics.

STS-6

STS-6, carrying a crew of four, was the first flight of Challenger,
NASA'’s second operational orbiter. The primary objective of this mission
was the deployment of the first Tracking and Data Relay Satellite
(TDRS-1) to provide improved tracking and data acquisition services to
spacecraft in low-Earth orbit. It was to be injected into a geosynchronous
transfer orbit by a two-stage inertial upper stage. The first stage fired as
planned, but the second stage cut off after only seventy seconds of a

Development
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Figure 3—13. STS-5 Paviload Configuration
(The payload was covered by a sunshield to protect against thermal extremes when
the orbiter bay doors were open. The sunshield, resembling a two-piece baby buggy
canopy, was constructed of tubular aluminum and mylar sheeting. )
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planned 103-second burn. TDRS entered an unsatisfactory elliptical orbit.
Excess propellant was used over the next several months to gradually cir-
cularize the orbit, using the spacecraft’s own attitude control thrusters.
The maneuver was successful, and TDRS-1 reached geosynchronous
orbit and entered normal service.

This mission featured the first successful spacewalk of the Space
Shuttle program, which was performed by astronauts Donald H. Peterson
and F. Story Musgrave. It lasted about four hours, seventeen minutes. The
astronauts worked in the cargo bay during three orbits, testing new tools
and equipment-handling techniques.

This mission used the first lightweight external tank and lightweight
solid rocket booster casings. The lightweight external tank was almost
4,536 kilograms lighter than the external tank on STS-1, with each weigh-
ing approximately 30,391 kilograms. The lightweight solid rocket boost-
er casings increased the Shuttle’s weight-carrying capability by about
363 kilograms. Each booster’s motor case used on STS-6 and future
flights weighed about 44,453 kilograms, approximately 1,814 kilograms
less than those flown on previous missions. Table 3-23 identifies the
characteristics of STS-6.

STS-7

STS-7 deployed two communications satellites, Telesat-F (Anik C-2)
and Palapa-B1 into geosynchronous orbit. Also, the Ku-band antenna
used with the TDRS was successfully tested.

The OSTA-2 mission was also conducted on STS-7. This mission
involved the United States and the Federal Republic of Germany (the
former West Germany) in a cooperative materials processing research
project in space. Further details of the OSTA-2 mission are in Chapter 2,
“Space Applications,” in Volume VI of the NASA Historical Data Book.

This mission used the RMS to release the Shuttle Pallet Satellite
(SPAS-01), which was mounted in the cargo bay. SPAS was the first
Space Shuttle cargo commercially financed by a European company. the
West German firm Messerschmitt-Bolkow-Blohm. Operating under its
own power, SPAS-01 flew alongside Challenger for several hours and
took the first full photographs of a Shuttle in orbit against a background
of Earth. The RMS grappled the SPAS-01 twice and then returned and
locked the satellite into position in the cargo bay.

STS-7 was the first Shuttle mission with a crew of five astronauts and
the first flight of an American woman, Sally Ride, into space. This mis-
sion also had the first repeat crew member—Robert Crippen. Details of
the mission are in Table 3-24.

STS-8

STS-8’s primary mission objectives were to deploy Insat 1B, complete
RMS loaded arm testing using the payload flight test article (PFTA),
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Figure 3—14. Payload Flight Test Article

accomplish TDRS/Ku-band communications testing, and achieve assigned
experiments and test objectives. The RMS carried its heaviest loads to date,
and the PFTA had several grapple points to simulate the inertias of even
heavier cargoes. Figure 3_14 illustrates the PFTA configuration.

STS-8 was the first Space Shuttle mission launched at night. The
tracking requirements for the Indian Insat 1B satellite, the primary pay-
load, dictated the time of launch. STS-8 also had the first night landing.

The crew performed the first tests of Shuttle-to-ground communica-
tions using TDRS. Launched into geosynchronous orbit on STS-6, TDRS
was designed to improve communications between the spacecraft and the
ground by relaying signals between the spacecraft and the ground, thus pre-
venting the loss of signal that occurred when using only ground stations.

This mission carried the first African-American astronaut, Guion S.
Bluford, to fly in space. Details of STS-8 are listed in Table 3-25.

STS-9

STS-9 carried the first Spacelab mission (Spacelab 1), which was
developed by ESA, and the first astronaut to represent ESA, Ulf Merbold
of Germany. It successfully implemented the largest combined NASA and
ESA partnership to date, with more than 100 investigators from eleven
European nations, Canada, Japan, and the United States. It was the longest
Space Shuttle mission up to that time in the program and was the first time
six crew members were carried into space on a single vehicle. The crew
included payload specialists selected by the science community.

The primary mission objectives were 10 verify the Spacelab system
and subsystem performance capability, to determine the Spacelab/orbiter
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interface capability, and to measure the induced environment, Secondary
mission objectives were to obtain valuable scientific, applications, and
technology data from a U.S.-European multidisciplinary payload and to
demonstrate to the user community the broad capability of Spacelab for
scientific research.

ESA and NASA Jointly sponsored Spacelab 1 and conducted investi-
gations on a twenty-four-hour basis, demonstrating the capability for

Altogether, seventy-three separate investigations were carried out in
astronomy and physics, atmospheric physics, Earth observations, life sci-
ences, materials sciences, space plasma physics, and technology—the
largest number of disciplines represented on a single mission. These
experiments are described in Chapter 4, “Space Science,” in Table 4-45.
Spacelab 1 had unprecedented large-scale direct interaction of the flight
crew with ground-based science investigators. .

All of the mission objectives for verifying Spacelab’s modules were
met, and Earth-based scientists communicated directly with the orbiting
Space crew who performed their experiments, collected data immediate-
ly, and offered directions for the experiments. Table 3-26 list the charac-
teristics of this mission.

STS 41-B

The primary goal of STS 41-B was to deploy into orbit two commer-
cial communications satellites—Western Union’s Westar VI and the
Indonesian Palapa-B2. (Failure of the PAM-D rocket motors left both

McNair, and Robert L. Stewart), flew in space for the first time.
This mission featured the first untethered spacewalks. Gas-powered
backpacks were used to demonstrate spacewalk techniques important for

craft. The crew members also tested several pieces of specialized equip-
ment during the two five-hour EVAs. The Manipulator Foot Restraint, a
portable workstation, was attached to the end of and maneuvered by the
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Figure 3—15. Manned Maneuvering Unit

RMS arm. Attached to the foot restraint, an astronaut could use the robot
arm as a space-age “cherry picker” to reach and work on various areas of
a satellite.

The RMS, just over fifteen meters long and built for the Space Shuttle
by the National Research Council of Canada, was to be used to deploy the
SPAS as a target for Manned Maneuvering Unit-equipped astronauts to
perform docking maneuvers. However, the SPAS remained in the payload
bay because of an electrical problem with the RMS. SPAS was to be used
as a simulated Solar Maximum satellite. The astronauts were to replace
electrical connectors attached to the SPAS during one of the spacewalks
to verify procedures that astronauts would perform on the actual repair
mission. The Manned Maneuvering Unit-equipped astronauts were also
to attempt to dock with the pallet satellite, thereby simulating maneuvers
needed to rendezvous, dock, and stabilize the Solar Maximum satellite.

The crew members conducted two days of rendezvous activities using
a target balloon (Integrated Rendezvous Target) to evaluate the naviga-
tional ability of Challenger’s on-board systems, as well as the interaction
among the spacecraft, flight crew, and ground control. The activities
obtained data from Challenger’s various sensors (the rendezvous radar.
star tracker, and crew optical alignment sight) required for rendezvous and
exercised the navigation and maneuvering capabilities of the on-board
software. The rendezvous occurred by maneuvering the orbiter to within
244 meters of its target from a starting distance of approximately 193.1
kilometers. In the process, sensors gathered additional performance data.
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This mission initiated the new Shuttle numbering system in which the
first numeral stood for the year, the second for the launch site (1 for
Kennedy, 2 for Vandenberg Air Force Base), and the letter for the origi-
nal order of the assignment. The mission characteristics are listed in
Table 3-27.

S1541-C

STS 41-C launched Challenger into its highest orbit yet so it could
rendezvous with the wobbling, solar flare-studying Solar Maximum
satellite, which had been launched in February 1980. Its liftoff from
Launch Complex 39’s Pad A was the first to use a “direct insertion”
ascent technique that put the Space Shuttle into an elliptical orbit with a
high point of about 461.8 kilometers and an inclination to the equator of
twenty-eight and a half degrees.

On the eleventh Shuttle flight, Challenger’s five-person crew suc-
cessfully performed the first on-orbit repair of a crippled satellite. After
failed rescue attempts early in the mission, the robot arm hauled the Solar
Max into the cargo bay on the fifth day of the mission (Figure 3-16).
Challenger then served as an orbiting service station for the astronauts,
using the Manned Maneuvering Unit, to repair the satellite’s fine-point-
ing system and to replace the attitude control system and
coronagraph/polarimeter electronics box during two six-hour spacewalks.

MEB
Changeout

FSS Locker

Figure 3-16. Solar Max On-Orbit Berthed Configuration
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The robot arm then returned the Solar Max to orbit to continue its study
of the violent nature of the Sun’s solar activity and its effects on Earth.
The successful in-orbit repair demonstrated the STS capability of “in-
space” payload processing, which would be exploited on future missions.

Challenger’s RMS released the Long Duration Exposure Facility into
orbit on this mission (Figure 3—-17). Carrying fifty-seven diverse, passive
experiments on this mission, it was to be left in space for approximately
one year but was left in space for almost six years before being retrieved
by STS-32 in January 1990.

Cinema 360 made its second flight, mounted in the cargo bay. The
35mm movie camera recorded the Solar Max rescue mission. A second
film camera. IMAX, flew on the Shuttle to record the event on 70mm film
designed for projection on very large screens. Table 3-28 contains the
details of this mission.

STS 41-D

Discovery made its inaugural flight on this mission, the twelfth flight
in the Space Shuttle program. The mission included a combination cargo
from some of the payloads originally manifested to fly on STS 41-D and
STS 41-F. The decision to remanifest followed the aborted launch of
Discovery on June 26 and provided for a minimum disruption to the
launch schedule.

Eailures of the PAM on earlier missions prompted an exhaustive
examination of production practices by the NASA-industry team. This
team established new test criteria for qualifying the rocket motors. The
new testing procedures proved satisfactory when the Shuttle successfully
deployed two communications satellites equipped with PAMs, SBS-4 and
Telstar 3-C, into precise geosynchronous transfer orbits. A third satellite,
Syncom IV-2 (also called Leasat-2), was equipped with a unique upper

o
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Figure 3—17. Long Duration Exposure Facility Configuration
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stage. This satellite was the first built especially for launch from the
Shuttle.

NASA's Office of Aeronautics and Space Technology (OAST) spon-
sored this mission, designated OAST-1. Details of this mission are located
in Chapter 3, “Aeronautics and Space Research and Technology,” in Volume
VI of the NASA Historical Data Book. Payload specialist Charles Walker, a
McDonnell Douglas employee, was the first commercial payload specialist
assigned by NASA to a Shuttle crew. At 21,319.2 kilograms, this mission
had the heaviest payload to date. Details of STS 41-D are in Table 3-29.

STS 41-G

This mission was the first with seven crew members and featured the
first flight of a Canadian payload specialist, the first to include two women,
the first spacewalk by an American woman (Sally Ride), the first crew mem-
ber to fly a fourth Space Shuttle mission, the first demonstration of a satellite
refueling technique in space, and the first flight with a reentry profile cross-
ing the eastern United States. OSTA-3 was the primary payload and was the
second in a series of Shuttle payloads that carried experiments to take mea-
surements of Earth. Details of the payload can be found in Chapter 2, “Space
Applications,” in Volume VI of the NASA Historical Data Book.

This mission deployed the Earth Radiation Budget Satellite less than
nine hours into flight. This satellite was the first of three planned sets of
orbiting instruments in the Earth Radiation Budget Experiment. Overall,
the program aimed to measure the amount of energy received from the
Sun and reradiated into space and the seasonal movement of energy from
the tropics to the poles.

The Orbital Refueling System experiment demonstrated the possibil-
ity of refueling satellites in orbit. This experiment required spacesuited
astronauts working in the cargo bay to attach a hydrazine servicing tool,
already connected to a portable fuel tank, to a simulated satellite panel.
After leak checks, the astronauts returned to the orbiter cabin, and the
actual movement of hydrazine from tank to tank was controlled from the
flight deck. Details of this mission are in Table 3-30.

STS 51-A

This mission deployed two satellites—the Canadian communications
satellite Telesat H (Anik-D2) and the Hughes Syncom IV-1 (Leasat-1)
communications satellitt—both destined for geosynchronous orbit. The
crew also retrieved two satellites, Palapa B-2 and Westar 6, deployed dur-
ing STS 41-B in February 1984. Astronauts Joseph P. Allen and Dale A.
Gardner retrieved the two malfunctioning satellites during a spacewalk.

Discovery carried the 3-M Company’s Diffusive Mixing of Organic
Solutions experiment in the mid-deck. This was the first attempt to grow
organic crystals in a microgravity environment, Figure 3—18 shows the STS
51-A cargo configuration, and Table 3-31 lists the mission’s characteristics.
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Figure 3—-18. STS 51-A Cargo Configuration
STS 51-C

STS 51-C was the first mission dedicated to DOD. A U.S. Air Force
inertial upper stage booster was deployed and met the mission objectives.

The Aggregation of Red Cells mid-deck payload tested the capabili-
ty of NASA’s Ames Research Center apparatus to study some character-
istics of blood and their disease dependencies under microgravity
conditions. NASA's Microgravity Science and Applications Division of
the Office of Space Science and Applications sponsored this experiment,
which was a cooperative effort between NASA and the Department of
Science and Technology of the government of Australia. For details of
this mission, see Table 3-32.

STS 51-D

STS 51-D deployed the Telesat- | (Anik C-1) communications satel-
lite attached to PAM-D motor. The Syncom IV-3 (also called Leasat-3)
was also deployed, but the spacecraft sequencer failed to initiate antenna
deployment, spinup, and ignition of the perigee kick motor. The mission
was extended two days to ensure that the sequencer start levers were in
the proper position. Astronauts S. David Griggs and Jeffrey A. Hoffman
performed a spacewalk to attach “flyswatter” devices to the RMS.
Astronaut M. Rhea Seddon engaged the Leasat lever using the RMS, but
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the postdeployment sequence failed to begin, and the satellite continued
to drift in a low-Earth orbit.

This mission also involved the first public official, Senator Jake Garn
from Utah, flying on a Space Shuttle mission; Garn carried out a number
of medical experiments. The crew members conducted three mid-deck
experiments as part of NASA’s microgravity science and applications and
space science programs: American Flight Echocardiograph, Phase
Partitioning Experiment, and Protein Crystal Growth. Another payload
was “Toys in Space,” an examination of simple toys in a weightless envi-
ronment, with the results to be made available to students. The mission’s
characteristics are in Table 3-33.

STS 51-B

The first operational flight of the Spacelab took place on STS 51-B.
Spacelab 3 provided a high-quality microgravity environment for delicate
materials processing and fluid experiments. (Table 4-46 describes the
individual Spacelab 3 experiments.) The primary mission objective was
to conduct science, application, and technology investigations (and
acquire intrinsic data) that required the low-gravity environment of Earth
orbit and an extended-duration, stable vehicle attitude with emphasis on
materials processing. The secondary mission objective was to obtain data
on research in materials sciences, life sciences, fluid mechanics, atmos-
pheric science, and astronomy. This mission was the first in which a prin-
cipal investigator flew with his experiment in space.

The NUSAT Get-Away Special satellite was successfully deployed.
The Global Low Orbiting Message Relay satellite failed to deploy from
its Get-Away Special canister and was returned to Earth. Details of this
mission are in Table 3-34.

STS 51-G

During this mission, NASA flew the first French and Arabian payload
specialists. The mission’s cargo included domestic communications satel-
lites from the United States, Mexico, and Saudi Arabia—all successfully
deployed.

STS 51-G also deployed and retrieved the Spartan-1, using the RMS.
The Spartan, a free-flyer carrier developed by NASA's Goddard Space
Flight Center, could accommodate scientific instruments originally devel-
oped for the sounding rocket program. The Spartan “family” of short-
duration satellites were designed to minimize operational interfaces with
the orbiter and crew. All pointing sequences and satellite control commands
were stored aboard the Spartan in a microcomputer controller. All data
were recorded on a tape recorder. No command or telemetry link was pro-
vided. Once the Spartan satellite completed its observing sequence, it
“safed” all systems and placed itself in a stable attitude to permit its
retrieval and return to Earth. NASA’s Astrophysics Division within the
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Office of Space Science and Applications sponsored the Spartan with a sci-
entific instrument on this mission provided by the Naval Research
Laboratory. The mission mapped the x-ray emissions from the Perseus
Cluster, the nuclear region of the Milky Way galaxy, and the Scorpius X-2.

In addition, the mission conducted a Strategic Defense Initiative
experiment called the High Precision Tracking Experiment. STS 51-G
included two French biomedical experiments and housed a materials pro-
cessing furnace named the Automated Directional Solidification Furnace.
Further details are in Table 3-35.

STS 51-F

STS 51-F was the third Space Shuttle flight devoted to Spacelab.
Spacelab 2 was the second of two design verification test flights required
by the Spacelab Verification Flight Test program. (Spacelab 1 flew on
STS-9 in 1983.) Its primary mission objectives were to verify the
Spacelab system and subsystem performance capabilities and to deter-
mine the Spacelab-orbiter and Spacelab-payload interface capabilities.
Secondary mission objectives were to obtain scientific and applications
data from a multidisciplinary payload and to demonstrate to the user com-
munity the broad capability of Spacelab for scientific research. The mon-
itoring of mission activities and a quick-look analysis of data confirmed
that the majority of Verification Flight Test functional objectives were
properly performed in accordance with the timeline and flight procedures.

NASA developed the Spacelab 2 payload. Its configuration included
an igloo attached to a lead pallet, with the instrument point subsystem
mounted on it, a two-pallet train, and an experiment special support struc-
ture. The instrument point subsystem-—a gimbaled platform attached to a
pallet that provides precision pointing for experiments requiring greater
pointing accuracy and stability than is provided by the orbiter—flew for
the first time on Spacelab 2. The Spacelab system supported and accom-
plished the experiment phase of the mission. The Spacelab 2 experiments
are listed in Table 4-47, and the overall mission characteristics are in
Table 3-36.

STS 51-1

STS 51-1 deployed three communications satellites, ASC-1.
Aussat-1, and Syncom 1V-4 (Leasat-4) . It also retrieved., repaired, and
redeployed Syncom IV-3 (Leasat-3) so that it could be activated from the
ground. Astronauts William F. Fisher and James D.A. van Hoften per-
formed two EVAs totaling eleven hours, fifty-one minutes. Part of the
time was spent retrieving, repairing, and redeploying the Syncom V-3,
which was originally deployed on STS 51-D.

Physical Vapor Transport of Organic Solids was the second micro-
gravity-based scientific experiment to fly aboard the Space Shuttle. (The
first was the Diffusive Mixing of Organic Solutions, which flew on
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STS 51-A in November 1984.) Physical Vapor Transport of Organic
Solids consisted of nine independent experimental cells housed in an
experimental apparatus container mounted on the aft bulkhead in the mid-
deck area. The crew interface was through a handheld keyboard and dis-
play terminal. Using this terminal, the crew selected and activated the
experiment cells, monitored cell temperatures and power levels, and per-
formed diagnostic tests. Table 3-37 includes the details of STS 51-L.

STS 51-J

STS 51-J was the second Space Shuttle mission dedicated to DOD.
Atlantis flew for the first time on this mission. Details are in Table 3-38.

STS 61-A

The “Deutschland Spacelab Mission D-1" was the first of a series of
dedicated West German missions on the Space Shuttle. The Federal
German Aerospace Research Establishment (DFVLR) managed Spacelab
D-1 for the German Federal Ministry of Research and Technology. DFVLR
provided the payload and was responsible for payload analytical and phys-
ical integration and verification, as well as payload operation on orbit. The
Spacelab payload was assembled by MBB/ERNO over a five-year period
at a cost of about $175 million. The D-1 was used by German and other
European universities, research institutes, and industrial enterprises, and it
was dedicated to experimental scientific and technological research.

This mission included 75 experiments, most performed more than
once (see Chapter 4). These included basic and applied microgravity
research in the fields of materials science, life sciences and technology.
and communications and navigation. Weightlessness was the common
denominator of the experiments carried out aboard Spacelab D-1.
Scientific operations were controlled from the German Space Operations
Center at Oberpfaffenhofen near Munich.

The mission was conducted in the long module configuration, which
featured the Vestibular Sled designed to provide scientists with data on
the functional organization of human vestibular and orientation systems.
The Global Low Orbiting Message Relay satellite was also deployed
from a Get-Away Special canister. Figure 3-19 shows the STS 61-A
cargo configuration, and Table 3-39 lists the mission’s characteristics.

STS 61-B

Three communications satellites were deployed on this mission:
Morelos-B, AUSSAT-2 and Satcom KU-2. The crew members conducted
two experiments to test the assembling of erectable structures in space:
Experimental Assembly of Structures in Extravehicular Activity and
Assembly Concept for Construction of Erectable Space Structure
(EASE/ACCESS), shown in Figure 3-20. These experiments required two
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Figure 3—19. STS 61-A Cargo Configuration

spacewalks by Astronauts Sherwood C. Spring and Jerry L. Ross lasting five
hours, thirty-two minutes and six hours, thirty-eight minutes, respectively.

This flight featured the first Mexican payload specialist, the first
flight of the PAM-D2, the heaviest PAM payload yet (on the Satcom), and
the first assembly of a structure in space. Table 3—40 contains STS 61-B’s
characteristics.

STS 61-C

This mission used the Hitchhiker. a new payload carrier system in the
Space Shuttle’s payload bay, for the first time. This Hitchhiker flight car-
rier contained three experiments in the Small Payload Accommodation
program: particle analysis cameras to study particle distribution within
the Shuttle bay environment, coated mirrors to test the effect of the
Shuttle’s environment, and a capillary pumped loop heat acquisition and
transport system.

Columbia successfully deployed the Satcom KU-1 satellite/PAM-D.
However, the Comet Halley Active Monitoring Program experiment, a
35mm camera that was to photograph Comet Halley, did not function
properly because of battery problems. This mission also carried Materials
Science Laboratory-2 (MSL-2), whose configuration is shown in
Figure 3-21.

Franklin R. Chang-Diaz was the first Hispanic American to journey
into space. He produced a videotape in Spanish for live distribution to
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audiences in the United States and Latin America via the NASA Select
television circuit. Details of this mission are in Table 3—41.

STS 51-L

The planned objectives of STS 51-L were the deployment of
TDRS-2 and the flying of Shuttle-Pointed Tool for Astronomy
(SPARTAN-203)/Halley’s Comet Experiment Deployable, a free-flying
module designed to observe the tail and coma of Halley’s comet with two
ultraviolet spectrometers and two cameras. Other cargo included the
Fluid Dynamics Experiment, the Comet Halley Active Monitoring
Program experiment, the Phase Partitioning Experiment, three SSIP
experiments, and a set of lessons for the Teacher in Space Project.
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See the following major section on the Challenger accident for
detailed information about this mission. STS 51-L’s characteristics are
listed in Table 3—42.

S§TS-26

This mission marked the resumption of Space Shuttle flights after the
1986 STS 51-L accident. The primary objective was to deliver TDRS-3 to
orbit (Figure 3-22). Meeting this objective, the satellite was boosted to
geosynchronous orbit by its inertial upper stage. TDRS-3 was the third
TDRS advanced communications spacecraft to be launched from the
Shuttle. (TDRS-1 was launched during Challenger’s first flight in April
1983. The second, TDRS-2. was lost during the 1986 Challenger accident.)

Secondary payloads on Discovery included the Physical Vapor
Transport of Organic Solids, the Protein Crystal Growth Experiment, the
Infrared Communications Flight Experiment, the Aggregation of Red
Blood Cells Experiment, the Isoelectric Focusing Experiment, the
Mesoscale Lightning Experiment, the Phase Partitioning Experiment, the
Earth-Limb Radiance Experiment, the Automated Directional
Solidification Furnace, and two SSIP experiments. Special instrumenta-
tion was also mounted in the payload bay to record the environment expe-
rienced by Discovery during the mission. The Orbiter Experiments
Autonomous Supporting Instrumentation System-1 (OASIS-1) collected
and recorded a variety of environmental measurements during the
orbiter’s in-flight phases. The data were used to study the effects on the
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orbiter of temperature, pressure, vibration, sound, acceleration, stress,
and strain.

See the section below on the Challenger accident and subsequent
return to space for information on changes to the Space Shuttle imple-
mented for this mission. STS-26’s characteristics are listed in Table 3—43.

STS-27

This was the third STS mission dedicated to DOD. Details of STS-27
are listed in Table 3—44.

The Challenger Accident and Return to Flight

Until the explosion that ended the STS 51-L mission on January 28,
1986, few had been aware of the flaws in the various systems and opera-
tions connected with the Space Shuttle. The investigations that followed
the accident, which interrupted the program for more than two years, dis-
closed that long-standing conditions and practices had caused the acci-
dent. The following section focuses on the activities of the commission
that investigated the explosion, the findings of the various investigations
that revealed problems with the Shuttle system in general and with
Challenger in particular, and the changes that took place in the Shuttle
program as a result of the investigations.
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The following documents have provided most of the data for this sec-
tion, and they provide a fascinating look at the events surrounding the
accident. The reader might consult them for additional insight about this
part of NASA history.

o STS 51-L Data and Design Analysis Task Force—Historical
Summary, June 1986

*  Report of the Presidential Commission on the Space Shuttle
Challenger Accident, Vol. I-1V, June 6, 1986

e Report to the President—Actions to Implement the Recommendations
of the Presidential Commission on the Space Shuttle Challenger
Accident, July 14, 1986

« “Statement by Dr. James Fletcher,” NASA administrator, regarding
revised Shuttle manifest, October 3, 1986

s Report to the President—Implementation of the Recommendations of
the Presidential Commission on the Space Shuttle Challenger
Accident, June 30, 1987

Immediately after the Challenger explosion, a series of events began
that occupied NASA for the next two years. culminating with the launch
of Discovery on the STS-26 mission. Table 3—45 summarizes the activi-
ties that took place from January 28, 1986, through September 29, 1988,
the Shuttle’s return to flight.

Presidential Commission
Formation and Activities of the Rogers Commission

On February 3, 1986, President Ronald Reagan appointed an inde-
pendent commission chaired by William P. Rogers, former secretary of
state and attorney general, and composed of persons not connected with
the mission to investigate the accident. The commission’s mandate was to:

1. Review the circumstances surrounding the accident to establish the
probable cause or causes of the accident

2. Develop recommendations for corrective or other action based upon
the commission’s findings and determinations®

Immediately after its establishment, the commission began its inves-
tigation and, with the full support of the White House, held public hear-
ings on the facts leading up to the accident.

*‘Report at a Glance, Report to the President by the Presidential Commission
on the Space Shuttle Challenger Accident (Washington, DC: U.S. Government
Printing Office, 1986), Preface (no page number).
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The commission construed its mandate to include recommendations
on safety matters that were not necessarily involved in this accident but
required attention to make future flights safer. Careful attention was given
to concerns expressed by astronauts. However, the commission felt that
its mandate did not require a detailed investigation of all aspects of the
Space Shuttle program nor a review of budgetary matters. Nor did the
commission wish to interfere with or displace Congress in the perfor-
mance of its duties. Rather, the commission focused its attention on the
safety aspects of future flights based on the lessons learned from the
investigation, with the objective of returning to safe flight. Congress rec-
ognized the desirability of having a single investigation of this accident
and agreed to await the commission’s findings before deciding what fur-
ther action it might find necessary.

For the first several days after the accident—possibly because of the
trauma resulting from the accident—NASA seemed to be withholding
information about the accident from the public. After the commission
began its work, and at its suggestion, NASA began releasing much infor-
mation that helped to reassure the public that all aspects of the accident
were being investigated and that the full story was being told in an order-
ly and thorough manner.

Following the suggestion of the commission, NASA also established
several teams of persons not involved with the 51-L launch process to
supported the commission and its panels. These NASA teams cooperated
with the commission and contributed to what was a comprehensive and
complete investigation.

Following their swearing in on February 6, 1986, commission members
immediately began a series of hearings during which NASA officials out-
lined agency procedures covering the Space Shuttle program and the status
of NASA’s investigation of the accident. On February 10, Dr. Alton G. Keel,
Jr.,, associate director of the Office of Management and Budget, was
appointed executive director. Dr. Keel gathered a staff of fifteen experi-
enced investigators from various government agencies and the military ser-
vices, as well as administrative personnel to support commission activities.

Testimony began on February 10 in a closed session, when the com-
mission began to learn of the troubled history of the solid rocket motor joint
and seals. Commission members discovered the first indication that the con-
tractor, Morton Thiokol, initially recommended against the launch on
January 27, 1986, the night before the launch of STS 51-L, because of con-
cerns regarding the effects of low temperature on the joint and seal.
Additional evidence supplied to the commission on February 13 and 14 pro-
vided the first evidence that the solid rocket motor joint and seal might have
malfunctioned, initiating the accident. The session on February 14 included
NASA and contractor participants who had been involved in the discussion
on January 27 about whether to launch Challenger. Following that session,
Chairman Rogers issued a statement noting that “the process [leading to the
launch of Challenger] may have been flawed” and that NASA’s Acting
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Administrator Dr. William Graham had been asked “not to include on the
investigating teams at NASA, persons involved in that process.™

The commission itself thus assumed the role of investigators and
divided itself into four investigative panels:

I. Development and Production. responsible for investigating the acqui-
sition and test and evaluation processes for Space Shuttle elements

2 Pre-Launch Activities, responsible for assessing the Shuttle system
processing, launch readiness process. and prelaunch security

3. Mission Planning and Operations, responsible for investigating mis-
sion planning and operations. schedule pressures, and crew safety
areas

4. Accident Analysis. charged with analyzing the accident data and
developing both an anomaly tree and accident scenarios

After the panels were finalized and the new approach described
before Congress, the working groups went to the Marshall Space Flight
Center. the Kennedy Space Center, and Morton Thiokol to begin analyz-
ing data relating to the accident.

A series of public hearings on February 25. 26, and 27 presented
additional information about the launch decision obtained from testimo-
ny by Thiokol, Rockwell. and NASA officials. At that time, details about
the history of problems with the then-suspect solid rocket motor joints
and seals also began emerging and focused the commission’s attention on
the need to document fully the extent of knowledge and awareness about
the problems within both Thiokol and NASA.

Following these hearings, separate panels conducted much of the com-
mission’s investigative efforts in parallel with full commission hearings.
Panel members made numerous trips to Kennedy, Marshall, the Johnson
Space Center. and Thiokol facilities in Utah to hold interviews and gather
and analyze data relating to their panels’ respective responsibilities.

At the same time, a general investigative staff held a series of indi-
vidual interviews to document fully the teleconference between NASA
and Thiokol officials the night before the launch: the history of joint
design and O-ring problems; NASA safety, reliability, and quality assur-
ance functions; and the assembly of the right solid rocket booster for
STS 51-L. Subsequent investigations by this group were directed toward
the effectiveness of NASA’s organizational structure, particularly the
Shuttle program structure, and allegations that there had been external
pressure on NASA to launch on January 28.

Members of the commission and its staff interviewed more than
160 individuals and held more than thirty-five formal panel investiga-
tions, which generated almost 12,000 pages of transcript. Almost
6.300 documents. totaling more than 122,000 pages. and hundreds of

"Ibid., Appendix A, Commission Activities, p. 206.
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photographs were examined and became part of the commission’s per-
manent data base and archives. These sessions and all the data gathered
added to the 2,800 pages of hearing transcripts generated by the commis-
sion in both closed and open sessions.

In addition to the work of the commission and its staff, more than
1.300 employees from all NASA facilities were involved in the investi-
gation and were supported by more than 1,600 people from other gov-
ermment agencies and more than 3,100 from NASA’s contractor
organizations. Particularly significant were the activities of the military,
the Coast Guard, and the National Transportation Safety Board in the sal-
vage and analysis of the Shuttle wreckage.

Description of the Accident

The flight of Challenger on STS 51-L began at 11:38 a.m., Eastern
Standard Time, on January 28, 1986. It ended 73 seconds later with the
explosion and breakup of the vehicle. All seven members of the crew
were killed. They were Francis R. Scobee, commander; Michael J. Smith,
pilot; mission specialists Judith A. Resnik, Ellison Onizuka, and Ronald
E. McNair; and payload specialists Gregory Jarvis of Hughes Aircraft and
S. Christa McAuliffe, a New Hampshire teacher—the first Space Shuitle
passenger/observer participating in the NASA Teacher in Space Program.
She had planned to teach lessons during live television transmissions.

The primary cargo was the second TDRS. Also on board was a
SPARTAN free-flying module that was to observe Halley’s comet.

The commission determined the sequence of flight events during the
73 seconds before the explosion and 37 seconds following the explosion
based on visual examination and image enhancement of film from
NASA-operated cameras and telemetry data transmitted by the Shuttle to
ground stations. Table 3—46 lists this sequence of events.

The launch had been the first from Pad B at Kennedy’s Launch
Complex 39. The flight had been scheduled six times earlier but had been
delayed because of technical problems and bad weather.

Investigation and Findings of the Cause of the Accident

Throughout the investigation, the commission focused on three criti-
cal questions:

1. What circumstances surrounding mission 51-L contributed to the cat-
astrophic termination of that flight in contrast to twenty-four suc-
cessful flights preceding it?

2. What evidence pointed to the right solid rocket booster as the source
of the accident as opposed to other elements of the Space Shuttle?

3. Finally, what was the mechanism of failure?
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Using mission data, subsequently completed tests and analyses, and
recovered wreckage, the commission identified all possible faults that
could originate in the respective flight elements of the Space Shuttle that
might have led to loss of Challenger. The commission examined the
launch pad, the external tank, the Space Shuttle main engines, the orbiter
and related equipment, payload/orbiter interfaces, the payload, the solid
rocket boosters, and the solid rocket motors. They also examined the pos-
sibility of and ruled out sabotage.

The commission eliminated all elements except the right solid rocket
motor as a cause of the accident. Four areas related to the functioning of
that motor received detailed analysis to determine their part in the accident:

1. Structural loads were evaluated, and the commission determined that
these loads were well below the design limit loads and were not con-
sidered the cause of the accident.

2. Failure of the case wall (case membrane) was considered, with the
conclusion that the assessments did not support a failure that started
in the membrane and progressed slowly to the joint or one that start-
ed in the membrane and grew rapidly the length of the solid rocket
motor segment.

3. Propellant anomalies were considered, with the conclusion that it was
improbable that propellant anomalies contributed to the STS 51-L
accident.

4. The remaining area relating to the functioning of the right solid rock-
et motor, the loss of the pressure seal at the case joint, was determined
to be the cause of the accident.

The commission released its report and findings on the cause of the
accident on June 9, 1986. The consensus of the commission and partici-
pating investigative agencies was that the loss of Challenger was caused
by a failure in the joint between the two lower segments of the right solid
rocket motor. The specific failure was the destruction of the seals that
were intended to prevent hot gases from leaking through the joint during
the propellant burn of the rocket motor. The evidence assembled by the
commission indicated that no other element of the Space Shuttle system
contributed to this failure.

In arriving at this conclusion, the commission reviewed in detail all
available data, reports, and records, directed and supervised numerous
tests, analyses, and experiments by NASA, civilian contractors, and var-
ious government agencies, and then developed specific scenarios and the
range of most probable causative factors. The commission released the
following sixteen findings:

1. A combustion gas leak through the right solid rocket motor aft field
joint initiated at or shortly after ignition eventually weakened and/or
penetrated the external tank initiating vehicle structural breakup and
loss of the Space Shuttle Challenger during STS mission 51-L.



192 NASA HISTORICAL DATA BOOK

2. The evidence shows that no other STS 51-L Shuttle element or the
payload contributed to the causes of the right solid rocket motor aft
field joint combustion gas leak. Sabotage was not a factor.

3. Evidence examined in the review of Space Shuttle material, manufac-
turing, assembly, quality control, and processing on non-
conformance reports found no flight hardware shipped to the launch
site that fell outside the limits of Shuttle design specifications.

4. Launch site activities, including assembly and preparation, from receipt
of the flight hardware to launch were generally in accord with estab-
lished procedures and were not considered a factor in the accident.

5. Launch site records show that the right solid rocket motor segments
were assembled using approved procedures. However, significant
out-of-round conditions existed between the two segments joined at
the right solid rocket motor aft field joint (the joint that failed).

a. While the assembly conditions had the potential of generating
debris or damage that could cause O-ring seal failure, these were
not considered factors in this accident.

b.  The diameters of the two solid rocket motor segments had grown
as a result of prior use.

c. The growth resulted in a condition at time of launch wherein the
maximum gap between the tang and clevis in the region of the
Jjoint’s O-rings was no more than 0.008 inch (0.2032 millimeter)
and the average gap would have been 0.004 inch (0.1016 mil-
limeter).

d. With a tang-to-clevis gap of 0.004 inch (0.1016 millimeter), the
O-ring in the joint would be compressed to the extent that it
pressed against all three walls of the O-ring retaining channel.

e. The lack of roundness of the segments was such that the smallest
tang-to-clevis clearance occurred at the initiation of the assem-
bly operation at positions of 120 degrees and 300 degrees around
the circumference of the aft field joint. It is uncertain if this tight
condition and the resultant greater compression of the O-rings at
these points persisted to the time of launch.

6. The ambient temperature at time of launch was 36 degrees F, or
15 degrees lower than the next coldest previous launch.

a. The temperature at the 300-degree position on the right aft field
Joint circumference was estimated to be 28 degrees plus or minus
5 degrees F. This was the coldest point on the joint.

b.  Temperature on the opposite side of the right solid rocket boost-
er facing the sun was estimated to be about 50 degrees F.

7. Other joints on the left and right solid rocket boosters experienced
similar combinations of tang-to-clevis gap clearance and tempera-
ture. It is not known whether these joints experienced distress during
the flight of 51-L.
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Experimental evidence indicates that due to several effects associat-

ed with the solid rocket booster’s ignition and combustion pressures

and associated vehicle motions, the gap between the tang and the cle-
vis will open as much as 0.017 and 0.029 inches (0.4318 and

0.7366 millimeters) at the secondary and primary O-rings, respectively.

a. This opening begins upon ignition, reaches its maximum rate of
opening at about 200-300 milliseconds, and is essentially com-
plete at 600 milliseconds when the solid rocket booster reaches
its operating pressure.

b, The external tank and right solid rocket booster are connected by
several struts, including one at 310 degrees near the aft field joint
that failed. This strut’s effect on the joint dvnamics is to enhance
the opening of the gap between the tang and clevis by about
10-20 percent in the region of 300-320 degrees.

O-ring resiliency is directly related to its temperature.

a. A warm O-ring that hus been compressed will return to its origi-
nal shape much quicker than will a cold O-ring when compres-
sion is relieved. Thus, a warm O-ring will follow the opening of
the tang-to-clevis gap. A cold O-ring may not.

b. A compressed O-ring at 75 degrees F is five times more respon-
sive in returning to its uncompressed shape than a cold O-ring at
30 degrees F.

¢ Asa result it is probable that the O-rings in the right solid boost-
er aft field joint were not following the opening of the gap
between the tang and clevis at time of ignition.

Experiments indicate that the primary mechanism that actuates

O-ring sealing is the application of gas pressure to the upstream

(high-pressure) side of the O-ring as it sits in its groove or channel.

a. For this pressure actuation 1o work most effectively, a space
between the O-ring and ils upstream channel wall should exist
during pressurization.

b. A tang-to-clevis gap of 0.004 inch (0.1016 millimeter), as proba-
bly existed in the failed joint, would have initiallv compressed the
O-ring to the degree that no clearance existed between the
O-ring and its upstream channel wall and the other two surfaces
of the channel.

¢.  Atthe cold launch temperature experienced, the O-ring would be
very slow in returning 1o its normal rounded shape. It would not
follow the opening of the tang-to-clevis gap. It would remain in
its compressed position in the O-ring channel and not provide a
space between itself and the upstream channel wall. Thus, it is
probable the O-ring would not be pressure actuated 1o seal the
gap in time to preclude joint failure due to blow-by and erosion
from hot combustion gases.
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The sealing characteristics of the solid rocket booster O-rings are

enhanced by timely application of motor pressure.

a. ldeally, motor pressure should be applied to actuate the O-ring
and seal the joint prior to significant opening of the tang-ro-
clevis gap (100 to 200 milliseconds after motor ignition).

b.  Experimental evidence indicates that lemperature, humidity and
other variables in the putty compound used to seal the joint can
delay pressure application to the Joint by 500 milliseconds or more.

c.  This delay in pressure could be a Jactor in initial joint failure.

Of 21 launches with ambient lemperatures of 61 degrees F or greater,

only four showed signs of O-ring thermal distress; i.e., erosion or

blow-by and soot. Each of the launches below 61 degrees F resulted
in one or more O-rings showing signs of thermal distress.

a. Of these improper joint sealing actions, one-half occurred in the
aft field joints, 20 percent in the center field joints, and 30 per-
cent in the upper field joints. The division between left and right
solid rocket boosters was roughly equal.

b.  Each instance of thermal O-ring distress was accompanied by a
leak path in the insulating putty. The leak path connects the rock-
et’s combustion chamber with the O-ring region of the tang and
clevis. Joints that actuated without incident may also have had
these leak paths.

There is a possibility that there was water in the clevis of the STS

31-L joints since water was found in the STS-9 Jjoints during a destack

operation dfter exposure to less rainfall than STS 51-L. At time of

launch, it was cold enough that water present in the joint would
freeze. Tests show that ice in the Joint can inhibit proper secondary
seal performance.

A series of puffs of smoke were observed emanating from the 51-L aft

field joint area of the right solid rocket booster between 0.678 and

2.500 seconds after ignition of the Shuttle solid rocket motors.

a.  The puffs appeared at a frequency of about three pulfs per sec-
ond. This roughly matches the natural structural Jrequency of the
solids at lift off and is reflected in slight cyclic changes of the
tang-to-clevis gap opening.

b.  The puffs were seen to be moving upward along the surface of the
booster above the aft field joint.

¢.  The smoke was estimated to originate at a circumferential posi-
tion of between 270 degrees and 315 degrees on the booster aft
field joint, emerging from the top of the joint.

This smoke from the aft field joint at Shuttle lift off was the first sign

of the failure of the solid rocket booster O-ring seals on STS 51-L.

The leak was again clearly evident as a flame at approximately

58 seconds into the flight. It is possible that the leak was continuous

but unobservable or non-existent in portions of the intervening peri-

od. It is possible in either case that thrust vectoring and normal vehi-
cle response to wind shear as well as planned maneuvers reinitiated
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or magnified the leakage from a degraded seal in the period preced-

ing the observed flames. The estimated position of the flame, centered

at a point 307 degrees around the circumference of the aft field joint,
was confirmed by the recovery of two fragments of the right solid
rocket booster.

a. A small leak could have been present that may have grown to
breach the joint in flame at a time on the order of 58 to 60 sec-
onds after lift off.

b.  Alternatively, the O-ring gap could have been resealed by depo-
sition of a fragile buildup of aluminum oxide and other combus-
tion debris. This resealed section of the joint could have been
disturbed by thrust vectoring, Space Shuttle motion and flight
loads inducted by changing winds aloft.

¢. The winds aloft caused control actions in the time interval of
32 seconds to 62 seconds into the flight that were typical of the
largest values experienced on previous missions.

Conclusion. In view of the findings, the commission concluded that
the cause of the Challenger accident was the failure of the pressure seal
in the aft field joint of the right solid rocket booster. The failure was due
to a faulty design unacceptably sensitive to a number of factors. These
factors were the effects of temperature, physical dimensions, the charac-
ter of materials, the effects of reusability, processing and the reaction of
the joint to dynamic loading.*

Contributing Causes of the Accident

In addition to the failure of the pressure seal as the primary cause of
the accident, the commission identified a contributing cause of the acci-
dent having to do with the decision to launch. The commission conclud-
ed that the decision-making process was flawed in several ways. The
testimony revealed failures in communication, which resulted in a deci-
sion to launch based on incomplete and sometimes misleading informa-
tion, a conflict between engineering data and management judgments,
and a NASA management structure that permitted internal flight safety
problems to bypass key Shuttle managers.

The decision to launch concerned two problem areas. One was the
low temperature and its effect on the O-ring. The second was the ice that
formed on the launch pad. The commission concluded that concerns
regarding these issues had either not been communicated adequately to
senior management or had not been given sufficient weight by those who
made the decision to launch.

O-Ring Concerns. Formal preparations for launch, consisting of the
Level | Flight Readiness Review and Certification of Flight Readiness to

“Ibid., Findings. pp. 70-72.
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the Level 1T program manager at the Johnson Space Center, were fol-
lowed in a procedural sense for STS 51-L. However, the commission
concluded that relevant concerns of Level III NASA personnel and ele-
ment contractors had not been, in critical areas, adequately communicat-
ed to the NASA Levels I and IT management responsible for the launch.
In particular, objections to the launch voiced by Morton Thiokol engi-
neers about the detrimental effect of cold temperatures on the perfor-
mance of the solid rocket motor joint seal and the degree of concern of
Thiokol and the Marshall Space Flight Center about the erosion of the
joint seals in prior Shuttle flights, notably STS 51-C and 51-B, were not
communicated sufficiently.

Since December 1982, the O-rings had been designated a “Criticality
1" feature of the solid rocket booster design, meaning that component
failure without backup could cause a loss of life or vehicle. In July 1985,
after a nozzle joint on STS 51-B showed secondary O-ring erosion, indi-
cating that the primary seal failed, a launch constraint was placed on
flight STS 51-F and subsequent launches. These constraints had been
imposed and regularly waived by the solid rocket booster project manag-
er at Marshall, Lawrence B. Mulloy. Neither the launch constraint, the
reason for it, nor the six consecutive waivers prior to STS 51-L were
known to Associate Administrator for Space Flight Jesse W. Moore
(Level I), Aldrich Arnold, the manager of space transportation programs
at the Johnson Space Center (Level II), or James Thomas, the deputy
director of launch and landing operations at the Kennedy Space Center at
the time of the Flight Readiness Review process for STS 51-L.

In addition, no mention of the O-ring problems appeared in the
Certification of Flight Readiness for the solid rocket booster set desig-
nated B1026 signed for Thiokol on January 9, 1986, by Joseph Kilminster.
Similarly, no mention appeared in the certification endorsement, signed
on January 15, 1986, by Kilminster and Mulloy. No mention appeared in
the entire chain of readiness reviews for STS 51-L, contrary to testimony
by Mulloy, who claimed that concern about the O-ring was “in the Flight
Readiness Review record that went all the way to the L-1 review.™

On January 27 and through the night to January 28, NASA and con-
tractor personnel debated the wisdom of launching on January 28, in light
of the O-ring performance under low temperatures. Table 3—47 presents
the chronology of discussions relating to temperature and the decision to
launch. Information is based on testimony and documents provided to the
commission through February 24, 1986. Except for the time of launch, all
times are approximate.

According to the commission, the decision to launch Challenger was
flawed. Those who made that decision were unaware of the recent histo-
ry of problems concerning the O-rings and the joints and were unaware

‘Ibid., p. 85, from Commission Hearing Transcript, May 2, 1986,
pp- 2610-11.
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of the initial written recommendation of the contractor advising against
the launch at temperatures below 53 degrees F and the continuing oppo-
sition of the engineers at Thiokol after management reversed its position.
If the decision makers had known all of the facts, it is highly unlikely that
they would have decided to faunch STS 51-L on January 28, 1986. The
commission revealed the following four findings:

1.

The commission concluded that there was a serious flaw in the deci-
sion-making process leading up to the launch of flight 51-L. A well-
structured and managed system emphasizing safety would have
flagged the rising doubts about the solid rocket booster joint seal. Had
these matters been clearly stated and emphasized in the flight readi-
ness process in terms reflecting the views of most of the Thiokol
engineers and at least some of the Marshall engineers, it seems like-
ly that the launch of 51-L might not have occurred when it did.

The waiving of launch constraints seems to have been at the expense
of flight safety. There was no system that mandated that launch con-
straints and waivers of launch constraints be considered by all levels
of management.

The commission noted what seemed to be a propensity of manage-
ment at Marshall to contain potentially serious problems and to
attempt to resolve them internally rather than communicate them for-
ward. This tendency. the commission stated, was contrary to the need
for Marshall to function as part of a system working toward success-
ful flight missions, interfacing and communicating with the other
parts of the system that worked to the same end.

The commission concluded that Thiokol management reversed its
position and recommended the launch of 51-L at the urging of
Marshall and contrary to the views of its engineers in order to accom-
modate a major customer.

Ice on the Launch Pad. The commission also found that decision

makers did not clearly understand Rockwell’s concern that launching was
unsafe because of ice on the launch pad and whether Rockwell had indeed
recommended the launch. They expressed concern about three aspects of
this issue:

1.

An analysis of all of the testimony and interviews established that
Rockwell’s recommendation on launch was ambiguous. The com-
mission found it difficult, as did Aldrich, to conclude that there was a
no-launch recommendation. Moreover, all parties were asked specif-
ically to contact Aldrich or other NASA officials after the 9:00 a.m.
Mission Management Team meeting and subsequent to the resump-
tion of the countdown.

The commission was also concerned about NASA’s response to
Rockwell’s position at the 9:00 a.m. meeting. The commission was
not convinced Levels I and 11 appropriately considered Rockwell’s
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concern about the ice. However ambiguous as Rockwell’s position
was, it was clear that Rockwell did tell NASA that the ice was an
unknown condition. Given the extent of the ice on the pad, the admit-
ted unknown effect of the solid rocket motor and Space Shuttle main
engines’ ignition on the ice, as well as the fact that debris striking the
orbiter was a potential flight safety hazard, the commission found the
decision to launch questionable. In this situation, NASA seemed to be
requiring a contractor to prove that it was not safe to launch, rather
than proving it was safe. Nevertheless, the commission determined
that the ice was not a cause of the 51-L accident and did not conclude
that NASA’s decision to launch specifically overrode a no-launch rec-
ommendation by an element contractor.

3. The commission concluded that the freeze protection plan for Launch
Pad 39-B was inadequate. The commission believed that the severe
cold and presence of so much ice on the fixed service structure made
it inadvisable to launch and that margins of safety were whittled
down too far. Additionally, access to the crew emergency slide wire
baskets was hazardous due to icy conditions. Had the crew been
required to evacuate the orbiter on the launch pad, they would have
been running on an icy surface. The commission believed that the
crew should have been told of the condition and that greater consid-
eration should have been given to delaying the launch.

Precursor to the Accident

Earlier events helped set the stage for the conditions that caused the
STS 51-L accident. The commission stated that the Space Shuttle’s solid
rocket booster problem began with the faulty design of its joint and
increased as both NASA and contractor management first failed to rec-
ognize the problem, then failed to fix it, and finally treated it as an accept-
able flight risk.

Morton Thiokol did not accept the implication of tests early in the
program that the design had a serious and unanticipated flaw. NASA did
not accept the judgment of its engineers that the design was unacceptable,
and as the joint problems grew in number and severity, NASA minimized
them in management briefings and reports. Thiokol’s stated position was
that “the condition is not desirable but is acceptable.””

Neither Thiokol nor NASA expected the rubber O-rings sealing the
joints to be touched by hot gases of motor ignition, much less to be par-
tially burned. However, as tests and then flights confirmed damage to the
sealing rings, the reaction by both NASA and Thiokol was to increase the
amount of damage considered “acceptable.” At no time, the commission
found, did management either recommend a redesign of the joint or call
for the Shuttle’s grounding until the problem was solved.

“Ibid., p. 120, from Report, “STS-3 Through STS-25 Flight Readiness
Reviews to Level IIT Center Board.” NASA.
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The commission stated that the genesis of the Challenger accident—
the failure of the joint of the right solid rocket motor—began with deci-
sions made in the design of the joint and in the failure by both Thiokol
and NASA's solid rocket booster project office to understand and respond
to facts obtained during testing. The commission concluded that neither
Thiokol nor NASA responded adequately to internal warnings about the
faulty seal design. Furthermore, Thiokol and NASA did not make a time-
ly attempt to develop and verify a new seal after the initial design was
shown to be deficient. Neither organization developed a solution to the
unexpected occurrences of O-ring erosion and blow-by, even though this
problem was experienced frequently during the Shuttle’s flight history.
Instead, Thiokol and NASA management came to accept erosion and
blow-by as unavoidable and an acceptable flight risk. Specifically, the
commission found that:

1. The joint test and certification program was inadequate. There was no
requirement to configure the qualifications test motor as it would be
in flight, and the motors were static-tested in a horizontal position,
not in the vertical flight position.

2. Prior to the accident, neither NASA nor Thiokol fully understood the
mechanism by which the joint sealing action took place.

3. NASA and Thiokol accepted escalating risk apparently because they
“got away with it last time.” As Commissioner Richard Feynman
observed, the decision making was “a kind of Russian roulette. . . .
[The Shuttle] flies [with O-ring erosion] and nothing happens. Then
it is suggested, therefore, that the risk is no longer so high for the next
flights. We can lower our standards a little bit because we got away
with it last time. . . . You got away with it, but it shouldn’t be done
over and over again like that.”"

4. NASA's system for tracking anomalies for Flight Readiness Reviews
failed in that, despite a history of persistent O-ring erosion and blow-
by, flight was still permitted. It failed again in the sequence of six
consecutive launch constraint waivers prior to 51-L, permitting it to
fly without any record of a waiver, or even of an explicit constraint.
Tracking and continuing only anomalies that are “outside the data
base” of prior flight allowed major problems to be removed from and
lost by the reporting system.

5. The O-ring erosion history presented to Level I at NASA
Headquarters in August 1985 was sufficiently detailed to require cor-
rective action prior to the next flight.

6. A careful analysis of the flight history of O-ring performance would
have revealed the correlation of O-ring damage and low temperature.
Neither NASA nor Thiokol carried out such an analysis; consequent-
ly, they were unprepared to properly evaluate the risks of launching

"Ibid., p. 148, from Commission Hearing Testimony, April 3, 1986, p. 2469.
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the 51-L mission in conditions more extreme than they had encoun-
tered before.

NASA’s Safety Program

The commission found surprising and disturbing the lack of reference
to NASA's safety staff. Individuals who testified before the commission
did not mention the quality assurance staff, and no reliability and quality
assurance engineer had been asked to participate in the discussions that
took place prior to launch.

The commission concluded that “the extensive and redundant safety
assurance functions” that had existed “during and after the lunar program
to discover any safety problems” had become ineffective between that
period and 1986. This loss of effectiveness seriously degraded the checks
and balances essential for maintaining flight safety.' Although NASA had
a safety program in place, communications failures relating to safety pro-
cedures did not operate properly during STS 51-L.

On April 3, 1986, Arnold Aldrich, the Space Shuttle program manag-
er, appeared before the commission at a public hearing in Washington,
D.C. He described five different communications or organizational fail-
ures that affected the launch decision on January 28, 1986. Four of those
failures related directly to faults within the safety program: lack of prob-
lem reporting requirements, inadequate trend analysis, misrepresentation
of criticality, and lack of involvement in critical discussions. A properly
staffed, supported, and robust safety organization, he stated, might well
have avoided these faults and thus eliminated the communications fail-
ures. The commission found that:

1. Reductions in the safety, reliability and quality assurance work force
at the Marshall and NASA Headquarters seriously limited capability
in those vital functions.

2. Organizational structures at Kennedy and Marshall placed safety,
reliability, and quality assurance offices under the supervision of the
very organizations and activities whose efforts they are to check.

3. Problem reporting requirements were not concise and failed to get
critical information to the proper levels of management.

4. Little or no trend analysis was performed on O-ring erosion and
blow-by problems.

5. As the flight rate increased, the Marshall safety, reliability, and qual-
ity assurance work force was decreasing, which adversely affected
mission safety.

6. Five weeks after the 51-L accident, the criticality of the solid rocket
motor field joint had still not been properly documented in the prob-
lem reporting system at Marshall.

“Ibid., p. 152.
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Pressures on the System

From the Space Shuttle’s inception, NASA had advertised that the
Shuttle would make space operations “routine and economical.” The impli-
cation was that the greater annual number of flights, the more routine Shuttle
flights would become. Thus, NASA placed heavy emphasis on the schedule.
However, one effect of the agency’s determination to meet an accelerated
flight rate was the dilution of resources available for any one mission. In
addition, NASA had difficulty evolving from its single-flight focus to a sys-
tem that could support an ongoing schedule of flights. Managers forgot in
their insistence on proving it operational, the commission stated, that the
Shuttle system was still in its early phase. There might not have been enough
preparation for what “operational” entailed. For instance, routine and regu-
lar postflight maintenance and inspections, spare parts production or acqui-
sition. and software tools and training facilities developed during a test
program were not suitable for the high volume of work required in an oper-
ational environment. The challenge was t0 streamline the processes to pro-
vide the needed support without compromising quality.

Mission planning requires establishing the manifest, defining the
objectives, constraints, and capabilities of the mission, and translating
those into hardware, software. and flight procedures. Within each of these
major goals is a series of milestones in which managers decide whether
to proceed to the next step. Once a decision has been made to go ahead
and the activity begun, if a substantial change occurs, it may be necessary
to go back and repeat the preceding process. In addition, if one group fails
to meet its due date, the delay cascades throughout the system.

The ambitious flight rate meant that less and less time was available
for completing each of the steps in the mission planning and preparation
process. In addition, a lack of efficient production processing and mani-
fest changes disrupted the production system. In particular. the commis-
sion found that manifest changes, which forced repeating certain steps in
the production cycle, sometimes severely affected the entire cycle and
placed impossible demands on the system.

The commission found that pressures on the STS to launch at an
overambitious rate contributed to severe strains on the system. The flight
rate did not seem to be based on an assessment of available resources and
capabilities and was not modified to accommodate the capacity of the
work force. The commission stated that NASA had not provided adequate
resources to support its launch schedule and that the system had been
strained by the modest nine missions that had launched in 1985.

After the accident, rumors appeared that persons who made the decision
to launch might have been subjected to outside pressures to launch. The com-
mission examined these rumors and concluded that the decision to launch
was made solely by the appropriate NASA officials without any outside inter-
vention or pressure.” The commission listed the following findings:

Dibid., p. 176.
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1. The capabilities of the system were stretched to the limit to support
the flight rate in the winter of 1985-86. Projections into the spring
and summer of 1986 showed that the system, as it existed, would
have been unable to deliver crew training software for scheduled
flights by the designated dates. The result would have been an unac-
ceptable compression of the time available for the crews to accom-
plish their required training,.

2. Spare parts were in critically short supply. The Space Shuttle program
made a conscious decision to postpone spare parts procurements in
favor of budget items of perceived higher priority. The lack of spare
parts would likely have limited flight operations in 1986.

3. The stated manifesting policies were not enforced. Numerous late
manifest changes (after the cargo integration review) were made to
both major payloads and minor payloads throughout the Shuttle pro-
gram. These changes required additional resources and used existing
resources more rapidly. They also adversely affected crew training
and the development of procedures for subsequent missions.

4. The scheduled flight rate did not accurately reflect the capabilities
and resources.

* The flight rate was not reduced to accommodate periods of
adjustment in the capacity of the work force. No margin existed
in the system to accommodate unforeseen hardware problems.

* Resources were primarily directed toward supporting the flights
and thus were inadequate to improve and expand facilities need-
ed to support a higher flight rate.

5. Training simulators may be the limiting factor on the flight rate; the
two current simulators cannot train crews for more than twelve to fif-
teen flights per year.

6. When flights come in rapid succession, current requirements do not
ensure that critical anomalies occurring during one flight are identi-
fied and addressed appropriately before the next flight.

Other Safety Considerations

During its investigation, the commission examined other safety-
related issues that had played no part in the STS 51-L accident but nonethe-
less might lead to safety problems in the future. These safety-related areas
were ascent (including abort capabilities and crew escape options), landing
(including weather considerations, orbiter tires and brakes, and choice of a
landing site), Shuttle elements other than the solid rocket booster, process-
ing and assembly (including record keeping and inspections), capabilities
of Launch Pad 39-B, and involvement of the development contractors.

Ascent. The events of flight 51-L illustrated the dangers of the first stage
of a Space Shuttle ascent. The accident also focused attention on orbiter
abort capabilities and crew escape. The current abort capabilities, options to
improve those capabilities, options for crew escape, and the performance of
the range safety system were of particular concern to the commission.
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The Shuttle’s design capabilities allowed for successful intact mis-
sion abort (a survivable landing) on a runway after a single main engine
failure. The Shuttle’s design specifications did not require that the orbiter
be able to manage an intact abort if a second main engine should fail. If
two or three main engines failed, the Shuttle would land in water in a con-
tingency abort or ditching. This maneuver was not believed to be surviv-
able because of damage incurred at water impact. In addition, the Shuttle
system was not designed to survive a failure of the solid rocket boosters.
Furthermore, although technically the orbiter had the capability to sepa-
rate from the external tank during the first stage, analysis had shown that
if it were attempted while the solid rocket boosters were still thrusting,
the orbiter would “hang up” on its aft attach points and pitch violently,
with probable loss of the orbiter and crew. This “fast separation” would
provide a useful means of escape during first stage only if solid rocket
booster thrust could be terminated first."

Studies identified no viable means of crew escape during first-stage
ascent. The commission supported the further study of escape options.
However, it concluded that no corrective actions could have been taken
that would have saved the Challenger’s flight crew.

Landing. The Space Shuttle’s entry and landing formed another risky
and complicated part of a mission. Because the crew could not divert to
an alternate landing site after entry, the landing decision must be both
timely and accurate. In addition, the landing gear, including the wheels,
tires, and brakes, must function properly.

Although the orbiter tires were designed to support a landing up to
108,864 kilograms at 416.7 kilometers per hour with thirty-seven kilome-
ters per hour of crosswind and have successfully passed testing programs,
they had shown excessive wear during landings at Kennedy, especially
when crosswinds were involved. The tires were rated as Criticality |
because the loss of a single tire could cause a loss of control and a subse-
quent loss of the vehicle and crew. Because actual wear on a runway did
not correspond to test results, NASA directed testing to examine actual
tire, wheel, and strut failure to better understand this failure case.

The commission found that the brakes used on the orbiter were known
to have little or no margin, because they were designed based on the
orbiter’s design weight. As the actual orbiter’s weight grew, the brakes
were not redesigned; rather, the runway length was extended. Actual flight
experience had shown brake damage on most flights, which required that
special crew procedures be developed to ensure successful braking.

The original Shuttle plan called for routine landings at Kennedy to
minimize turnaround time and cost per flight and to provide efficient
operations for both the Shuttle system and the cargo elements. While
those considerations remained important, concerns such as the perfor-
mance of the orbiter tires and brakes and the difficulty of accurate weath-
er prediction in Florida had called the plan into question.

“Ihid., p. 180.
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When the Shuttle landed at Edwards Air Force Base, approximately
six days are added to the turnaround time. The commission stated that
although there were valid programmatic reasons for landing the Shuttle
routinely at Kennedy, the demanding nature of landing and the impact of
weather conditions might dictate the prudence of using Edwards on a reg-
ular basis for landing. The cost associated with regular scheduled landing
and turnaround operations at Edwards was thus a necessary program cost.
Decisions governing Shuttle operations, the commission stated, must coin-
cide with the philosophy that unnecessary risks have to be eliminated.

Shuttle Elements. The Space Shuttle main engine teams at Marshall
and Rocketdyne had developed engines that achieved their performance
goals and performed extremely well. Nevertheless, according to the com-
mission, the main engines continued to be highly complex and critical
components of the Shuttle, with an element of risk principally because
important components of the engines degraded more rapidly with flight
use than anticipated. Both NASA and Rocketdyne took steps to contain
that risk. An important aspect of the main engine program was the exten-
sive “hot fire” ground tests. Unfortunately, the vitality of the test program,
the commission found, was reduced because of budgetary constraints.

The number of engine test firings per month had decreased over the
two years prior to STS 51-L. Yet this test program had not demonstrated
the limits of engine operation parameters or included tests over the full
operating envelope to show full engine capability. In addition, tests had
not yet been deliberately conducted to the point of failure to determine
actual engine operating margins.

The commission also identified one serious potential failure mode
related to the disconnect valves between the orbiter and the external tank.

Processing and Assembly. During the processing and assembly of the
elements of flight 51-L, the commission found various problems that
could bear on the safety of future flights. These involved structural
inspections in which waivers were granted on sixty of the 146 required
orbiter structural inspections, errors in the recordkeeping for the Space
Shuttle main engine/main propulsion system and the orbiter, areas in
which items called for by the Operational Maintenance Requirements and
Specifications Document were not met and were not formally waived or
excepted, the Shuttle processing contractor’s policy of using “designated
verifiers” to supplement quality assurance personnel, and the lack of acci-
dental damage reporting because technicians were concerned about los-
ing their jobs.

Launch Pad 39-B. The damage to the launch pad from the explosion
was considered to be normal or minor, with three exceptions: the loss of
the springs and plungers of the booster hold-down posts, the failure of the
gaseous hydrogen vent arm to latch, and the loss of bricks from the flame
trench.

Involvement of Development Contractors. The commission deter-
mined that, although NASA considered the Shuttle program to be opera-
tional, it was “clearly a developmental program and must be treated as
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such by NASA.™" Using procedures accepted by the transportation indus-
try was only partly valid because each mission expanded system and per-
formance requirements. The Shuttle’s developmental status demanded
that both NASA and all its contractors maintain a high level of in-house
experience and technical ability. The demands of the developmental
aspects of the program required:

|. Maintaining a significant engineering design and development capa-
bility among the Shuttle contractors and an ongoing engineering
capability within NASA

2. Maintaining an active analytical capability so that the evolving capa-
bilities of the Shuttle can be matched to the demands on the Shuttle

Recommendations of the Presidential Commission

The commission unanimously adopted nine recommendations, which
they submitted to President Reagan. They also urged NASA’s adminis-
trator to submit a report to the president on the progress NASA made in
implementing the recommendations. These recommendations are restat-
ed below.

1

Design. The faulty solid rocket motor joint and seal must be changed.
This could be a new design eliminating the joint or a redesign of the cur-
rent joint and seal. No design options should be prematurely precluded
because of schedule. cost or reliance on existing hardware. All solid rock-
et motor joints should satisfy the following requirements:

«  The joints should be fully understood, tested and verified.
e The integrity of the structure and of the seals of all joints should be
not less than that of the case walls throughout the design envelope.
o The integrity of the joints should be insensitive to:
—  Dimensional tolerances.
—  Transportation and handling.
—  Assembly procedures.
— Inspection and test procedures.
—  Environmental effects.
_ Internal case operating pressure.
—  Recovery and reuse effects.
—  Flight and water impact loads.
o The certification of the new design should include:
_  Tests which duplicate the actual launch configuration as closely
as possible.

“Ibid., p. 194.
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— Tests over the full range of operating conditions, including tem-
perature.
*  Full consideration should be given to conducting static firings of the
exact flight configuration in a vertical attitude.

Independent Oversight. The administrator of NASA should request
the National Research Council to Jorm an independent solid rocket motor
design oversight committee to implement the commission’s design recom-
mendations and oversee the design effort. This committee should:

*  Review and evaluate certification requirements.

*  Provide technical oversight of the design, test program and certification.

*  Report to the administrator of NASA on the adequacy of the design
and make appropriate recommendations.

nn

Shuttle Management Structure. The Shuttle Program Structure
should be reviewed. The project managers for the various elements of the
Shuttle program felt more accountable to their center management than
to the Shuttle program organization. Shuttle element Junding, work pack-
age definition, and vital program information frequently bypass the
National STS (Shuttle) Program Manager.

A redefinition of the Program Manager's responsibility is essential.
This redefinition should give the Program Manager the requisite author-
ity for all ongoing STS operations. Program funding and all Shuttle
Program work at the centers should be placed clearly under the Program
Manager’s authority.

Astronauts in Management. The commission observes that there
appears to be a departure from the philosophy of the 1960s and 1970s
relating to the use of astronauts in management positions. These individ-
uals brought 1o their positions flight experience and a keen appreciation
of operations and flight safety.

*  NASA should encourage the transition of qualified astronauts into
agency management positions.

*  The function of the Flight Crew Operations director should be ele-
vated in the NASA organization structure.

Shuttle Safety Panel. NASA should establish an STS Safety Advisory
Panel reporting to the STS Program Manager. The Charter of this panel
should include Shuttle operational issues, launch commit criteria, Sfight
rules, flight readiness and risk management. The panel should include
representation from the safety organization, mission operations, and the
astronaut office.
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m

Criticality Review and Hazard Analysis. NASA and the primary
Shuttle contractors should review all Criticality 1, IR, 2, and 2R items
and hazard analyses. This review should identifv those items that must be
improved prior to flight to ensure mission safety. An Audit Panel, appoint-
ed by the National Research Council. should verify the adequacy of the
effort and report directly to the administrator of NASA.

1A%

Safety Organization. NASA should establish an Office of Safety,
Reliability and Quality Assurance to be headed by an associate adminis-
trator, reporting directly to the NASA administrator. It would have direct
authority for safety, reliability, and quality assurance throughout the
agency. The office should be assigned the work force to ensure adequate
oversight of its functions and should be independent of other NASA func-
tional and program responsibilities.

The responsibilities of this office should include:

«  The safety, reliability and quality assurance functions as they relate
to all NASA activities and programs.

e Direction of reporting and documentation of problems, problem res-
olution and trends associated with flight safety.

1%

Improved Communications. The commission found that Marshall
Space Flight Center project managers, because of a tendency at Marshall
to management isolation, failed to provide full and timely information
bearing on the safety of flight 51-L to other vital elements of Shuttle pro-
gram management.

e NASA should take energetic steps to eliminate this tendency at
Marshall Space Flight Center, whether by changes of personnel,
organization, indoctrination or all three.

e A policy should be developed which governs the imposition and
removal of Shuttle launch constraints.

«  Flight Readiness Reviews and Mission Management Team meetings
should be recorded.

«  The flight crew commander, or a designated representative, should
attend the Flight Readiness Review, participate in acceptance of the
vehicle for flight, and certify that the crew is properly prepared for
flight.
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vI
Landing Safety. NASA must take actions to improve landing safety:

* The tire, brake and nose wheel steering systems must be improved.
These systems do not have sufficient safety margin, particularly at
abort landing sites.

*  The specific conditions under which planned landings at Kennedy
would be acceptable should be determined. Criteria must be estab-
lished for tires, brakes and nose wheel steering. Until the systems
meel those criteria in high fidelity testing that is verified at Edwards,
landing at Kennedy should not be planned.

*  Committing to a specific landing site requires that landing area
weather be forecast more than an hour in advance. During unpre-
dictable weather periods at Kennedy, program officials should plan
on Edwards landings. Increased landings at Edwards may necessitate
a dual ferry capability.

viI

Launch Abort and Crew Escape. The Shuttle program management
considered first-stage abort options and crew escape options several
times during the history of the program, but because of limited utility,
technical unfeasibility, or program cost and schedule, no systems were
implemented. The commission recommends that NASA:

*  Make all efforts to provide a crew escape system for use during con-
trolled gliding flight.

*  Make every effort to increase the range of flight conditions under
which an emergency runway landing can be successfully conducted
in the event that two or three main engines fail early in ascent.

VI

Flight Rate. The nation’s reliance on the Shuttle as its principal
space launch capability created a relentless pressure on NASA ro increase
the flight rate. Such reliance on a single launch capability should be
avoided in the future.

NASA must establish a flight rate that is consistent with its resources.
A firm payload assignment policy should be established. The policy
should include rigorous controls on cargo manifest changes to limit the
pressures such changes exert on schedules and crew training.

X

Maintenance Safeguards. Installation, test, and maintenance proce-
dures must be especially rigorous for Space Shuttle items designated
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Criticality 1. NASA should establish a system of analyzing and reporting
performance trends of such items.

Muaintenance procedures for such items should be specified in the
Critical Ttems List, especially for those such as the liquid-fueled main
engines, which require unstinting maintenance and overhaul.

With regard to the orbiters, NASA should:

o Develop and execute a comprehensive maintenance inspection plan.

e Perform periodic structural inspections when scheduled and not per-
mit them to be waived.

. Restore and support the maintenance and spare parts programs,
and stop the practice of removing parts from one orbiter 10 supply
another.'

Concluding Thought

The commission urged that NASA continue to receive the support of
the administration and the nation. The agency constitutes a national
resource that plays a critical role in space exploration and development.
It also provides a symbol of national pride and technological leadership.

The commission applauded NASA's spectacular achievements of the
past and anticipated impressive achievements in the future. The findings
and recommendations presented in this report were intended to contribute
to future NASA successes that the nation both expects and requires as the
21st century approaches.

STS 51-L Investigations and Actions by NASA
Safely Returning the Shuttle to Flight Status

While the Presidential Commission investigated the accident, NASA
also conducted an investigation to determine strategies and major actions
for safely returning to flight status. In a March 24, 1986, memorandum,
Associate Administrator for Space Flight Richard H. Truly defined
NASA's comprehensive strategy and major actions that would allow for
resuming the Space Shuttle’s schedule. He stated that NASA
Headquarters (particularly the Office of Space Flight), the Office of
Space Flight centers, the NSTS program organization, and its various
contractors would use the guidance supplied in the memo 10 proceed with
“the realistic, practical actions necessary to return to the NSTS flight
schedule with emphasis on flight safety.”" In his memo, Truly focused on
three areas: actions required prior to the next flight, first flight/first year
operations, and development of sustainable safe flight rate.

“Ibid., p. 196.
"Richard H. Truly, NASA Memorandum, **Strategy for Safely Returning the
Space Shuttle to Flight Status,” March 24, 1986.
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Actions Required Prior to the Next Flight. Truly directed NASA to
take the following steps before the return to flight:

* Reassess the entire program management structure and operation

*  Redesign the solid rocket motor Joint (A dedicated solid rocket motor
Joint design group would be established at Marshall to recommend a
program plan to quantify the solid rocket motor joints problem and to
accomplish the solid rocket motor Joints redesign.)

* Reverify design requirements

* Complete Critical Item List (CIL)/Operations and Maintenance
Instructions reviews (NASA would review all Category 1 and IR crit-
ical items and implement a complete reapproval process. Any items
not revalidated by this review would be redesigned, certified, and
qualified for flight.)

* Complete Operations and Maintenance Requirements and
Specifications Document review

* Reassess launch and abort rules and philosophy

First Flight/First Year Operations. The first flight mission design
would incorporate:

* Daylight Kennedy launch

* Conservative flight design to minimize transatlantic-abort-launch
exposure

Repeat payload (not a new payload class)

No waiver on landing weight

Conservative launch/launch abort/landing weather

NASA-only flight crew

Engine thrust within the experience base

No active ascent/entry Developmental Test Objectives

Conservative mission rules

Early, stable flight plan with supporting flight software and training
load

*  Daylight Edwards Air Force Base landing

The planning for the flight schedule for the first year of operation
would reflect a conservative launch rate. The first year of operation
would be maintained within the current flight experience base, and any
expansion of the base, including new classes of payloads, would be
approved only after a very thorough safety review.

Development of Sustainable Safe Flight Rate. This flight rate would
be developed using a “bottoms-up” approach in which all required work
was identified and that work was optimized, keeping in mind the avail-
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Design and Development Task Force

Also while the Presidential Commission was meeting, NASA formed
the 51-L Data and Design Analysis Task Force. This group supported the
Presidential Commission and was responsible for:

|. Determining, reviewing, and analyzing the facts and circumstances
surrounding the STS 51-L launch

2. Reviewing all factors relating to the accident determined to be rele-
vant, including studies, findings, recommendations, and other actions
that were or might be undertaken by the program offices, field cen-
ters, and contractors involved

3. Examining all other factors that could relate to the accident, includ-
ing design issues, procedures, organization, and management factors

4. Using the full required technical and scientific expertise and
resources available within NASA and those available to NASA

5. Documenting task force findings and determinations and conclusions
derived from the findings.

6. Providing information and documentation to the commission regard-
ing task force activities.

The task force, which was chaired by Truly, established teams to
examine development and production; prelaunch activities; accident
analysis; mission planning and operations; and search, recovery, and
reconstruction; and a photo and TV support team. Figure 3-23 shows the
task force organization.

Each task force team submitted multivolume reports to the
Presidential Commission, which included descriptions of the accident as

STS 51-L Data and Design

Anayisis Task Force
Staff (HQs)
Richard Truly Jay Honeycutt

Chealrman

James R. Thompson Statt (KSC)
Vice Chalrman

Legal Counsel - Ed Perry
Robert Crippen (JSC Secrstariat - Bert J.
Nathan Lindsay USAF) Admin - Jack Martin
Joseph Kerwin (JSC) Public Atfairs - Chuck Hollinshead
Walt Williama (HQs) -
Anatysls Toeam Leaders and Deputies R.;‘:‘I_‘:,:'_ J:;w",:::’d

Devslopment & Prataunch Accident Analysls Team Misslan Plannin &
Production Team Activities Team Operations Team
Jack Lee (MSFC) - Lead Tom Utsman {KSC) - Lead Alton Jones (GSFC) - Lead Tommy Holloway (JSC) -
Ctay McCullough (JSC) - Robert Bourne (USAF} - John Thomas (MSFC) - Lend
Deputy Deputy Deputy Harold Draughton (JSC) -

— 1
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rch, Recovery
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Danlel Germany (JSC) - Lead
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Figure 3-23. 5TS 51-L Data and Design Analysis Task Force
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well as numerous corrective measures needed to be taken. Called
“Lessons Learned and Collateral Findings,” this report contained eight
lessons learned and twenty-nine collateral findings, all addressing virtu-
ally every aspect of Shuttie planning, processing, launch, and recovery.'
The task force also briefed members of Congress on its findings.

Actions to Implement Recommendations

After the report of the Presidential Commission was published (on
June 9, 1986), President Reagan directed NASA Administrator James
Fletcher on June 13 to report to him within 30 days on how and when the
commission’s recommendations would be implemented. The president
said that “this report should include milestones by which progress in the
implementation process can be measured.”” NASA’s Report to the
President: Actions to Implement the Recommendations of the Presidential
Commission on the Space Shuttle Challenger Accident, submitted to the
president on July 14, 1986, responded to each of the commission’s rec-
ommendations and included a key milestone schedule that illustrated the
planned implementation (Figure 3-24),

The proposed actions and the steps that NASA had already taken
when the report was issued follow in the narrative below. Table 3-48 pre-
sents an implementation timetable.

Recommendation 1

Solid Rocket Motor Design. At NASA’s direction, the Marshall Space
Flight Center formed a solid rocket motor joint redesign team to include
participants from Marshall and other NASA centers and individuals from
outside NASA.

The Marshall team evaluated several design alternatives and began
analysis and testing to determine the preferred approaches that minimized
hardware redesign. To ensure adequate program contingency, the
redesign team would also develop, at least through concept definition, a
totally new design that did not use existing hardware. The design verifi-
cation and certification program would be emphasized and would include
tests that duplicated the actual launch loads as closely as feasible and pro-
vided for tests over the full range of operating conditions. The verifica-
tion effort included a trade study to determine the preferred test
orientation (vertical or horizontal) of the full-scale motor firings. The

“STS 51-1 Data and Design Analvsis Tusk Force, Historical Summary
(Washington, DC: U S. Government Printing Office, June 1986), p. 3-90.

“Ronald Reagan, Letter to James C. Fletcher, NASA Administrator, June 13,
1986.

“Report 1o the President. Actions to Implemen: the Recommendations of the
Presidential Commission on the Space Shurtle Challenger Accident {Washington, DC:
U.S. Government Printing Office, July 14, 1986), Executive Summary.
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solid rocket motor redesign and certification schedule was under review
to fully understand and plan for the implementation of the design solu-
tions. The schedule would be reassessed after the solid rocket motor
Preliminary Design Review in September 1986.

Independent Oversight. In accordance with the commission’s recom-
mendation, the National Research Council (NRC) established an
Independent Oversight Group chaired by Dr. H. Guyford Stever and
reporting to the NASA administrator. The NRC Independent Oversight
Group was briefed on Shuttle system requirements, implementation, and
control; solid rocket motor background; and candidate modifications. The
group established a near-term plan, which included briefings and visits to
review inflight loads, assembly processing, redesign status, and other
solid rocket motor designs, including participation in the solid rocket
motor Preliminary Design Review in September 1986,

Recommendation I1

Shuttle Management Structure. The NASA administrator appointed
General Samuel C. Phillips to study how NASA managed its programs,
including relationships between various field centers and NASA
Headquarters and emphasizing the Space Shuttle management structure.

On June 25, 1986, the administrator directed Astronaut Robert L.
Crippen to form a fact-finding group to assess the Space Shuttle manage-
ment structure. The group would Teport recommendations to the associ-
ate administrator for spaceflight by August 15, 1986. Specifically, this
group will address the roles and responsibilities of the Space Shuttle pro-
gram manager to assure that the position had the authority commensurate
with its responsibilities. General Phillips and the administrator would
review the results of this study with a decision on implementation of the
recommendations by October 1, 1986,

Astronauts in Management. The Crippen group would also address

ations directorate within the NASA.

Shuttle Safety Panel. The assoctate administrator for spaceflight
would establish a Shuttle Safety Panel by September 1, 1986, with direct
access to the Space Shuttle program manager.

Recommendation 111



SPACE TRANSPORTATION/HUMAN SPACEFLIGHT 215

reassessed and resubmitted waivers in categories recommended for con-
tinued program applicability. Items which could not be revalidated would
be redesigned, qualified, and certified for flight. All Criticality 2 and 3
Critical Item Lists were being reviewed for reacceptance and proper cat-
egorization. This activity would culminate in a comprehensive final
review with NASA Headquarters beginning in March 1987.

As recommended by the commission, the National Research Council
agreed to form an Independent Audit Panel, reporting to the NASA
administrator, to verify the adequacy of this effort.

Recommendation 1V

Safety Organization. The NASA administrator announced the
appointment of George A. Rodney to the position of associate adminis-
trator for safety, reliability, maintainability, and quality assurance
(SRM&QA) on July 8, 1986. This office would oversee the safety, relia-
bility, and quality assurance functions related to all NASA activities and
programs and the implementation system for anomaly documentation and
resolution, including a trend analysis program. One of Rodney’s first
actions would be to assess the available resources, including the work
force required to ensure adequate execution of the safety organization
functions. In addition, he would assure appropriate interfaces between the
functions of the new safety organization and the Shuttle Safety Panel,
which would be established in response to the commission
Recommendation 11

Recommendation V

Improved Communications. Astronaut Robert Crippen’s team
(formed as part of Recommendation 1) developed plans and recom-
mended policies for the following:

«  Implementation of effective management communications at all levels

« Standardization of the imposition and removal of STS launch con-
straints and other operational constraints

« Conduct of Flight Readiness Review and Mission Management Team
meetings, including requirements for documentation and flight crew

participation

This review of effective communications would consider the activi-
ties and information flow at NASA Headquarters and the field centers that
supported the Shuttle program. The study team would present findings
and recommendations to the associate administrator for spaceflight by
August 15, 1986.

Recommendation VI

Landing Safety. A Landing Safety Team was established to review
and implement the commission’s findings and recommendations on land-
ing safety. All Shuttle hardware and systems were undergoing design
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reviews to ensure compliance with the specifications and safety concerns.
The tires, brakes, and nose wheel steering system were included in this
activity, and funding for a new carbon brakes system was approved.
Ongoing runway surface tests and landing aid requirement reviews were
continuing. Landing aid implementation would be complete by July
1987. The interim brake system would be delivered by August 1987.
Improved methods of local weather forecasting and weather-related

al landings at Edwards Air Force Base, the Kennedy Space Center land-
ing site would not be used for nominal end-of-mission landings.

Recommendation vVII
Launch Abort and Crew Escape. On April 7, 1986, NASA initiated a

ejection systems, water landings, and powered flight separation. This
review would specifically assess options for crew escape during controlled
gliding flight and options for extending the intact abort flight envelope to
include failure of two or three main engines during the early ascent phase.

In conjunction with this activity, NASA established 3 Launch Abort

dures, landing aids, runway configurations and lengths, performance ver-
sus abort exposure, abort and end-of-mission landing weights, runway
surfaces, and other landing-related capabilities provided the proper mar-
gin of safety to the vehicle and crew. Crew escape and launch abort stud-
ies would be complete on October 1, 1986, with an implementation
decision in December 1986,

Recommendation VIIT
Flight Rate. In March 1986, NASA established a Flight Rate
Capability Working Group that studied:

I. The capabilities and constraints that governed the Shuttle processing
flows at the Kennedy Space Center

2. The impact of flight specific crew training and software delivery/cer-
tification on flight rates

The working group would present flight rate recommendations to the
Office of Space Flight by August 15, 1986, Other collateral studies in
progress addressed commission recommendations related to spares pro-
visioning, maintenance, and structural inspection. This effort would also
consider the NRC independent review of flight rate, which a congres-
sional subcommittee had requested.
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The report emphasized NASA's strong support for a mixed fleet to
satisfy launch requirements and actions to revitalize the United States
expendable launch vehicle capabilities. Additionally, NASA
Headquarters was formulating a new cargo manifest policy, which would
establish manifest ground rules and impose constraints to late changes.
Manifest control policy recommendations would be completed in
November 1986.

Recommendation IX

Muintenance Safeguards. A Maintenance Safeguards Team was
established to develop a comprehensive plan for defining and imple-
menting actions to comply with the commission recommendations con-
cerning maintenance activities. The team was preparing a Maintenance
Plan to ensure that uniform maintenance requirements were imposed on
all elements of the Space Shuttle program. The plan would also define
organizational responsibilities, reporting, and control requirements for
Space Shuttle maintenance activities. The Maintenance Plan would be
completed by September 30, 1986.

In addition to the actions described above, a Space Shuttle Design
Requirements Review Team headed by the Space Shuttle Systems
Integration Office at the Johnson Space Center was reviewing all Shuttle
design requirements and associated technical verification. The team
focused on each Shuttle project element and on total Space Shuttle Sys-
tem design requirements. This activity was to culminate in a Space
Shuttle Incremental Design Certification Review approximately three
months before the next Space Shuttle launch.

Because of the number, complexity, and interrelationships among the
many activities leading to the next flight, the Space Shuttle program man-
ager at the Johnson Space Center initiated a series of formal Program
Management Reviews for the Space Shuttle program. These reviews were
to be regular face-to-face discussions among the managers of all major
Space Shuttle program activities. Each meeting would focus on progress,
schedules, and actions associated with each of the major program review
activities and would be tailored directly to current program activity for the
time period involved. The first of these meetings was held at the Marshall
Space Flight Center on May 5-6. 1986, with the second at the Kennedy
Space Center on June 25, 1986. Follow-on reviews will occur approxi-
mately every six weeks. Results of these reviews will be reported to the
associate administrator for spaceflight and to the NASA administrator.

On June 19, 1986, the NASA administrator announced the termina-
tion of the development of the Centaur upper stage for use aboard the
Space Shuttle. NASA had planned to use the Centaur upper stage for
NASA planetary spacecraft launches as well as for certain national secu-
rity satellite launches. Major safety reviews of the Centaur system were
under way at the time of the Challenger accident, and these reviews were
intensified to determine whether the program should be continued. NASA
decided to terminate because, even with certain modifications identified
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by the ongoing reviews, the resultant stage would not meet safety criteria
being applied to other cargo or elements of the Space Shuttle system.

Revised Manifest

On October 3, 1986, NASA Administrator James C. Fletcher
announced NASA's plan to resume Space Shuttle flights on February 18,
1988. He also announced a revised manifest for the thirty-nine months
following the resumption of Shuttle flights (Table 3—49). (The manifest
was revised several times prior to the resumption of Shuttle flights. Most
flights did not launch on the dates listed here.)

Fletcher stated that the manifest was based on a reduced flight rate
goal that was “acceptable and prudent” and that complied with presiden-
tial policy that limited use of the Shuttle for commercial and foreign pay-
loads to those that were Shuttle-unique or those with national security or
foreign policy implications. Prior to the Challenger accident, roughly one-
third of the Shuttle manifest was devoted to DOD missions, another third
to scientific missions, and the remainder to commercial satellites and for-
eign government missions. Fletcher said that for the seven-year period fol-
lowing resumption of Shuttle flights (through 1994), NASA would use 40
percent of the Shuttle’s capability for DOD needs, 47 percent for NASA
needs, and 12 percent to accommodate commercial, foreign government,
and U.S. government civil space requirements. This reflected the priorities
for payload assignments with national security at the top, STS operational
capability (TDRS) and dedicated science payloads next, and other science
and foreign and commercial needs last. He stated that at the beginning of
this seven-year period, DOD would use considerable Shuttle capability to
reduce its payload backlog, but for the remaining years, DOD’s use would
even out at approximately one-third of Shuttle capability.

Fletcher stated that the revised manifest placed a high priority on
major NASA science payloads. The Hubble Space Telescope, Ulysses,
and Galileo, which had been scheduled for a 1986 launch, would be
launched “as expeditiously as possible.”™

Implementing the Commission’s Recommendations

Approximately one year after NASA addressed how it would imple-
ment the recommendations of the Presidential Commission, NASA
issued a report to the president that described the actions taken by NASA
in response to the commission’s recommendations on how to return to
safe, reliable spaceflight.* This report and the accompanying milestone

“Statement by Dr. James C. Fletcher, Press Briefing, NASA Headquarters,
October 3, 1986.

2Report to the President: Implementation of the Recommendations of the
Presidential Commission on the Space Shuttle Challenger Accident
(Washington, DC: U.S. Government Printing Office, June 1987).
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chart (Figure 3-25) showed the significant progress NASA made in meet-
ing its implementation milestones. The recovery activity, as described in
the report, focused on three key aspects: the technical engineering
changes being selected and implemented; the new procedures, safe-
guards, and internal communication processes that had been or were
being put in place; and the changes in personnel, organizations, and atti-
tudes that occurred.

Responding to the commission’s findings as to the cause of the acci-
dent, NASA changed the design of the solid rocket motor. The new design
eliminated the weakness that had led to the accident and incorporated of
a number of improvements. The new rocket motors were to be tested in a
series of full-scale firings before the next Shuttle flight. In addition,
NASA reviewed every element of the Shuttle system and added improved
hardware and software to enhance safety. Improved or modified items or
systems included the landing system, the main liquid-fueled engines, and
the flight and ground systems.

NASA implemented new procedures to provide independent
SRM&QA functions. A completely new organization, the SRM&QA
office, which reported directly to the NASA administrator, now provided
independent oversight of all critical flight safety matters. The new office
worked directly with the responsible program organization to solve tech-
nical problems while still retaining its separate identity as final arbiter of
safety and related matters.

NASA completed personnel and organizational changes that had
begun immediately after the accident. A new, streamlined management
team was put in place at NASA Headquarters, with new people well down
within the field centers. Special attention was given to the critical issues of
management isolation and the tendency toward technical complacency,
which, combined with schedule pressure, led to an erosion in flight safety.
This awareness of the risk of spaceflight operations, along with NASA’s
responsibility to control and contain that risk without claiming its elimi-
nation, became the controlling philosophy the Space Shuttle program.

The report addressed the nine recommendations made by the
Presidential Commission and other related concerns.

Recommendation 1

The commission recommended that the design of the solid rocket
motor be changed, that the testing of the new design reflect the opera-
tional environment, and that the National Research Council (NRC) form
a committee to provide technical oversight of the redesign effort.

NASA thoroughly evaluated the solid rocket motor design. As well as
the solid rocket motor field joint, this evaluation resulted in design
changes to many components of the motor. The field joint was redesigned
to provide high confidence in its ability to seal under all operating condi-
tions (Figure 3-26). In addition, the redesign included a new tang capture
latch that controlled movement between the tang and clevis in the joint, a
third O-ring seal, insulation design improvements, and an external heater
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Figure 3-26. Field Joint Redesign

with integral weather seals. The nozzle-to-case joint, the case parts, insu-
lation, and seals were redesigned to preclude seal leakage observed in
prior flights. The nozzle metal parts, ablative components, and seals were
redesigned to improve redundancy and to provide pressure verification of
seals. Other nozzle modifications included improvements to the inlet,
cowl/boot, and aft exit assemblies.

Modifications were incorporated into the igniter case chamber and
into the factory joints to improve their margins of safety. The igniter case
chamber wall thickness was being increased. Additional internal insula-
tion and an external weather seal were added to the factory joint. Ground
support equipment was redesigned to minimize case distortion during
storage and handling, to improve case measurement and rounding tech-
niques for assembly, and to improve leak testing capabilities.

Component laboratory tests, combined with subscale simulation tests
and full-scale tests, were being conducted to meet verification require-
ments. Several small-scale and full-scale joint tests were successfully
completed, confirming insulation designs and joint deflection analyses.
One engineering test, two developmental tests, and three qualification
full-scale motor test firings were to be completed before STS-26. The
engineering test motor was fired on May 27, 1987, and early analysis of
the data indicated that the test met its objectives.

NASA selected the horizontal attitude as the optimum position for
static firing, and a second test stand, which could introduce dynamic
loads at the external tank/solid rocket motor aft attach struts, was con-
structed. Improved nondestructive evaluation techniques were being
developed, in conjunction with the Air Force, to perform ultrasonic
inspection and mechanical testing of propellant and insulation bonding
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surfaces. Complete x-ray testing of all segments were reinstated for near-
term flights.

Contingency planning included development of alternate designs,
which did not utilize existing hardware, for the field and nozzle-to-case
joints and for the rocket motor nozzle. An NRC Solid Rocket Motor
Independent Oversight Panel, chaired by Dr. H. Guyford Stever, was
actively reviewing the solid rocket motor design, verification analyses,
and test planning and was participating in the major program reviews,
including the preliminary requirements and the preliminary design
reviews. A separate technical advisory group, consisting of twelve senior
engineers from NASA and the aerospace industry and a separate group of
representatives from four major solid motor manufacturers, worked
directly with the solid rocket motor design team to review the redesign
status and provide suggestions and recommendations to NASA and
Morton Thiokol.

The solid rocket motor manufacturers—Aerojet Strategic Propulsion
Company, Atlantic Research Corporation, Hercules Inc., and United
Technologies Corporation (Chemical Systems Division)—were review-
ing and commenting on the present design approach and proposing alter-
nate approaches that they felt would enhance the design. As a result of
these and other studies, NASA initiated a definition study for a new
advanced solid rocket motor. Additional details of the redesigned solid
rocket motor can be found in Chapter 2 as part of the discussion of the
Shuttle’s propulsion system.

Recommendations Il and V

The commission recommended [I1] that the Space Shuttle Program
management structure be reviewed, that astronauts be encouraged to
make the transition into management positions, and that a flight safety
panel be established. The commission recommended [V] that the tenden-
¢y for management isolation be eliminated, that a policy on launch con-
straints be developed, and that critical launch readiness reviews be
recorded.

In March 1986, Associate Administrator for Space Flight Rear
Admiral Richard Truly initiated a review of the Shuttle program manage-
ment structure and communications. After the commission report was
issued, he assigned Captain Robert L. Crippen responsibility for devel-
oping the response to commission recommendations IT and V. This effort
resulted in the establishment of a director, NSTS, reporting directly to the
associate administrator for spaceflight, and other changes necessary to
strengthen the Shuttle program management structure and improve lines
of authority and communication (see Figure 3-1) at the beginning of this
chapter. The NSTS funding process was revised, and the director, NSTS,
now was given control over program funding at the centers.

Additionally, the flight readiness review and mission management
team processes were strengthened. The director of flight crew operations
would participate in both of these activities, and the flight crew comman-
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der, or a representative, would attend the flight readiness review. These
meetings would be recorded and formal minutes published.

Since the accident, several current and former astronauts were
assigned to top management positions. These included: the associate
administrator for spaceflight; the associate administrator for external
affairs; the acting assistant administrator, office of exploration; chief,
Headquarters operational safety branch; the deputy director, NSTS oper-
ations: the Johnson Space Center deputy center director; the chairman of
the Space Flight Safety Panel; and the former chief of the astronaut office
as special assistant to the Johnson director for engineering, operations,
and safety.

A Space Flight Safety Panel, chaired by astronaut Bryan O’Connor,
was established. The panel reported to the associate administrator for
SRM&QA. The panel’s charter was to promote flight safety for all NASA
spaceflight programs involving flight crews, including the Space Shuttle
and Space Station programs.

Recommendation 111

The Commission recommended that the critical items and hazard
analyses be reviewed to identify items requiring improvement prior [0
flight to ensure safety and that the NRC verify the adequacy of this effort.

The NSTS uses failure modes and effects analyses, critical item lists,
and hazard analyses as techniques to identify the potential for failure of
critical flight hardware, to determine the effect of the failure on the crew,
vehicle. or mission, and to ensure that the criticality of the item is reflect-
ed in the program documentation. Several reviews were initiated by pro-
gram management in March 1986 to reevaluate failure analyses of critical
hardware items and hazards. These reviews provided improved analyses
and identified hardware designs requiring improvement prior to flight to
ensure mission success and enhance flight safety.

A review of critical items, failure modes and effects analyses, and haz-
ard analyses for all Space Shuttle systems was under way. NASA devel-
oped detailed instructions for the preparation of these items to ensure that
common ground rules were applied to each project element analysis. Each
NASA element project office and its prime contractor, as well as the astro-
naut office and mission operations directorate, were reviewing their sys-
tems to identify any areas in which the design did not meet program
requirements, to verify the assigned criticality of items, to identify new
items. and to update the documentation. An independent contractor was
conducting a parallel review for each element. Upon completion of this
effort, each element would submit those items with failure modes that
could not meet full design objectives to the Program Requirements
Control Board, chaired by the director, NSTS. The board would review the
documentation, concur with the proposed rationale for safely accepting the
item. and issue a waiver to the design requirement, if appropriate.

The NRC Committee on Shuttle Criticality Review and Hazard
Analysis Audit, chaired by retired U.S. Air Force General Alton Slay, was
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responsible for verifying the adequacy of the proposed actions for return-
ing the Space Shuttle to flight status. In its interim report of January 13,
1987, the committee expressed concern that critical items were not ade-
quately prioritized to highlight items that may be most significant. NASA
was implementing a critical items prioritization system for the Shuttle
program to alleviate the committee’s concerns.

Recommendation 1V

The commission recommended that NASA establish an Office of
Safety, Reliability, and Quality Assurance, reporting to the NASA admin-
istrator, with responsibility for related functions in all NASA activities
and programs.

The NASA administrator established a new NASA Headquarters orga-
nization, the Office of Safety, Reliability, Maintainability, and Quality
Assurance (SRM&QA), and appointed George Rodney as associate
administrator. The Operational Safety Branch of that office was headed by
astronaut Frederick Gregory. The new organization centralized agency
policy in its areas of responsibility, provided for NASA-wide standards
and procedures, and established an independent reporting line to top man-
agement for critical problem identification and analysis. The new office
exercised functional management responsibility and authority over the
related organizations at all NASA field centers and major contractors.

The new organization was participating in specific NSTS activities,
such as the hardware redesign, failure modes and effects analysis, critical
item identification, hazard analysis, risk assessment, and spaceflight sys-
tem assurance. This approach allowed the NSTS program line manage-
ment at Headquarters and in the field to benefit from the professional
safety contributions of an independent office without interrupting the two
different reporting lines to top management. Additional safeguards were
added by both the line project management and the SRM&QA organiza-
tion to ensure free, open, rapid communication upward and downward
within all agency activities responsible for flight safety. Such robust mul-
tiple communications pathways were expected to eliminate the possibili-
ty of serious issues not rising to the attention of senior management.

Recommendation VI

The commission recommended that NASA take action to improve
landing system safety margin and to determine the criteria under which
planned landings at Kennedy would be acceptable.

Several orbiter landing system modifications to improve landing sys-
tem safety margins would be incorporated for the first flight. These
included a tire pressure monitoring system, a thick-stator beryllium brake
to increase brake energy margin, a change to the flow rates in the brake
hydraulic system, a stiffer main gear axle, and a balanced brake pressure
application feature that would decrease brake wear upon landing and pro-
vide additional safety margin.
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Several other changes were being evaluated to support longer term
upgrading of the landing system. A new structural carbon brake. with
increased energy capacity, was approved and would be available in 1989.
A fail-operational/fail-safe nose wheel steering design, including redun-
dant nose wheel hydraulics capability. was being reviewed by the orbiter
project office for later implementation.

The initial Shuttle flights were scheduled to land at the Edwards Air
Force Base complex. A total understanding of landing performance data.
the successful resolution of significant landing system anomalies, and
increased confidence in weather prediction capabilities were preconditions
to resuming planned end-of-mission landings at the Kennedy Space Center.

Recommendation VII

The commission recommended that NASA make every effort 1o
increase the capability for an emergency runway landing following the
loss of two or three engines during early ascent and to provide a crew
escape system for use during controlled gliding flight.

Launch and launch abort mode definition, flight and ground proce-
dures, range safety, weather, flight and ground software, flight rules, and
launch commit criteria were reviewed. Changes resulting from this
review were being incorporated into the appropriate documentation.
including ground operating procedures. and the on-board flight data file.
NASA reviewed abort trajectories, vehicle performance, weather require-
ments. abort site locations, support software. ground and on-board proce-
dures. and abort decision criteria to ensure that the requirements provided
for maximum crew safety in the event an abort was required. The review
resulted in three actions: the landing field at Ben Guerir, Morocco, was
selected as an additional transatlantic abort landing site; ground rules for
managing nominal and abort performance were established and the ascent
data base was validated and documented; and a permanent Launch Abort
Panel was established to coordinate all operational and engineering
aspects of ascent-phase contingencies.

Representatives from NASA and the Air Force were reviewing the
external tank range safety system. This review readdressed the issue of
whether the range safety system is required to ensure propellant dispersal
capability in the event of an abort during the critical first minutes of
flight. The results of this analysis would be available in early 1988.

Flight rules (which define the response to specific vehicle anomalies
that might occur during flight) were being reviewed and updated. The
Flight Rules Document was being reformatted to include both the techni-
cal and operational rationales for each rule. Launch commit criteria
(which define responses to specific vehicle and ground support system
anomalies that might occur during faunch countdown) were being
reviewed and updated. These criteria werc being modified to include the
technical and operational rationale and to document any procedural
workarounds that would allow the countdown 10 proceed in the event onc
of the criteria was violated.
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Although a final decision to implement a Space Shuttle crew escape
capability was not made, the requirements for a system to provide crew
egress during controlled gliding flight were established. The requirements
for safe egress of up to eight crew members were determined through a
review of escape routes, time lines, escape scenarios, and proposed
orbiter modifications. The options for crew egress involved manual and
powered extraction techniques. Design activities and wind tunnel assess-
ments for each were initiated. The manual egress design would ensure
that the crew member did not contact the vehicle immediately after exit-
ing the crew module. Several approaches being assessed for reducing
potential contact included a deployable side hatch tunnel that provided
sufficient initial velocity to prevent crew/vehicle contact and an extend-
able rod and/or rope that placed the crew release point in a region of safe
exit (Figure 3-27). Both approaches provided for crew egress through the
orbiter side hatch.

The director, NSTS, authorized the development of a rocket-powered
extraction capability for use in a crew egress/escape system. Crew escape
would be initiated during controlled gliding flight at an altitude of
6,096 meters and a velocity of 321.8 kilometers per hour. The system con-
sisted of a jettisonable crew hatch (which has been approved for installa-
tion and also applied to the manual bail-out mode) and individual rockets
to extract the crew from the vehicle before it reached an altitude of
3,048 meters.

Ground egress procedures and support systems were being reviewed
to determine their capability to ensure safe emergency evacuation from
the orbiter at the pad or following a non-nominal landing. An egress slide,
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Figure 3-27. Extendible Rod Escape System
(In this system, the crew module hatch would be Jettisoned and the rod would be
extended through the hatch opening. The crew member would attach a lanyard to
the rod, exit the vehicle in a tucked position, release at the end of the rod, and para-
chute to a ground or water landing.)
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similar to that used on commercial aircraft, was being designed for use
should an emergency escape be required after a runway landing. A study
was initiated to evaluate future escape systems that would potentially
expand the crew survival potential to include first-stage (solid rocket
boosters thrusting) flight.

Recommendation VIII

The commission recommended that the nation not rely on a single
launch vehicle capability for the future and that NASA establish a flight
rate that is consistent with its resources.

Several major actions reduced the overall requirements for NSTS
launches and provided for a mixed fleet of expendable launch vehicles
and the Space Shuttle to ensure that the nation did not rely on a single
launch vehicle for access to space. NASA and DOD worked together to
identify DOD payloads for launch on expendable launch vehicles and to
replan the overall launch strategy to reflect their launches on expendable
launch vehicles. The presidential decision to limit the use of the NSTS for
the launch of communications satellites to those with national security or
foreign policy implications resulted in many commercial communica-
tions satellites, previously scheduled for launch on the NSTS, being reas-
signed to commercial expendable launch vehicles.

In March 1986, Admiral Truly directed that a “bottoms-up™ Shuttle
flight rate capability assessment be conducted. NASA established a flight
rate capability working group with representatives from each Shuttle pro-
gram element that affects flight rate. The working group developed
ground rules to ensure that projected flight rates were realistic. These
ground rules addressed such items as overall staffing of the work force.,
work shifts, overtime, crew training, and maintenance requirements for
the orbiter, main engine, solid rocket motor, and other critical systems.
The group identified enhancements required in the Shuttle mission simu-
lator, the Orbiter Processing Facility, the Mission Control Center, and
other areas, such as training aircraft and provisioning of spares. With
these enhancements and the replacement orbiter, NASA projected a max-
imum flight rate capability of fourteen per year with four orbiters. This
capacity, considering lead time constraints, “learning curves,” and budget
limitations, could be achieved no earlier than 1994 (Figure 3-28).

Controls were implemented to ensure that the Shuttle program ele-
ments were protected from pressures resulting from late manifest
changes. While the manifest projects the payload assignments several
years into the future, missions within eighteen months of launch were
placed under the control of a formal change process controlled by the
director, NSTS. Any manifest change not consistent with the defined
capabilities of the Shutile system would result in the rescheduling of the
payload to another mission.
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Figure 3-28. Availability of Fourth Orbiter
(With a fourth orbiter available, fourteen flights per year would be possible in 1994.)

Recommendation 1X

The commission recommended that NASA develop and execute d
maintenance inspection plan, perform structural inspections when sched-
uled, and restore the maintenance and spare parts program.

NASA updated the overall maintenance and flight readiness philoso-
phy of the NSTS program to ensure that it was a rigorous and prominent
part of the safety-of-flight process. A System Integrity Assurance
Program was developed that encompassed the overall maintenance strat-
egy. procedures, and test requirements for each element of flight hard-
ware and software to ensure that each item was properly maintained and
tested and was ready for launch. Figure 3-29 reflects the major capabili-
ties of the System Integrity Assurance Program.

NASA alleviated the requirement for the routine removal of parts
from one vehicle to supply another by expanding and accelerating vari-
ous aspects of the NSTS logistics program. Procedures were being insti-
tuted to ensure that a sufficient rationale supported any future
requirement for such removal of parts and that a decision to remove them
underwent a formal review and approval process.

A vehicle checkout philosophy was defined that ensured that systems
remain within performance limits and that their design redundancy fea-
tures functioned properly before each launch. Requirements were estab-
lished for identifying critical hardware items in the Operational
Maintenance Requirements Specification Document (defines the work to
be performed on the vehicle during each turnaround flow) and the
Operations and Maintenance Instruction (lists procedures used in per-
forming the work).
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Figure 3-29. Svstem Integrity Assurance Program

(This program estublished the functional responsibilities and program requirements

necessary to provide the proper configuration, operations, inspection, maintenance,
logistics, and certified personnel to ensure that the NSTS was ready for flight.)

Related Return-1o-Flight Actions

At the time of the Rogers Commission report, NASA was engaged

in

several tasks in support of the return-to-flight activities that were not

directly related to commission recommendations:

* Anew launch target date and flight crew for the first flight were ide
tified.

n_

* The program requirements for flight and ground system hardware and
software were being updated to provide a clear definition of the cri-

teria that the project element designs must satisfy.

*  The NSTS system designs were reviewed, and items requiring modi-

fication prior to flight were identified.

* Existing and modified hardware and software designs were being

verified to ensure that they complied with the design requirements

* The program and project documents, which implemented the rede-

fined program requirements, were being reviewed and updated.
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¢  Major testing, training, and launch preparation activities were contin-
uing or were planned.

Orbiter Operational Improvements and Modifications. The NSTS
program initiated the System Design Review process to ensure the review
of all hardware and software systems and to identify items requiring
redesign, analysis, or test prior to flight. The review included a complete
description of the system issue, its potential consequences, recommend-
ed correction action, and alternatives. The orbiter System Design Review
identified approximately sixty Category 1 system or component changes
out of a total of 226 identified changes.” (Category 1 changes are those
required prior to the next flight because the current design may not con-
tain a sufficient safety margin.) Figure 3-30 illustrates the major
improvements or modifications made to the orbiter.

Space Shuttle Main Engine. Improvements made to the Shuttle’s
main engines are addressed in Chapter 2 as part of the discussion of the
Shuttle’s propulsion system.

Orbital Maneuvering System/Reaction Control System AC-Motor-
Operated Valves.** The sixty-four valves operated by AC motors in the
OMS and RCS were modified to incorporate a “sniff” line for each valve
to permit the monitoring of nitrogen tetroxide or monomethyl hydrazine
in the electrical portion of the valves during ground operations. This new
line reduced the probability of floating particles in the electrical
microswitch portion of each valve, which could affect the operation of the

—
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Figure 3-30. Major Orbiter Modifications

BAeronautics and Space Report of the President, 1988 (Washington, DC:
U.S. Government Printing Office, 1989) p. 24.

“The information regarding additional changes presented from this point
onward came from the NSTS Shuttle Reference Manual (1988), on-line from the
Kennedy Space Center Home Page.
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microswitch position indicators for on-board displays and telemetry. It
also reduces the probability of nitrogen tetroxide or monomethyl
hydrazine leakage into the bellows of each AC-motor-operated valve.

Primary RCS Modifications. The wiring of the fuel and oxidizer
injector solenoid valves was wrapped around each of the thirty-eight pri-
mary RCS thrust chambers to remove electrical power from these valves
in the event of a primary RCS thruster instability.

Fuel Cell Modifications. Modifications to the fuel cell included the
deletion of end-cell heaters on each fuel cell power plant because of poten-
tial electrical failures and replacement with Freon coolant loop passages to
maintain uniform temperature throughout the power plants; the improve-
ment of the hydrogen pump and water separator of each fuel cell power
plant to minimize excessive hydrogen gas entrained in the power plant
product water; the addition of a current measurement detector to monitor
the hydrogen pump of each fuel cell power plant and provide an early indi-
cation of hydrogen pump overload; the modification of the starting and
sustaining heater system for each fuel cell power plant to prevent over-
heating and the loss of heater elements; and the addition of a stack inlet
temperature measurement to each fuel cell power plant for full visibility of
thermal conditions. Other improvements included the modification of the
product water lines from all three fuel cell power plants to incorporate a
parallel (redundant) path of product water to the Environmental Control
and Life Support System’s potable water tank B in the event of a freeze-
up in the single water relief panel and the addition of a water purity sen-
sor (pH) at the common product water outlet of the water relief panel to
provide a redundant measurement of water purity.

Auxiliary Power Unit Modifications. The auxiliary power units that
were used to date had a limited life. Each unit was refurbished after twen-
ty-five hours of operation because of cracks in the turbine housing, degra-
dation of the gas generator catalyst (which varied up to approximately
thirty hours of operation), and operation of the gas generator valve mod-
ule (which also varied up to approximately thirty hours of operation). The
remaining parts of the auxiliary power unit were qualified for forty hours
of operation.

Improved auxiliary power units were scheduled for delivery in late
1988. A new turbine housing would increase the life of the housing to
seventy-five hours of operation (fifty missions); a new gas generator
increased its life to seventy-five hours; a new standoff design of the gas
generator valve module and fuel pump deleted the requirement for a
water spray system that was required previously for each auxiliary power
unit upon shutdown after the first OMS thrusting period or orbital check-
out; and the addition of a third seal in the middle of the two existing seals
for the shaft of the fuel pump/lube oil system (previously only two seals
were located on the shaft, one on the fuel pump side and one on the gear-
box lube oil side) reduced the probability of hydrazine leaking into the
lube oil system. The deletion of the water spray system for the gas gen-
erator valve module and fuel pump for each auxiliary power unit resulted
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in a weight reduction of approximately sixty-eight kilograms for each
orbiter. Upon the delivery of the improved units, the life-limited auxiliary
power units would be refurbished to the upgraded design.

Main Landing Gear. The following modifications were made to
improve the performance of the main landing gear elements:

I.  Anincrease in the thickness of the main landing gear axle to provide
a stiffer configuration that reduces brake-to-axle deflections, pre-
cludes brake damage experienced in previous landings, and mini-
mizes tire wear

2. The addition of orifices to hydraulic passages in the brake’s piston
housing to prevent pressure surges and brake damage caused by a
wobble/pump effect

3. The modification of the electronic brake control boxes to balance
hydraulic pressure between adjacent brakes and equalize energy
applications, with the removal of the anti-skid circuitry previously
used to reduce brake pressure to the opposite wheel if a flat tire was
detected

4. The replacement of the carbon-lined beryllium stator discs in each
main landing gear brake with thicker discs to increase braking ener-
gy significantly

5. A long-term structural carbon brake program to replace the carbon-
lined beryllium stator discs with a carbon configuration that provides
higher braking capacity by increasing maximum energy absorption

6. The addition of strain gauges to each nose and main landing gear
wheel to monitor tire pressure before launch, deorbit, and landing

7. Other studies involving arresting barriers at the end of landing site
runways (except lake bed runways), the installation of a skid on the
landing gear that could preclude the potential for a second blown tire
on the same gear after the first tire has blown, the provision of “roll
on rim” for a predictable roll if both tires are lost on a single or mul-
tiple gear, and the addition of a drag chute

Studies of landing gear tire improvements were conducted to deter-
mine how best to decrease tire wear observed after previous Kennedy
Space Center landings and how to improve crosswind landing capability.
Modifications were made to the Kennedy Space Center’s Shuttle landing
facility runway. The primary purpose of the modifications was to enhance
safety by reducing tire wear during landing.

Nose Wheel Steering Modifications. The nose wheel steering system
was modified on Columbia (OV-102) for the 61-C mission, and
Discovery (OV-103) and Atlantis (OV-104) were being similarly modi-
fied before their return to flight. The modification allowed for a safe high-
speed engagement of the nose wheel steering system and provided
positive lateral directional control of the orbiter during rollout in the pres-
ence of high crosswinds and blown tires.
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Thermal Protection System Modifications. The area aft of the rein-
forced carbon-carbon nose cap to the nose landing gear doors were dam-
aged (tile slumping) during flight operations from impact during ascent
and overheating during reentry. This area, which previously was covered
with high-temperature reusable surface insulation tiles, would now be
covered with reinforced carbon-carbon. The low-temperature thermal
protection system tiles on Columbia’s mid-body, payload bay doors, and
vertical tail were replaced with advanced flexible reusable surface insu-
lation blankets. Because of evidence of plasma flow on the lower wing
trailing edge and elevon landing edge tiles (wing/elevon cove) at the out-
board elevon tip and inboard elevon, the low-temperature tiles were being
replaced with fibrous refractory composite insulation and high-tempera-
ture tiles along with gap fillers on Discovery and Atlantis. On Columbia,
only gap fillers were installed in this area.

Wing Modification. Before the wings for Discovery and Atlantis
were manufactured, NASA instituted a weight reduction program that
resulted in a redesign of certain areas of the wing structure. An assess-
ment of wing air loads from actual flight data indicated greater loads on
the wing structure than predicted. To maintain positive margins of safety
during ascent, structural modifications were made.

Mid-Fuselage Modifications. Because of additional detailed analysis
of actual flight data concerning descent-stress thermal-gradient loads, tor-
sional straps were added to tie all the lower mid-fuselage stringers in bays
I through 11 together in a manner similar to a box section. This eliminat-
ed rotational (torsional) capabilities to provide positive margins of safety.
Also, because of the detailed analysis of actual descent flight data, room-
temperature vulcanizing silicone rubber material was bonded to the lower
mid-fuselage from bays 4 through 11 to act as a heat sink. distributing
temperatures evenly across the bottom of the mid-fuselage, reducing ther-
mal gradients, and ensuring positive margins of safety.

General Purpose Computers. NASA was to replace the existing gen-
eral purpose computers aboard the Space Shuttle orbiters with new
upgraded general purpose computers in late 1988 or early 1989. The
upgraded computers allowed NASA to incorporate more capabilities into
the orbiters and apply advanced computer technologies that were not
available when the orbiter was first designed. The upgraded general pur-
pose computers would provide two and a half times the existing memory
capacity and up to three times the existing processor speed, with mini-
mum impact on flight software. They would be half the size, weigh
approximately half as much, and require less power to operate.

Inertial Measurement Unit Modifications. The new high-accuracy
inertial navigation system were to be phased in to augment the KT-70
inertial measurement units in 1988-89. These new inertial measurement
units would result in lower program costs over the next decade. ongoing
production support, improved performance, lower failure rates. and
reduced size and weight. The HAINS inertial measurement units also
would contain an internal dedicated microprocessor with memory for
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processing and storing compensation and scale factor data from the ven-
dor’s calibration, thereby reducing the need for extensive initial load data
for the orbiter’s computers.

Crew Escape System. Hardware changes were made to the orbiter
and to the software system to accommodate the crew escape system
addressed in Recommendation VII.

Seventeen-Inch Orbiter/External Tank Disconnects. Each mated
pair of seventeen-inch disconnects contained two flapper valves: one on
the orbiter side and one on the external tank side. Both valves in each dis-
connect pair were opened to permit propellant flow between the orbiter
and the external tank. Prior to separation from the external tank, both
valves in each mated pair of disconnects were commanded closed by
pneumatic (helium) pressure from the main propulsion system. The clo-
sure of both valves in each disconnect pair prevented propellant discharge
from the external tank or orbiter at external tank separation. Valve closure
on the orbiter side of each disconnect also prevented contamination of the
orbiter main propulsion system during landing and ground operations.

Inadvertent closure of either valve in a seventeen-inch disconnect
during main engine thrusting would stop propellant flow from the exter-
nal tank to all three main engines. Catastrophic failure of the main
engines and external tank feed lines would result. To prevent the inad-
vertent closure of the seventeen-inch disconnect valves during the Space
Shuttle main engine thrusting period, a latch mechanism was added in
each orbiter half of the disconnect. The latch mechanism provided a
mechanical backup to the normal fluid-induced-open forces. The latch
was mounted on a shaft in the flow stream so that it overlapped both flap-
pers and obstructed closure for any reason.

In preparation for external tank separation, both valves in each seven-
teen-inch disconnect were commanded closed. Pneumatic pressure from
the main propulsion system caused the latch actuator to rotate the shaft in
each orbiter seventeen-inch disconnect ninety degrees, thus freeing the
flapper valves to close as required for external tank separation. A backup
mechanical separation capability was provided in case a latch pneumatic
actuator malfunctioned. When the orbiter umbilical initially moved away
from the external tank umbilical, the mechanical latch disengaged from
the external tank flapper valve and permitted the orbiter disconnect flap-
per to toggle the latch. This action permitted both flappers to close.

Changes made to the Space Shuttle main engines as part of the
Margin Improvement Program and solid rocket motor redesign were
addressed in Chapter 2 as part of the discussion of launch systems.

Return to Flight
Preparation for STS-26

NASA selected Discovery as the Space Shuttle for the STS-26 mis-
sion in 1986. At the time of the STS 51-L accident, Discovery was in tem-
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porary storage in the Kennedy Space Center's Vehicle Assembly
Building, awaiting transfer to the Orbiter Processing Facility for prepara-
tion for the first Shuttle flight from Vandenberg Air Force Base,
California. scheduled for later that year. Discovery last flew in August
1985 on STS 51-1, the orbiter’s sixth flight since it joined the fleet in
November 1983.

In January 1986, Atlantis was in the Orbiter Processing Facility, pre-
pared for the Galileo mission and ready to be mated to the boosters and tank
in the Vehicle Assembly Building. Columbia had just completed the STS
61-C mission a few weeks prior to the Challenger accident and was also in
the Orbiter Processing Facility undergoing postflight deconfiguration.

NASA was considering various Shuttle manifest options, and it was
determined that Atlantis would be rolled out to Launch Pad 39-B for fit
checks of new weather protection modifications and for an emergency
egress exercise and a countdown demonstration test. During that year,
NASA also decided that Columbia would be flown to Vandenberg for fit
checks. Discovery was then selected for the STS-26 mission.

Discovery was moved from the Vehicle Assembly Building High
Bay 2, where it was in temporary storage, into the Orbiter Processing
Facility the last week of June 1986. Power-up modifications were active
on the orbiter’s systems until mid-September 1986, when Discovery was
transferred to the Vehicle Assembly Building while technicians per-
formed facility modifications in Bay 1 of Orbiter Processing Facility.

Discovery was moved back into the Orbiter Processing Facility’s
Bay 1 on October 30, 1987, a milestone that initiated an extensive modi-
fication and processing flow to ready the vehicle for flight. The hiatus in
launching offered an opportunity to “tune up” and fully check out all of the
orbiter’s systems and treat the orbiter as if it was a new vehicle.
Technicians removed most of the orbiter’s major systems and components
and sent them to the respective vendors for modifications or rebuilding.

After an extensive powered-down period of six months, which began
in February 1987, Discovery's systems were awakened when power
surged through its electrical systems on August 3, 1987. Discovery
remained in the Orbiter Processing Facility while workers implemented
more than 200 modifications and outfitted the payload bay for the TDRS.
Flight processing began in mid-September with the reinstallation and
checkout of the major components of the vehicle, including the main
engines, the right- and lefthand OMS pods, and the forward RCS.

In January 1988, Discovery’s three main engines arrived at the
Kennedy Space Center and were installed. Engine 2019 arrived on
January 6, 1988, and was installed in the number one position on January
10. Engine 2022 arrived on January 15 and was installed in the number
two position on January 24. Engine 2028 arrived on January 21 and was
installed in the number three position also on January 24.

The redesigned solid rocket motor segments began arriving at
Kennedy on March 1, and the first segment, the left aft booster, was
stacked on Mobile Launcher 2 in the Vehicle Assembly Building’s High
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Bay 3 on March 29. Technicians started with the left aft booster and con-
tinued stacking the four lefthand segments before beginning the righthand
segments on May 5. They attached the forward assemblies/nose cones on
May 27 and 28. The solid rocket boosters’ field joints were closed out
prior to mating the external tank to the boosters on June 10. An interface
test between the boosters and tank was conducted a few days later to ver-
ify the connections.

The OASIS payload was installed in Discovery’s payload bay on
April 19. TDRS arrived at the Orbiter Processing Facility on May 16, and
its inertial upper stage arrived on May 24. The TDRS/inertial upper stage
mechanical mating took place on May 31. Discovery was moved from the
Orbiter Processing Facility to the Vehicle Assembly Building on June 21,
where it was mated to the external tank and solid rocket boosters. A
Shuttle interface test conducted shortly after the mate checked out the
mechanical and electrical connections among the various elements of the
Shuttle vehicle and the function of the on-board flight systems.

The assembled Space Shuttle vehicle aboard its mobile launcher plat-
form was rolled out of the Vehicle Assembly Building on July 4. It trav-
eled just over four miles to Launch Pad 39-B for a few major tests and
final launch preparations.

A few days after Discovery’s OMS system pods were loaded with
hypergolic propellants, a tiny leak was detected in the left pod (June 14).
Through the use of a small, snake-like, fiber optics television camera,
called a Cobra borescope, workers pinpointed the leak to a dynatube fit-
ting in the vent line for the RCS nitrogen tetroxide storage tank, located
in the top of the OMS pod. The tiny leak was stabilized and controlled by
“pulse-purging” the tank with helium—an inert gas. Pulse-purge is an
automated method of maintaining a certain amount of helium in the tank.
In addition, console operators in the Launch Control Center firing room
monitored the tank for any change that may have required immediate
attention. It was determined that the leak would not affect the scheduled
Wet Countdown Demonstration Test and the Flight Readiness Firing, and
repair was delayed until after these tests.

The Wet Countdown Demonstration Test, in which the external tank
was loaded with liquid oxygen and liquid hydrogen, was conducted on
August 1. A few problems with ground support equipment resulted in
unplanned holds during the course of the countdown. A leak in the hydro-
gen umbilical connection at the Shuttle tail service mast developed while
liquid hydrogen was being loaded into the external tank. Engineers traced
the leak to a pressure monitoring connector. During the Wet Countdown
Demonstration Test, the leak developed again. The test was completed
with the liquid hydrogen tank partially full, and the special tanking tests
were deleted. Seals in the eight-inch fill line in the tail service mast were
replaced and leak-checked prior to the Flight Readiness Firing. In addi-
tion, the loading pumps in the liquid oxygen storage farm were not func-
tioning properly. The pumps and their associated motors were repaired.
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After an aborted first attempt, the twenty-two-second Flight
Readiness Firing of Discovery’s main engines took place on August 10.
The first Flight Readiness Firing attempt was halted inside the T-ten-
second mark because of a sluggish fuel bleed valve on the number two
main engine. Technicians replaced this valve prior to the Flight Readiness
Firing. This firing verified that the entire Shuttle system, including launch
equipment, flight hardware, and the launch team. were ready for flight.
With more than 700 pieces of instrumentation installed on the vehicle ele-
ments and launch pad, the test provided engineers with valuable data,
including characteristics of the redesigned solid rocker boosters.

After the test, a team of Rockwell technicians began repairs to the
OMS pod leak. They cut four holes into two bulkheads with an air-
powered router on August 17 and bolted a metal “clamshel]” device
around the leaking dynatube fitting. The clamshell was filled with
Furmanite—a dark thick material consisting of graphite, silicon, heavy
grease, and glass fiber. After performing a successful initial leak check,
covers were bolted over the holes on August 19, and the tank was pres-
surized to monitor any decay. No leakage or decay in pressure was noted,
and the fix was deemed a success.

TDRS-C and its inertial upper stage were transferred from the Orbiter
Processing Facility to Launch Pad 39-B on August 15. The payload was
installed into Discovery’s payload bay on August 29. Then a Countdown
Demonstration Test was conducted on September 8. Other launch prepa-
rations held prior to launch countdown included final vehicle ordinance
activities, such as power-on stray-voltage checks and resistance checks of
firing circuits, the loading of the fuel cell storage tanks, the pressurization
of the hypergolic propellant tanks aboard the vehicle, final payload close-
outs, and a final functional check of the range safety and solid rocket
booster ignition, safe, and arm devices.

STS-26 Mission Overview

The Space Shuttle program returned to flight with the successful
launch of Discovery on September 29, 1988. The Shuttle successfully
deployed the TDRS. a 2,225-kilogram communications satellite attached
to a 14,943-kilogram rocket. In addition, eleven scheduled scientific and
technological experiments were carried out during the flight.

The STS-26 crew consisted of only experienced astronauts. Twenty
months of preflight training emphasized crew safety. The crew members
prepared for every conceivable mishap or malfunction.

Among the changes made in the Shuttle orbiter was a crew escape
system for use if an engine should malfunction during ascent to orbit or
if a controlled landing was risky or impossible. As part of this escape sys-
tem, the crew wore newly designed partially pressurized flight suits dur-
ing ascent, reentry, and landing. Each suit contained oxygen supplies, a
parachute, a raft, and other survival equipment. The new escape system
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would permit astronauts to bail out of the spacecraft in an emergency
during certain segments of their ascent toward orbit. To escape, the astro-
nauts would blow off a hatch in the spacecraft cabin wall, extend a tele-
scoping pole 3.65 meters beyond the spacecraft, and slide along the pole.
From the pole, they would parachute to Earth.

The improved main engines were test-fired for a total of 100,000 sec-
onds, which is equal to their use time in sixty-five Shuttle launches. The
solid rocket boosters were tested with fourteen different flaws deliberate-
ly etched into critical components.

The launch was delayed for one hour and thirty-eight minutes
because of unsuitable weather conditions in the upper atmosphere. Winds
at altitudes between 9,144 and 12,192 meters were lighter than usual for
that time of the year, and launch was prohibited because this condition
had not been programmed into the spacecraft’s computer. However, after
specialists analyzed the situation, they judged that Discovery could with-
stand these upper-air conditions. Shuttle managers approved a waiver of
the established flight rule and allowed the launch to proceed under the
existing light wind conditions.

Upon the conclusion of the mission, Discovery began its return to Earth
at 11:35 a.m., Eastern Daylight Time, on October 3. Discovery was travel-
ing at about twenty-five times the speed of sound over the Indian Ocean
when the astronauts fired the deorbit engines and started the hour-long
descent. Touchdown was on a dry lake bed at Edwards Air Force Base.

Space Station
Overview and Background

The notion of a space station was not new or revolutionary when, in
his State of the Union message of January 25, 1984, President Ronald
Reagan directed NASA to develop a permanently occupied space station
within the next ten years. Even before the idea of a Space Shuttle had
been conceived in the late 1960s, NASA had envisioned a space station
as a way to support high-priority science missions. Once the Shuttle’s
development was under way, a space station was considered as its natur-
al complement—a destination for the orbiter and a base for its trip back
to Earth. By 1984, NASA had already conducted preliminary planning
efforts that sought the best space station concept to satisfy the require-
ments of potential users.

Reagan’s space station directive underscored a national commitment
to maintaining U.S. leadership in space. A space station would, NASA
claimed, stimulate technology resulting in “spinoffs” that would improve
the quality of life, create jobs, and maintain the U.S. skilled industrial
base. It would improve the nation’s competitive stance at a time when
more and more high-technology products were being purchased in other
countries. It offered the opportunity to add significantly to knowledge of
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Earth and the universe.” The president followed up his directive with a
request for $150 million for space station efforts in FY 1985. Congress
approved this request and added $5.5 million in earlier year appropria-
tions to total $155.5 million for the space station in FY 1985

From its start, international participation was a major objective of the
Space Station program. Other governments would conduct their own def-
inition and preliminary design programs in parallel with NASA and
would provide funding. NASA anticipated international station partners
who defined missions and used station capabilities, participated in the
definition and development activities and who contributed to the station
capabilities, and supported the operational activities of the station.

Events moved ahead, and on September 14, 1984, NASA issued a
request for proposal (RFP) to U.S. industry for the station's preliminary
design and definition. The RFP solicited proposals for four separate
“work packages” that covered the definition and preliminary design of
station elements:

1. Pressurized “common” modules with appropriate systems for use as
laboratories, living areas, and logistics transport; environmental con-
trol and propulsive systems; plans for equipping one module as a lab-
oratory and others as logistics modules: and plans for
accommodations for orbital maneuvering and orbital transfer systems

2. The structural framework to which the various elements of the station
would be attached; interface between the station and the Space
Shuttle; mechanisms such as the RMS and attitude control, thermal
control, communications, and data management systems; plans for
equipping a module with sleeping quarters, wardroom, and galley;
and plans for EVA

3. Automated free-flying platforms and provisions to service and repair
the platforms and other free-flying spacecraft; provisions for instru-
ments and payloads to be attached externally to the station; and plans
for equipping a module for a laboratory

4. Electrical power generation, conducting, and storage systems.”

Proposals from industry were received in November 1984. Also in
1984, NASA designated the Johnson Space Center as the lead center for
the Space Station program. In addition, NASA established seven inter-

**Space Station,” NASA Information Summaries, December 1986, p. 2.

*U.S. Congress, Conference Report, June 16, 1984, Chronological History.
Fiscal Year 1985 Budget Submission authorized the initial $150 million. The
Conference Committee authorized the additional $5 million from fiscal year
1984 appropriations as part of a supplemental appropriations bill, approved
August 15, 1985.

¥Space Station Definition and Preliminary Design, Request for Proposal,
September 15, 1984.
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center teams to conduct advanced development activities for high-
potential technologies to be used in station design and development, and
the agency assigned definition and preliminary design responsibilities to
four field centers: the Marshall Space Flight Center, Johnson, the
Goddard Space Flight Center, and the Lewis Research Center. The
agency also established a Headquarters-based Space Station Program
Office to provide overall policy and program direction.

Response to proposals for a space station was not uniformly favorable.
In particular, the New York Times criticized the usefulness of the project. It
called the proposed space station “an expensive yawn in space” (January
29, 1984) and “the ultimate junket” (November 9, 1984).% The Times
claimed that unoccupied space platforms could accomplish anything that
an occupied space platform could. Nevertheless, Reagan remained an
enthusiastic proponent of the project, and NASA moved ahead.

NASA defined three categories of missions as the basis for space sta-
tion design. Science and applications missions included astrophysics,
Earth science and applications, solar system exploration, life sciences,
materials science, and communications. Commercial missions included
materials processing in space, Earth and ocean observations, communi-
cations, and industrial services. Technology development missions
included materials and structures, energy conversion, computer science
and electronics, propulsion, controls and human factors, station sys-
tems/operations, fluid and thermal physics, and automation and robotics.

NASA’s 1984 plans called for the station to be operational in the early
1990s, with an original estimated U.S. investment of $8.0 billion (1984
dollars).” The station would be capable of growth both in size and capa-
bility and was intended to operate for several decades. It would be assem-
bled at an altitude of about 500 kilometers at an inclination to the equator
of twenty-eight and a half degrees. All elements of the station would be
jaunched and tended by the Space Shuttle.”

On April 19, 1985, NASA’s Space Station Program Office Manager
Neil Hutchinson authorized the start of the definition phase contracts.
Marshall, Johnson, Goddard, and Lewis each awarded competitive con-
tracts on one of four work packages to eight industry teams (Table 3-50).
These contracts extended for twenty-one months and defined the system
requirements, developed supporting technologies and technology develop-
ment plans, performed supporting systems and trade studies, developed
preliminary designs and defined system interfaces. and developed plans,
cost estimates, and schedules for the Phase C/D (design and development)

*New York Times, January 29, 1984; New York Times, November 9, 1984.

»Philip E. Culbertson, “Space Station: A Cooperative Endeavor,” paper to
25th International Meeting on Space, Rome, Italy, March 26-28, 1985, p. 4,
NASA Historical Reference Collection, NASA Headquarters, Washington, DC.

w]_eonard David, Space Station Freedom—A F oothold on the Future, NASA
pamphlet, Office of Space Science, 1986.
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activities. In addition to the lead centers for each work package, the
Kennedy Space Center was responsible for preflight and launch operations
and would participate in logistics support activities. Other NASA centers
would also support the definition and preliminary design activities.

Also during 1985, NASA signed memoranda of understanding
(MOUs) with Canada, ESA, and Japan. The agreements provided a
framework for cooperation during the definition and preliminary design
phase (Phase B) of the program. Under the MOUs, the United States and
its international partners would conduct and coordinate simultaneous
Phase B studies. NASA also signed an MOU with Space Industries. Inc.,
of Houston, a privately funded venture to exchange information during
Phase B. Space Industries planned to develop a pressurized laboratory
that would be launched by the Space Shuttle and could be serviced from
the station.

Progress on the station continued through 1986." NASA issued a
Technical and Management Information System (TMIS) RFP in July. The
TMIS would be a computer-based system that would support the techni-
cal and management functions of the overall Space Station program.
NASA also issued a Software Support Environment RFP for the “envi-
ronment”” that would be used for all computer software developed for the
program. A draft RFP for the station’s development phase (Phase C/D)
was also issued in November 1986, with the definitive RFP released on
April 24, 1987."

In 1987, in accordance with a requirement in the Authorization Act
for FY 1988, NASA began preparing a total cost plan spanning three
years. Called the Capital Development Plan, it included the estimated
cost of all direct research and development. spaceflight, control and data
communications, construction of facilities, and resource and program
management. This plan complemented the Space Station Development
Plan submitted to Congress in November 1987.

Also during 1987, NASA awarded several station development con-
tracts:

1. Boeing Computer Services Company was selected in May to develop
the TMIS.

2. Lockheed Missiles and Space Company was chosen in June to devel-
op the Software Support Environment contract.

It is interesting to note that by 1986, the Soviet Union had already operat-
ed several versions of a space station. In February 1986, it placed into orbit a new
space station called Mir, the Russian word for peace. The Soviets indicated they
intended to occupy Mir permanently and make it the core of a busy complex of
space-based factories, construction and repair facilities. and laboratories.

2“NASA Issues Requests for Proposals for Space Station Development.”
NASA News, Release 87-65, April 24, 1987,
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3. Grumman Aerospace Corporation was picked in July to provide the
Space Station Program Office with systems engineering and integra-
tion, in addition to a broad base of management support.

In addition, Grumman and Martin Marietta Astronautics Company
were selected in November for definition and preliminary design of the
Flight Telerobotic System, a space robot that would perform station
assembly and spacecraft servicing tasks.

In December 1987, NASA selected the four work package contrac-
tors. These four aerospace firms were to design and build the orbital
research base. Boeing Aerospace was selected to build the pressurized
modules where the crews would work and live (Work Package 1). NASA
chose McDonnell Douglas Astronautics Company to develop the struc-
tural framework for the station, as well as most of the major subsystems
required to operate the facility (Work Package 2). GE Astro-Space
Division was picked to develop the scientific platform that would operate
above Earth’s poles and the mounting points for instruments placed on
the occupied base (Work Package 3). NASA selected the Rocketdyne
Division of Rockwell International to develop the system that would fur-
nish and distribute electricity throughout the station (Work Package 4).

The contracts included two program phases. Phase I covered the
approximately ten-year period from contract start through one year after
completion of station assembly. Phase II was a priced option that, if exer-
cised, would enhance the capabilities of the station by adding an upper
and lower truss structure, additional external payload attachment points,
a solar dynamic power system, a free-flying co-orbiting platform, and a
servicing facility. Contract negotiations with Boeing, McDonnell
Douglas, GE Astro-Space, and Rocketdyne to design and build
Freedom’s occupied base and polar platform were completed in
September 1988. With these contracts in place, the definition and prelim-
inary design (Phase B) ended and detailed design and development
(Phase C/D) began. The award of these contracts followed approval by
Congress and President Reagan of the overall federal funding bill that
made available more than $500 million in FY 1988 for station develop-
ment activities. This amount included funds remaining from the FY 1987
station appropriation as well as the new funding provided under the FY
1688 bill.*

In February 1988, the associate administrator for space station signed
the Program Requirements Document. This top-level document contained
requirements for station design, assembly, utilization, schedule, safety,
evolution, management, and cost. In May, the Program Requirements
Review began at the NASA Headquarters program office and was com-
pleted at the four work package centers by the end of the year. The
Program Requirements Review provided a foundation to begin the

"NASA Awards Contracts to Space Station Contractors,” NASA News,
Release 87-187, December 23, 1987.
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detailed design and development process by verifying program require-
ments and ensuring that those requirements could be traced across all lev-
els of the program and be met within the available technical and fiscal
resources.

In July 1988, President Reagan named the international station
Freedom. The U.S. international partners signed agreements to cooperate
with the United States in developing, using, and operating the station.
Government-level agreements between the United States and nine
European nations, Japan, and Canada, and MOUs between NASA and
ESA and between NASA and Canada were signed in September. The
NASA-industry team proceeded to develop detailed requirements to
guide design work beginning early in 1989.

Proposed Configurations

For the purpose of the 1984 RFP. NASA selected the “power tower”
as the reference configuration for the station. NASA anticipated that this
configuration could evolve over time. The power tower would consist of
a girder 136 meters in length that would circle Earth in a gravity-gradient
attitude. Pressurized laboratory modules, service sheds, and docking
ports would be placed on the end always pointing downward; instruments
for celestial observation would be mounted skyward; and the solar power
arrays would be mounted on a perpendicular boom halfway up the tower.

After intensive reviews, NASA replaced the power tower configura-
tion in 1985 with the “dual keel” configuration (Figure 3-31). This con-
figuration featured two parallel 22.6-meter vertical keels, crossed by a
single horizontal beam, which supported the solar-powered energy Sys-
tem by a double truss, rectangular-shaped arrangement that shortened the
height of the station to ninety-one meters. This configuration made a
stronger frame, thus better dampening the oscillations expected during
operations. The design also moved the laboratory modules to the station’s
center of gravity to allow scientists and materials processing researchers
to work near the quality microgravity zone within the station. Finally, the
dual keel offered a far larger area for positioning facilities, attaching pay-
loads, and storing supplies and parts. NASA formally adopted this design
at its May 1986 Systems Requirements Review. Its Critical Evaluation
Task Force modified the design in the fall of 1986 to increase the size of
the nodes to accommodate avionics packages slated for attachment to the
truss, thereby increasing pressurized volume available as well as decreas-
ing the requirement for EVA.

In 1987, NASA and the administration, responding to significant
increases in program costs, decided to take a phased approach to station
development. In April 1987, the Space Station program was divided into
Block 1 and Block II. Block 1, the Revised Baseline Configuration,
included the U.S. laboratory and habitat modules, the accommodation of
attached payloads, polar platform(s). seventy-five kilowatts of photo-
voltaic power, European and Japanese modules, the Canadian Mobile
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Photovoltaic Array

Radiator

Solar Dynamic
Power Unit

Figure 3-31. Dual Keel Final Assembly Configuration
(adopted at May 1986 Svstems Requirements Review )

Servicing System, and provisions for evolution (Figure 3-32). The mod-
ules would be attached to a 110-meter boom. Block II, an Enhanced
Configuration, would have an additional fifty kilowatts of power via a
solar dynamic system, additional accommodation of attached payloads on
dual keels and upper and lower booms, a servicing bay, and co-orbiting
platforms (Figure 3-33).

Operations and Utilization Planning

NASA first formulated an operations concept for the space station in
1985 that considered preliminary launch, orbit, and logistics operational
requirements, objectives such as reduced life-cycle costs, and interna-
tional operations. It was determined that the station elements fulfill user
requirements affordably and that NASA be able to afford the overall Sys-
tem infrastructure and logistics.

In 1985, the Space Station Utilization Data Base (later called the
Mission Requirements Data Base) included more than 300 potential pay-
loads from the commercial sector and from technology development, sci-
ence, and applications communities. The information in this data base
was used to evaluate potential designs of the station and associated plat-
forms. Besides NASA, user sponsors included ESA, Canada, Japan, and
the National Oceanic and Atmospheric Administration. In addition, a
large number of private-sector users had requested accommodations on
the station. Considerable interest was also expressed in using polar
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Figure 3-32. Revised Baseline Configuration (1987), Block 1
¢ U.S. laboratory and habitat modules, accom-
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Figure 3-33. Enhanced Configuration, Block 1
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platforms for solar-terrestrial physics, life sciences, astronomy, and Earth
observation investigations. Polar platforms could support many related
instruments, provide operational flexibility because of their modular
design, and have indefinitely long lifetimes because they could be ser-
viced while in orbit.

In 1986, NASA formulated an Operations Management Concept that
outlined the philosophy and management approaches to station operations.
Using the concept as a point of departure, an Operations Task Force was
established to perform a functional analysis of future station operations. In
1987, the Operations Task Force developed an operations concept and
concluded its formal report in April. NASA also implemented an opera-
tions plan, carried out further study of cost management, and conducted a
study on science operations management that was completed in August.

NASA issued a preliminary draft of a Space Station User’s Handbook
that would be a guide to the station for commercial and government users.
Pricing policy studies were also initiated, and NASA also revised the
Mission Requirements Data Base. Part of the utilization effort was aimed
at defining the user environment. The “Space Station Microgravity
Environment” report submitted to Congress in July 1988 described the
microgravity characteristics expected to be achieved in the U.S.
Laboratory and compared these characteristics to baseline program oper-
ations and utilization requirements.

Evolution Planning

The station was designed to evolve as new requirements emerged and
new capabilities became available. The design featured “hooks” and
“scars,” which were electronic and mechanical interfaces that would
allow station designers to expand its capability. In this way, new and
upgraded components, such as computer hardware, data management
software, and power systems, could be installed easily.

The Enhanced Configuration was an example of evolution planning.
In this version, two 103-meter-long vertical spines connected to the hor-
izontal cross boom. With a near-rectangle shape comparable in size to a
football field, the frame would be much stiffer and allow ample room for
additional payloads.

In 1987, NASA established an Evolution Management Council. The
Langley Research Center was designated as responsible for station evo-
lution to meet future requirements. This responsibility included conduct-
ing mission, systems, and operations analyses, providing systems-level
planning of options/configurations, coordinating and integrating study
results by others, chairing the evolution working group, and supporting
advanced development program planning.

A presidential directive of February 11, 1988, on “National Space
Policy” stated that the “Space Station would allow evolution in keeping
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with the needs of station users and the long-term goals of the U.S.”* This
directive reaffirmed NASA’s objective to design and build a station that
could expand capabilities and incorporate improved technologies.
Planning for evolution would occur in parallel with the design and devel-
opment of the baseline station.

To support initiatives such as the Humans to Mars and Lunar Base
projects, the station would serve as a facility for life science research and
technology development and eventually as a transportation node for vehi-
cle assembly and servicing. Another evolutionary path involved growth
of the station as a multipurpose research and development facility. For
these options, Langley conducted mission and systems analyses to deter-
mine primary resource requirements such as power, crew, and volume.

NASA Center Involvement
Marshall Space Flight Center

The Marshall Space Flight Center in Huntsville, Alabama, was des-
ignated as the Work Package 1 Center. Work Package 1 included the
design and manufacture of the astronauts’ living quarters, known as the
habitation module (Figure 3-34); the U.S. Laboratory module; logistics
elements, used for resupply and storage; node structures connecting the
modules; the Environmental Control and Life Support System; and the
thermal control and audio/video systems located within the pressurized
modules.

Figure 3-34. Habitation Module

uOffice of the Press Secretary. “Fact Sheet: Presidential Directive on
National Space Policy.” February 11, 1988.
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ment, as well as several facilities to support its work package activities.
These included the Payload Operations Integration Center, the
Engineering Support Center, and the Payload Training Facility.

Johnson Space Center

The Johnson Space Center near Houston was responsible for the
design, development, verification, assembly, and delivery of Work
Package 2 flight elements and systems. This included the integrated truss
assembly, propulsion assembly, mobile transporter, resource node design
and outfitting, external thermal control, data management, operations
management, communications and tracking, extravehicular systems,
guidance, navigation, and control Systems, and airlocks. Johnson was also
responsible for the attachment systems, the STS for its periodic visits, the
flight crews, crew training and crew emergency return definition, and
operational capability development associated with operations planning.
Johnson provided technical direction to the Work Package 1 contractor
for the design and development of all station subsystems.

Johnson set up the Space Station Freedom Projects Office with the
responsibility of managing and directing the various design, development,
assembly, and training activities. This office reported to the Space Station
Program Office in Reston, Virginia. The projects office at Johnson was to
develop the capability to conduct all career flight crew training. The inte-
grated training architecture would include the Space Station Control
Center and ultimately the Payload Operations Integration Center when the
station became permanently occupied. Johnson established several facili-
ties in support of its various responsibilities: the Space Station Control
Center, the Space Systems Automated Integration and Assembly Facility,
the Space Station Training Facility, and the Neutral Buoyancy Laboratory.

Goddard Space F. light Center

The Goddard Space Flight Center in Greenbelt, Maryland, had
responsibility for the Work Package 3 portion of the Space Station pro-
gram. It was responsible for developing the free-flying platforms and
attached payload accommodations, as well as for planning NASA’s role
in servicing accommodations in support of the user payloads and satel-
lites. Goddard was also responsible for developing the Flight Telerobotic
Servicer (Figure 3-35), which had been mandated by Congress in the
conference report accompanying NASA’s FY 1986 appropriations bill.
The Flight Telerobotic Servicer was an outgrowth of the automation and
robotics initiative of the station’s definition and preliminary design phase.
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Figure 3-35. Flight Telerobotic Servicer

Lewis Research Center

The Lewis Research Center was responsible for the Work Package 4
portion of the Space Station program. Its station systems directorate was
responsible for designing and developing the electric power system. This
included responsibility for systems engineering and analysis for the over-
all electrical power system; all activities associated with the design,
development, test, and implementation of the photovoltaic systems
(Figure 3-36); hooks and scars activities in solar dynamics and in support
of Work Package 2 in resistojet propulsion technology; power manage-
ment and distribution system development; and activities associated with

Truss Beta Gimbals

Solar Array Wing #1 \

Solar Array Wing #2

Integrated Equipment  Alpha Gimbal

Assemb Radiator

ly

Figure 3-36. Photovoltaic Module
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the Lewis station power system facilities and in planning electric power
system mission operations.

International Cooperation
Canada

In March 1986, Canadian Prime Minister Brian Mulroney and
President Reagan agreed to Canadian participation in the Space Station
program. Canada intended to commit $1.2 billion to the program through
the year 2000. Canada planned to provide the Mobile Servicing Center
for Space Station Freedom. Together with a U.S.-provided, rail-mounted,
mobile transporter, which would move along the truss, the Mobile
Servicing Center and the transporter would comprise the Mobile
Servicing System. The Mobile Servicing System was to play the main
role in the accomplishing the station’s assembly and maintenance, mov-
ing equipment and supplies around the station, releasing and capturing
satellites, supporting EVAs, and servicing instruments and other payloads
attached to the station. It would also be used for docking the Space
Shuttle orbiter to the station and then loading and unloading materials
from its cargo bay.

NASA considered the Mobile Servicing Center as part of the station’s
critical path: an indispensable component in the assembly, performance,
and operation of the station. In space, Canada would supply the RMS, the
Mobile Servicing Center and Maintenance Depot, the special purpose dex-
terous manipulator, Mobile Servicing System work and control stations, a
power management and distribution system, and a data management sys-
tem (Figure 3-37). On the ground, Canada would build a manipulator
development and simulation facility and a mission operations facility. The
Canadian Space Agency would provide project management.

Figure 3-37. Mobile Servicing System and Special Purpose Dexterous Manipulator
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European Space Agency

ESA gave the name “Columbus” to its program to develop the three
elements that Europe was to contribute to the station: the Columbus
Attached Laboratory, the Columbus Free-Flying Laboratory, and the
Columbus Polar Platform. Columbus would provide an in-orbit and
ground infrastructure compatible with European and international user
needs from the mid-1990s onward. The program would also provide
Europe with expertise in human, human-assisted, and fully automatic
space operations as a basis for future autonomous missions. The program
aimed to ensure that Europe establish the key technologies required for
these various types of spaceflight.

The concept of Columbus was studied in the early 1980s as a follow-
up to the Spacelab. The design, definition, and technology preparation
phase was completed at the end of 1987. The development phase was
planned to cover 1988-98 and would be completed by the initial launch
of Columbus’s three elements

Columbus Attached Laboratory. This laboratory would be perma-
nently attached to the station’s base. It would have a diameter of approx-
imately four meters and would be used primarily for materials sciences,
fluid physics, and compatible life sciences missions (Figure 3-38). The
attached laboratory would be launched from the Kennedy Space Center
on a dedicated Space Shuttle flight, removed from the Shuttle’s payload
bay, and berthed at the station’s base.

Figure 3-38. Columbus Attached Laboratory
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Figure 3-39. Columbus Free-Flying Laboratory

Columbus Free-Flying Laboratory. This free-flying laboratory (the
“Free Flyer”) would operate in a microgravity optimized orbit with a
twenty-eight-and-a-half-degree inclination, centered on the altitude of the
station (Figure 3-39). It would accommodate automatic and remotely
controlled payloads, primarily from the materials sciences and technolo-
gy disciplines, together with its initial payload, and would be launched by
an Ariane 5 from the Centre Spatial Guyanais in Kourou, French Guiana.
The laboratory would be routinely serviced in orbit by a Hermes at
approximately six-month intervals. Initially, this servicing would be per-
formed at Space Station Freedom, which the Free Flyer would also visit
every three to four years for major external maintenance events.

Columbus Polar Platform. This platform would be stationed in a
highly inclined Sun-synchronous polar orbit with a morning descending
node (Figure 3—40). It would be used primarily for Earth observation mis-
sions. The platform was planned to operate in conjunction with one or
more additional platforms provided by NASA and/or other international
partners and would accommodate European and internationally provided
payloads. The platform would not be serviceable and would be designed
to operate for a minimum of four years. The platform would accommo-
date between 1,700 and 2,300 kilograms of ESA and internationally pro-
vided payloads.

Japan

Japan initiated its space program in 1985 in response to the U.S. invi-
tation to join the Space Station program. The Space Activities
Commission’s Ad Hoc Committee on the Space Station concluded that
Japan should participate in the Phase B (definition) study of the program
with its own experimental module. On the basis of the committee’s con-
clusion, the Science and Technology Agency concluded a Phase B MOU
with NASA. Under the supervision of the Science and Technology
Agency, the National Space Development Agency of Japan, a quasi-
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A

Figure 3-40. Columbus Polar Platform

governmental organization responsible for developing and implementing
Japanese space activities, began the detailed definition and the prelimi-
nary design of the Japanese Experiment Module (JEM), which is shown
in Figure 3—41 and would be attached to the Space Station. The JEM
would be a multipurpose laboratory consisting of a pressurized module,
an exposed facility, and an experiment logistics module (Table 3-51). The
JEM would be launched on two Space Shuttle flights. The first flight

Figure 3—41. Japanese Experiment Module
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would transport the pressurized module and the first exposed facility. The
second flight would transport the second exposed facility and the experi-
ment logistics module.

Commercial Participation

From its inception, one of the prime goals of the Space Station pro-
gram was to encourage private-sector, space-based commercial activity.
President Reagan’s 1984 State of the Union message stated the objective
of promoting private-sector investment in space through enhanced U.S.
space-based operational capabilities. The station was planned to be highly
conducive to commercial space activities by providing extended time in
orbit, facilities for research and testing, and the presence of a trained crew
for the periodic tending, repair, and handling of unexpected occurrences.

NASA's 1985 “Commercial Space Policy” set forth guidelines for the
use of space for commercial enterprises relating to the station and other
NASA activities. The guidelines stated that NASA welcomed and encour-
aged participation in station development and operations by companies
that sought to develop station systems and services with private funds.
NASA would provide incentives and technical assistance, including
access to NASA data and facilities, where appropriate. NASA would pro-
tect proprietary rights and would request privately owned data only when
necessary to carry outs its responsibilities.”

NASA expected the private sector to be a principal user of station
capabilities. It also expected the private sector to participate in the pro-
gram by providing services, both on the ground and in orbit. The private
sector would participate in the program through procurements to design
and build elements of the station and its related systems. In 1986, NASA’s
Commercial Advocacy Group conducted workshops to identify and
encourage potential commercial use of the station, particularly in the
areas of materials processing, Earth and ocean remote sensing, commu-
nications satellite delivery, and industrial services. In August 1986,
NASA established “Guidelines for United States Commercial Enterprises
for Space Station Development and Operations.” These guidelines were
to encourage U.S. private-sector investment and involvement in develop-
ing and operating station systems and services.

In November 1987, NASA issued a series of new program initiatives
designed to expand the opportunities for pioneering commercial ventures
in space. The initiatives built on earlier commercial development policies
and provided for the continued encouragement of private space activities.
The 1988 National Space Policy mandated the provision for commercial
participation in the Space Station program. Commercial participation
would be possible through commercial utilization and commercial

*NASA Guidelines for United States Commercial Enterprises for Space
Station Development and Operations,” Office of Space Station, NASA, 1985,
NASA Historical Reference Collection, Washington, DC.
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infrastructure activities. Commercial utilization activities would involve
commercial users of the station who would conduct space-based research
and development activities. Commercial infrastructure activities would
involve provisions for selected station-related systems and services on a
commercial basis to NASA and station users.

In October 1988, NASA published revised policy guidelines for pro-
posals from commercial entities to provide the infrastructure for the sta-
tion. These guidelines, revised in response to President Reagan’s
Commercial Space Initiatives, issued in February 1988, were intended to
provide a framework to encourage U.S. commercial investment and
involvement in the development and operation of Space Station Freedom.
NASA would use these guidelines to evaluate proposals from industry for
participating in the Space Station program.™

“NASA Issues Draft Guidelines on Station Commercial Infrastructure,”
NASA News, Release 88-144, October 25, 1988.
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Table 3—11. Orbiter Characteristics

269

Component Characteristics
Length 37.24
Height 17.25
Vertical Stabilizer 8.01
Wingspan 23.79
Body Flap

Area (sq m} 12.6

Width 6.1
Aft Fuselage

Length 5.5

Width 6.7

Height 6.1
Mid-Fuselage

Length 18.3

Width 5.2

Height 4.0
Airlock (cm)

Inside Diameter 160

Length 21

Minimum Clearance 91.4

Opening Capacity 46 x 46 x 127
Forward Fuselage Crew Cabin (cum) 71.5
Payload Bay Doors

L.ength 18.3

Diameter 4.6

Surface Area (sq m) 148.6

Weight (kg) 1,480
Wing

Length 18.3

Maximum Thickness 1.5
Elevons 42 and 3.8
Tread Width 6.91
Structure Type Semimonocoygue
Structure Material Aluminum
Gross Takeoft Weight Variable
Gross Landing Weight Variable
Inert Weight (kg) (approx.) 74.844
Main Engines

Number 3

Average Thrust

Nominal Burn Time

1.67M newtons at sea level
2.10M newtons in vacuum
522 seconds
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Table 3—11 continued

Component Characteristics
OMS Engines
Number 2
Average Thrust 26.688 newtons
Dry Weight (kg) 117.9

Propellant
RCS Engines
Number

Average Thrust

Propellant
Major Systems

Monomethyl hydrazine and nitrogen tetroxide

38 primary (4 forward. 12 per aft pod)

6 vernier (2 forward, 4 aft)

3.870 newtons in each primary engine

111.2 newtons in each vernier engine
Monomethyl hydrazine and nitrogen tetroxide
Propulsion: Power Generation; Environmental
Control and Life Support; Thermal Protection:
Communications; Avionics; Data Processing;
Purge. Vent, and Drain; Guidance. Navigation.
and Control; Dedicated Display: Crew Escape

All measurements are in meters unless otherwise noted.
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Table 3-12. Typical Launch Processing/Terminal Count Sequence
Time Event
T-11 hr Start retraction of rotating service structure (completed by T-7 hr

T-5 hr 30 min
T-5 hr

T-4 hr 30 min
T-2 hr 50 min
T-2 hr 4 min
T-1 hr 5 min

T-30 min

T-25 min

T-20 min
T-9 min

T-9 min

T-7 min
T-5 min
T-4 min 30 sec
T-3 min
T-2 min 55 se¢
T-1 min 57 sec
T-31 sec

T-30 sec
T-27 sec

T-25 sec

T-18 sec
T-3.6 sec

T-3.46 sec to
3.22 sec

T-0

T+2.64 sec
T+3 sec

30 min)

Enter 6-hr built-in hold, followed by clearing of pad

Start countdown. begin chill down of liquid oxygen/liquid
hydrogen transfer system

Begin liquid oxygen fill of external tank

Begin liquid hydrogen fill of external tank

I-hr built-in hold. followed by crew entry operations

Crew entry complete: cabin hatch closed: start cabin leak check
(completed by T-25 min)

Secure white room: ground crew retires to fallback area by T-10 min:
range safety activation/Mission Control Center guidance update
Mission Control Center/crew communications checks: crew given
landing weather information for contingencies of return-to-abort
or abort once around

Load flight program; beginning of terminal count

10-min built-in hold (also a 5-min hold capability between T-9 and
T-2 min and a 2-min hold capability between T-2 min and T-27 se¢)
Go for launch/start launch processing system ground launch
sequencer (automatic sequence)

Start crew access arm retraction

Activate orbiter hydraulic auxiliary power units { APUs)

Orbiter goes to internal power

Gimbal main engines to start position

External tank oxygen to flight pressure

External tank hydrogen to flight pressure

Onboard computers” automatic launch sequence software enabled
by launch processing system command

Last opportunity for crew to exit by slidewire

Latest hold point it needed {following any hold below the T-2 min
mark, the countdown will be automatically recycled to T-9 min)
Activate solid rocket booster hydraulic power units: initiative for
management of countdown sequence assumed by onboard comput-
ers: ground launch sequencer remains on line

Solid rocket booster nozzle profile conducted

Main propulsion system start commands issued by the onboard
GPCs

Main engines start

Main engines at 90 percent thrust
Solid rocket booster fire command/holddown bolts triggered
LIFTOFF
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Tuble 3—14. Mission Command and Control Positions and Responsibilities

Position

Function

Flight Director

Spacecraft Communicator
Flight Dynamics Office
Guidance Officer

Data Processing Systems

Engineer

Flight Surgeon

Booster Systems Engineer

Propulsion Systems Engineer

Guidance. Navigation, and
Control Systems Engineer

Electrical. Environmental.
and Consumables Systems
Engineer (EECON)

[nstrumentation and
Communication Systems
Engincer

Ground Control

Flight Activities Officer

Payloads Officer

Maintenance. Mechanical
Arm. and Crew Systems
Engincer

Public Attairs Officer

Leads the flight control team. The Flight Director is responsi-
ble for mission and payload operations and decisions relating
to safety and flight conduct.

Primary communicator between Mission Command and
Control and the Shuttle crew.

Plans orbiter maneuvers and follows the Shuttle’s light tra-
jectory along with the Guidance Officer.

Responsible for monitoring the orbiter navigation and guid-
ance computer software,

Keeps track of the orbiter’s data processing systems.
including the five on-board general purpose computers. the
flight-critical and launch data lines. the malfunction display
system, mass memories. and systems software.

Monitors crew activities and is for the medical operations
flight control team. providing medical consultations with the
crew. as required, and keeping the Flight Dircctor informed
on the state of the crew’s health.

Responsible for monitoring and evaluating the main engine,
solid rocket booster, and external tank performance before
taunch and during the ascent phases of a mission.

Monitors and evaluates performance of the reaction control
and orbital maneuvering systems during all flight phases and
is charged with management of propellants and other consum-
ables for various orbiter maneuvers.

Monitors all Shuttle guidance. navigation. and control sys-
tems. Also keeps the Flight Dircctlor and crew notified of pos-
<ible abort situations. and keeps the crew informed of any
guidance problems.

Responsible for monitoring the cryogenic supplies available

for the fuel cells, avionics and cabin cooling systems.

and electrical distribution, cabin pressure. and orbiter lighting
systems.

Plans and monitors in-flight communications and
instrumentation systems.

Responsible for maintenance and operation of Mission
Command and Control hardware, software, and support facili-
ties. Also coordinates tracking and data activities with the
Goddard Space Flight Center, Greenbelt. Maryland.

Plans and supports crew activities, checklists, procedures. and
schedules.

Coordinates the ground and on-board system interfaces
between the flight control team and the payload user. Also
monitors Spacelab and upper stage syslems and their inter-
faces with payloads.

Monitors operation of the remote manipulator arm and

the orbiter’s structural and mechanical systems. May also
observe crew hardware and in-flight equipment maintenance.
Provides mission commentary and augments and explains
air-to-ground conversations and flight control operations for
the news media and public.
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Table 3-15. Shuttle Extravehicular Activity

Mission Date Astronaut _ Duration (Hr: Min)
STS-6 April 8, 1983 Musgrave 3:54
Peterson 3:54
STS 41-B February 8, 1984 McCandless 11:37
Stewart 11:37
STS 41-C April 11, 1984 Nelson 10:06
van Hoften 10:06
STS 41-G October 12, 1984 Leestma 3:29
Sullivan 3:29
STS 51-A November 21, 1984 Allen 12:14
Gardner 12:14
STS 51-D April 17, 1985 Griggs 3:10
Hoffman 3:10
STS 51-1 September 1, 1985 van Hoften 4:31
W. Fisher 4:31
STS 61-B November 30, 1985 Spring 12:12

December |, 1985 Ross 12:12




SPACE TRANSPORTATION/HUMAN SPACEFLIGHT

2
~1
w

Tuble 3—-16. STS-1-STS-4 Mission Summary

Mission  Dates Crew

Pavload and Experiments

STS-1 Apr. 12-14, Cmdr: John W. Young
1981 Pilot: Robert L. Crippen

STS-2 Nov. 1214, Cmdr: Joe H. Engle
1981 Pilot: Richard H. Truly

Location

STS-3 Mar. 22-30. Cmdr: Jack R. Lousma
1982 Pilot: C. Gordon Fullerton

Aerodynamic Coefficient
Identification Package

Data Flight Instrumentation Package
Passive Optical Sample Assembly
Aerodynamic Coefficient
Identification Package

Catalytic Surface Experiment

Data Flight Instrumentation
Dynamic, Acoustic and Thermal
Experiment

Induced Environment Contamination
Monitor

Tile Gap Heating Effects Experiment
OSTA-1 Payload (Office of Space
and Terrestrial Applications)

e Feature Identification and

Experiment

+ Hetlex Bioengincering Test

*  Mecasurement of Air Pollution
From Satellites

» Night-Day Optical Survey of
Lightning

e Qcean Color Experiment

¢ Shuttle Imaging Radar-A

*  Shuttle Multispectral Infrared
Radiometer

Data Flight Instrumentation

Acrodynamic Coefficient

Identification Package

Induced Environment Contamination

Monitor

Tile Gap Heating Eftects Experiment

Catalytic Surface Experiment

Dynamic, Acoustic and Thermal

Experiment

Monodisperse Latex Reactor

Electrophoresis Test

Heflex Bioengineering Test

Infrared Imagery of Shuttle

0SS-1 Payload (Office of Space

Science)

« Contamination Monitor

> Microabrasion Foil Experiment

» Plant Growth Unit

»  Plasma Diagnostics Package

» Shuttie-Spacelab Induced
Atmosphere

» Solar Flare X-Ray Polarimeter

e Solar Ultravioletl Spectral
Irradiance Monitor

¢ Thermal Canister Experiment

+ Vehicle Charging and Potential
Experiment
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Table 3—16 continued
Mission  Dates Crew Payload and Experiments

STS-3 continued

STS-4

June 27, 1982~
July 4, 1982

Cmdr: Thomas K. Mattingly
Pilot: Henry W.
Hartsfield, Jr.

Get-Away Special Canister
* Flight Verification
Shuttle Student Involvement Project
» Insects in Flight
Aerodynamic Coefficient
Identification Package
Catalytic Surface Experiment
Continuous Flow Electrophoresis
System
Data Flight Instrumentation
Department of Defense Payload
DOD-&2-1
Dynamic, Acoustic and Thermal
Experiment
Induced Environment Contamination
Monitor
Infrared Imagery of Shuttle
Monodisperse Latex Reactor
Night/Day Optical Survey of
Lightning
Tile Gap Heating Effects Experiment
Get-Away Special
* G-001 Utah State University
Shuttle Student Involvement Project
« Effects of Diet, Exercise, Zero
Gravity on Lipoprotein Profiles
« Effects of Space Travel on
Trivalent Chromium in the Body
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Table 3—17. STS-1 Mission Characteristics

Crew

Launch

Orbital Altitude &
Inclination

Total Weight in
Payload Bay
Landing & Post-
landing Operations

Rollout Distance
Rollout Time
Mission Duration

L.anded Revolution No.

Mission Support
Deployed Satellites
Get-Away Specials
Experiments

Cmdr: John W. Young

Pilot Robert L. Crippen

7:00:03 a.m.. EST, April 12, 1981, Kennedy Space Center
The launch followed a scrubbed attempt on April 10. The
countdown on April 10 proceeded normally until T-20
minutes when the orbiter general purpose computers
(GPCs) were scheduled for transition from the vehicle
checkout mode to the vehicle flight configuration mode.
The launch was held for the maximum time and scrubbed
when the four primary GPCs would not provide the cor-
rect timing of the backup flight system GPC. Analysis and
testing indicated the primary set of GPCs provided incor-
rect timing to the backup flight system at initialization and
caused the launch scrub. The problem resulted from a
Primary Ascent Software System (PASS) skew during ini-
tialization. The PASS GPCs were reinitialized and dumped
to verify that the timing skew problem had cleared. During
the second final countdown attempt on April 12, transition
of the primary set of orbiter GPCs and the backup tlight
system GPC occurred normally at T-20 minutes. The
Shuttle cleared its 106-meter launch tower in six seconds
and reached Earth orbit in about 12 minutes.

237 km/40 degrees

The crew changed their orbit from its original elliptical
106 km x 245 km by firing their orbital mancuvering sys-
tem on apogec.

4.870 kg

10:27:57 a.m., PST. April 14, 1981, Dry Lakebed
Runway 23, Edwards AFB

Orbiter was returned to Kennedy April 28, 1981.

2741I'm

60 seconds

2 days, 6 hours. 20 minutes, and 53 seconds

37

Spacecraft Tracking and Data Network (STDN)

None

None

Data Flight Instrumentation (DFI). This subsystem includ-
ed special-purpose sensors required to monitor spacecraft
conditions and performance parameters not already cov-
ered by critical operational systems. The subsystem con-
sisted of transducers, signal conditioning equipment.
pulse-code modulation (PCM) encoding equipment, fre-
quency multiplex equipment, PCM recorders, analog
recorders, timing equipment. and checkout equipment.
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Table 3—17 continued

Mission Success

Passive Optical Sample Assembly. This assembly consist-
ed of an array of passive samples with various types of
surfaces exposed to all STS-1 mission phases. The array
was mounted on the DFI pallet in the orbiter payload bay.
Ground-based assessments were to evaluate contamination
constraints to sensitive payloads to be flown on future
missions.

Acerodynamic Coefficient Identification Package (ACIP).
This package consisted of three linear accelerometers,
three angular accelerometers, three rate gyros, and signal
conditioning and PCM equipment mounted on the wing
box carry-through structure near the longitudinal center-
of-gravity. The instruments sensed vehicle motions during
flight from entry initiation to touchdown to provide data
for posttlight determination of aerodynamic coefficients,
aerocoefficient derivatives. and vehicle-handling qualities.
Successful
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Table 3—18. STS-2 Mission Characteristics

Crew

Launch

Orbital Altitude &
Inclination

Total Weight in
Payload Bay
Landing & Post-
landing Operations

Rollout Distance
Rollout Time
Mission Duration

Landed Revolution No.

Mission Support
Deployed Satellites
Get-Away Specials
Experiments

Cmdr: Joe H. Engle

Pilot: Richard H. Truly

10:09:59 a.m.. EST, Nov. 12, 1981, Kennedy Space Center
Launch set for October 9 was rescheduled when a nitrogen
tetroxide spill occurred during loading of forward reaction
control system. Launch on November 4 was delayed and
then scrubbed when countdown computer called for a hold
in count because of an apparent low reading on fuel cell
oxygen tank pressures. During hold. high oil pressures
were discovered in two of three auxiliary power units
(APUs) that operated hydraulic system. APU gear boxes
were flushed and filters replaced. forcing launch resched-
ule. Launch on November 12 was delayed 2 hours.

40 minutes to replace multiplexcr/demultiplexer and addi-
tional 9 minutes, 59 seconds to review systems status,
Moditications to launch platform to overcome solid rocket
booster overpressure problem were effective.

222 x 230 km/38 degrees

8.900 kg

8:40 a.m., PST, November 14. 1981, Dry Lakebed
Runway 23, Edwards AFB

Orbiter was returned to Kennedy November 25, 1981.
2350 m

53 seconds

2 days. 6 hours, 13 minutes, 12 seconds

Mission was shortened by approximately 3 days because
of number one fuel cell failure.

36

Spucccruft Tracking and Data Network (STDN)

None

None

Data Flight Instrumentation (see STS-1)

Aerodynamic Cocfficient Identification Package
(see STS-1)

induced Environment Contamination Monitor (IECM). This
monitor measured and recorded concentration levels of
gaseous and particulate contamination near the payload bay
during flight. During ascent and entry, the [ECM obtained
data on relative humidity and temperature, dewpoint tem-
perature, trace quantities of various compounds, and air-
borne particulate concentration.
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Table 3—18 continued

Mission Success

Tile Gap Heating Effects Experiment. Analysis and
ground tests have indicated that the gap between thermal
protection system (TPS) tiles will generate turbulent air-
flow, resulting in increased heating during entry. Analysis
and ground tests also showed that this may be reduced sig-
nificantly by reconfiguring the tiles with a larger edge
radius. To test this effect under actual orbiter entry condi-
tions, a panel with various tile gaps and edge radii was
carried.

Catalytic Surface Experiment. Various orbiter tiles were
coated with a highly efficient catalytic overlay. The coat-
ing was applied to standard instrumented tiles. This exper-
iment provided a better understanding of the effects of
catalytic reaction on convective heat transfer, perhaps per-
mitting a weight reduction in the TPS of future orbiters
and other reentry vehicles.

Dynamic, Acoustic and Thermal Experiment (DATE). The
DATE program was to develop improved techniques for
predicting the dynamic, acoustic. and thermal environments
and associated payload response in cargo areas of large
reusable vehicles. The first step was to obtain baseline data
of the orbiter environment using existing sensors and data
systems. These data served as the basis for developing bet-
ter prediction methods, which would be confirmed and
refined on subsequent flights and used to develop payload
design criteria and assess flight performance.

OSTA-1 Payload (Office of Space and Terrestrial
Applications) (see Table 5-55)
Successtul
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Tuble 3—19. STS-3 Mission Characteristics

Crew

Launch

Orbital Altitude &
Inclination

Total Weight in
Payload Bay
Landing & Post-
landing Operations

Rollout Distance
Rollout Time

Mission Duration
Landed Revolution No.
Mission Support
Deployed Satellites
Get-Away Specials

Experiments

Cmdr: Jack R. Lousma

Pilot: C. Gordon Fullerton

11:00 a.m.. EST. March 22. 1982, Kennedy Space Center
The launch was delayed by [ hour because of the failure
of a heater on a nitrogen gas ground support line.

208 km/38 degrees

10,220 kg

9:04:46 a.m.. MST. March 30. 1982, Northrup Strip.
White Sands. New Mexico

Landing site was changed from Edwards AFB to White
Sands because of wet conditions on Edwards dry lakebed
landing site. High winds at White Sands resulted in a 1-day
extension of mission. Some brake damage upon landing
and dust storm caused extensive contamination of orbiter.
Orbiter was returned to Kennedy April 6, 1982

4,186 m

83 seconds

8 days. 0 hours. 4 minutes. 465 seconds

130

Spacecraft Tracking and Data Network (STDN)

None

Get-Away Special Verification Payload. This test payload. a
cylindrical canister 61 centimeters in diameter and 91 cen-
timeters deep. measured the environment in the canister
during the flight. Those data were recorded and analyzed
for use by Get-Away Special experimenters on future
Shuttle missions.

Data Flight Instrumentation (see STS-1)

Aerodynamic Coetticient Identitication Package
(see STS-1)

Induced Environment Contamination Monitor
(see STS-2)

Tile Gap Heating Effects Experiment (se¢ STS-2)
Catalytic Surface Experiment (sec STS-2)

Dynamic, Acoustic and Thermal Experiment
(see STS-2)

Monodisperse Latex Reactor (MLR). This experiment
studied the feasibility of making monodisperse (identically
sized) polystyrene latex microspheres. which may have
major medical and industrial research applications.
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Table 3—19 continued

Mission Success

Electrophoresis Test. This test evaluated the feasibility of
separating cells according to their surface electrical charge.
It was a forerunner to planned experiments with other
equipment that would purify biological materials in the low
gravity environment of space.

Heflex Bioengineering Test. This preliminary test supported an
experiment called Heflex, part of the Spacelab | mission. The

Heflex experiment would depend on plants grown to a particu-
lar height range. The relationship between initial soil moisture

content and final height of the plants needed to be determined

to maximize the plant growth during the Spacelab mission.

Infrared Imagery of Shuttle. This experiment obtained
high-resolution infrared imagery of the orbiter lower and
side surfaces during reentry from which surface tempera-
tures and hence aerodynamic heating may be inferred. The
imagery was obtained using a 91.5 cm telescope mounted
in the NASA C-141 Gerard P. Kuiper Airborne
Observatory positioned at an altitude of 13,700 m along
the entry ground track of the orbiter,

OSS-1 Payload (see Table 4-49)

Shuttle Student Involvement Project

Insects in Flight Motion Study. Investigated two species of
insects under uniform conditions of light, temperature, and
pressure, the variable being the absence of gravity in
space.

Successful
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Tuble 3=20. STS-4 Mission Characteristics

Crew

Launch

Orbital Altitude &
Inclination

Total Weight in
Payload Bay
Landing & Post-
landing Operations

Rollout Distance
Rollout Time
Mission Duration

Landed Revolution No.

Mission Support
Deployed Satellites
Get-Away Specials

Experiments

Cmdr: Thomas K. Mattingly

Pilot: Henry W. Hartsfield. Jr.

June 27, 1982, Kennedy Space Center

This was the first Shuttle launch with no delays in sched-
ule. Two solid rocket booster casings were lost when main
parachutes failed and they hit the water and sank. Some
rainwater penetrated the protective coating of several tiles
while the orbiter was on the pad. On orbit, the affected
area turned toward the Sun and water evaporation prevent-
ed further tile damage from freezing water.

258 km/28.5 degrees

11,021 kg

July 4. 1982, Runway 22, Edwards AFB

This was the first landing on the 15.000-foot-long concrete
runway at Edwards AFB. Orbiter was returned to Kennedy
July 15, 1982.

301l m

73 seconds

7 days, 1 hour, 9 minutes, 31 seconds

113

Spacccraft Tracking and Data Network (STDN)

None

G-001

Customer: R. Gilbert Moore

Moore. a Morton Thiokol Corporation executive, donated
this Get-Away Special to Utah State University. It consist-
ed of 10 experiments dealing with the effects of micrograv-
ity on various processes.

Aerodynamic Coefficient Identification Package

(see STS-1)

Catalytic Surface Experiment {sce STS-2)
Data Flight Investigation (see STS-1)

Dynamic. Acoustic and Thermal Experiment
(see STS-2)

Induced Environment Contamination Monitor
(see STS-2)

Infrared Imagery of Shuttle (sce STS-3)
Monodisperse Latex Reactor (see STS-3)
Night/Day Optical Survey of Lightning (sce STS-2)

Tile Gap Heating Experiment (see STS-2)
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Table 3-20 continued

Mission Success

Continuous Flow Electrophoresis System. This experiment
obtained flight data on system performance. During opera-
tion, a sample of biological material was continuously
injected into a flowing medium, which carried the sample
through a separating column where it was under the influ-
ence of an electric field. The force exerted by the ficld sep-
arated the sample into its constituent types at the point of
exit from the column where samples were collected.

Department of Defense DOD-82-1 (Classified)

Shuttle Student Involvement Project

*» Effects of Diet. Exercise, and Zero Gravity on
Lipoprotein Profiles. This project documented the diet
and exercise program for the astronauts preflight and
posttlight. The goal of the research was to determine
whether any changes occurred in lipoprotein profiles
during spaceflight.

* Effects of Space Travel on Trivalent Chromium in the
Body. This project was to determine whether any
changes occurred in chromium metabolism during
spaceflight.

Successful
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Tuble 3-21. STS-5-STS-27 Mission Summary

Mission/
Orbiter Dates Crew

Payload and Experiments

STS-5 Nov. 11-16, Cmdr: Vance D. Brand

Columbia 1982 Plt: Robert F. Overmyer
MS: Joseph P Allen,
William B. Lenoir

Commercial Payloads

+ Satellite Business Systems Satellite
(SBS-C)/P