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IN MEMORIAM

“The future is not free: the story of all human progress is one of a struggle against all
odds. We learned again that this America, which Abraham Lincoln called the last, best
hope of man on Earth, was built on heroism and noble sacrifice. It was built by men and
women like our seven star voyagers, who answered a call beyond duty, who gave more
than was expected or required and who gave it little thought of worldly reward.”
—President Ronald Reagan January 31, 1986
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Presidential Commission
on the
Space Shuttle Challenger Accident

June 6, 1986

Dear Mr. President:

On behalf of the Commission, it is my privilege to present
the report of the Presidential Commission on the Space Shuttle
Challenger Accident.

Since being sworn in on February 6, 1986, the Commission
has been able to conduct a comprehensive investigation of the
Challenger accident. This report documents our findings and
makes recommendations for your consideration.

Our objective has been not only to prevent any recurrence
of the failure related to this accident, but to the extent pos-
sible to reduce other risks in future flights. However, the
Commission did not construe its mandate to require a detailed
evaluation of the entire Shuttle system. It fully recognizes
that the risk associated with space flight cannot be totally
eliminated.

Each member of the Commission shared the pain and anguish
the nation felt at the loss of seven brave Americans in the
Challenger accident on January 28, 1986.

The nation's task now is to move ahead to return to safe
space flight and to its recognized position of leadership in
space. There could be no more fitting tribute to the Challenger
crew than to do so.

Sincerely,

William P. Rogers
Chairman

The President of the United States
The White House
Washington, D. C. 20500

600 Maryland Avenue, S W. washingion, D.C. 20024 (202)453-1405



In compliance with the Executive Order 12546 of February 3, 1986,
the undersigned present the report of the
Presidential Commission on the Space Shuttle Challenger Accident.
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Preface

he accident of Space Shuttle

Challenger, mission 51-L, interrupt-

ing for a time one of the most pro-

ductive engineering, scientific and ex-
ploratory programs in history, evoked a wide
range of deeply felt public responses. There was
grief and sadness for the loss of seven brave
members of the crew; firm national resolve that
those men and women be forever enshrined in
the annals of American heroes, and a determina-
tion, based on that resolve and in their memory,
to strengthen the Space Shuttle program so that
this tragic event will become a milestone on the
way to achieving the full potential that space of-
fers to mankind.

The President, who was moved and troubled
by this accident in a very personal way, appointed
an independent Commission made up of persons
not connected with the mission to investigate it.
The mandate of the Commission was to:

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

2. Develop recommendations for corrective or
other action based upon the Commission’s find-
ings and determinations.

Immediately after being appointed, the Com-
mission moved forward with its investigation and,
with the full support of the White House, held
public hearings dealing with the facts leading up
to the accident. In a closed society other options
are available; in an open society — unless classified
matters are involved—other options are not,
either as matter of law or as a practical matter.

In this case a vigorous investigation and full
disclosure of the facts were necessary. The way
to deal with a failure of this magnitude is to
disclose all the facts fully and openly; to take im-
mediate steps to correct mistakes that led to the
failure; and to continue the program with re-
newed confidence and determination.

The Commission construed its mandate

somewhat broadly to include recommendations
on safety matters not necessarily involved in this

accident but which require attention to make
future flights safer. Careful attention was given
to concerns expressed by astronauts because the
Space Shuttle program will only succeed if the
highly qualified men and women who fly the
Shuttle have confidence in the system.

However, the Commission did not construe its
mandate to require a detailed investigation of all
aspects of the Space Shuttle program; to review
budgetary matters; or to interfere with or
supersede Congress in any way in the perform-
ance of its duties. Rather, the Commission
focused its attention on the safety aspects of future
flights based on the lessons learned from the in-
vestigation with the objective being to return to
safe flight.

Congress recognized the desirability, in the first
instance, of having a single investigation of this
national tragedy. It very responsibly agreed to
await the Commission’s findings before deciding
what further action might be necessary to carry
out its responsibilities.

For the first several days after the accident —
possibly because of the trauma resulting from the
accident — NASA appeared to be withholding in-
formation about the accident from the public.
After the Commission began its work, and at its
suggestion, NASA began releasing a great deal
of information that helped to reassure the public
that all aspects of the accident were being in-
vestigated and that the full story was being told
in an orderly and thorough manner.

Following the suggestion of the Commission,
NASA established several teams of persons not
involved in the mission 51-L launch process to
support the Commission and its panels. These
NASA teams have cooperated with the Commis-
sion in every aspect of its work. The result has
been a comprehensive and complete investiga-
tion.

The Commission believes that its investigation
and report have been responsive to the request
of the President and hopes that they will serve
the best interests of the nation in restoring the
United States space program to its preeminent
position in the world. =



Chapter 1

Introduction

he Space Shuttle concept had its

genesis in the 1960s, when the Apollo

lunar landing spacecraft was in full

development but had not yet flown.
From the earliest days of the space program, it
seemed logical that the goal of frequent,
economical access to space might best be served
by a reusable launch system. In February, 1967,
the President’s Science Advisory Committee lent
weight to the idea of a reusable spacecraft by
recommending that studies be made “of more
economical ferrying systems, presumably involv-
ing partial or total recovery and use.”

In September, 1969, two months after the in-
itial lunar landing, a Space Task Group chaired
by the Vice President offered a choice of three
long-range plans:

m A $8-$10 billion per year program involv-
ing a manned Mars expedition, a space sta-
tion in lunar orbit and a 50-person Earth-
orbiting station serviced by a reusable ferry,
or Space Shuttle.

® An intermediate program, costing less than
$8 billion annually, that would include the
Mars mission.

® A relatively modest $4-$5.7 billion a year
program that would embrace an Earth-
orbiting space station and the Space Shut-
tle as its link to Earth.!

In March, 1970, President Nixon made it clear
that, while he favored a continuing active space
program, funding on the order of Apollo was not
in the cards. He opted for the shuttle-tended space
base as a long-range goal but deferred going
ahead with the space station pending develop-
ment of the shuttle vehicle. Thus the reusable
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Space Shuttle, earlier considered only the
transport element of a broad, multi-objective
space plan, became the focus of NASA’s near-
term future.

The Space Shuttle Design

The embryo Shuttle program faced a number
of evolutionary design changes before it would
become a system in being. The first design was
based on a “fly back” concept in which two stages,
each manned, would fly back to a horizontal,
airplane-like landing. The first stage was a huge,
winged, rocket-powered vehicle that would carry
the smaller second stage piggyback; the carrier
would provide the thrust for liftoff and flight
through the atmosphere, then release its
passenger — the orbiting vehicle —and return to
Earth. The Orbiter, containing the crew and
payload, would continue into space under its own
rocket power, complete its mission and then fly
back to Earth.

The second-stage craft, conceived prior to 1970
as a space station ferry, was a vehicle considerably
larger than the later Space Shuttle Orbiter. It car-
ried its rocket propellants internally, had a flight
deck sufficiently large to seat 12 space station-
bound passengers and a cargo bay big enough
to accommodate space station modules. The Or-
biter’s size put enormous weightlifting and thrust-
generating demands on the first-stage design.

This two-stage, fully reusable design
represented the optimum Space Shuttle in terms
of “routine, economical access to space,” the catch-
phrase that was becoming the primary guideline
for development of Earth-to-orbit systems. It was,



however, less than optimum in terms of the
development investment required: an estimated
$10-13 billion, a figure that met with disfavor in
both Congress and the Office of Management and
Budget.

In 1971, NASA went back to the drawing
board, aware that development cost rather than
system capability would probably be the deter-
mining factor in getting a green light for Shuttle
development. Government and industry studies
sought developmental economies in the con-
figuration. One proposal found acceptance:
eliminate the Orbiter’s internal tanks and carry
the propellant in a single, disposable External
Tank. It provided a smaller, cheaper Orbiter
without substantial performance loss.

For the launch system, NASA examined a
number of possibilities. One was a winged but
unmanned recoverable liquid-fuel vehicle based
on the eminently successful Saturn 5 rocket from
the Apollo Program. Other plans envisioned
simpler but also recoverable liquid-fuel systems,
expendable solid rockets and the reusable Solid
Rocket Booster. NASA had been using solid-fuel
vehicles for launching some small unmanned
spacecraft, but solids as boosters for manned flight
was a technology new to the agency. Mercury,
Gemini and Apollo astronauts had all been
rocketed into space by liquid-fuel systems.
Nonetheless, the recoverable Solid Rocket
Booster won the nod, even though the liquid
rocket offered potentially lower operating costs.

Artist’s drawing depicts Space Shuttle stacked for launch in
view from dorsal side of Orbiter (left) and from the left side
of stack.




The overriding reason was that pricing estimates
indicated a lower cost of development for the solid
booster.

Emerging from this round of design decision
making was the Space Shuttle: a three-element
system composed of the Orbiter, an expendable
external fuel tank carrying liquid propellants for
the Orbiter’s engines, and two recoverable Solid
Rocket Boosters. It would cost, NASA estimated
early in 1972, $6.2 billion to develop and test a
five-Orbiter Space Shuttle system, about half
what the two-stage “fly back” design would have
cost. To achieve that reduction, NASA had to
accept somewhat higher system operating costs
and sacrifice full reusability. The compromise
design retained recoverability and reuse of two
of the three elements and still promised to trim
substantially the cost of delivering payloads to
orbit.

The final configuration was selected in March,
1972.

The Space Shuttle
Development

In August, 1972, NASA awarded a contract
to Rockwell International Corporation’s Space
Transportation Systems Division for design and
development of the Space Shuttle Orbiter. Mar-
tin Marietta Denver Aerospace was assigned
development and fabrication of the External
Tank, Morton Thiokol Corporation was award-
ed the contract for the Solid Rocket Boosters, and
Rocketdyne, a division of Rockwell, was selected
to develop the Orbiter main engines.

NASA divided managerial responsibility for
the program among three of its field centers.
Johnson Space Center, Houston, Texas, was
assigned management of the Orbiter. Marshall
Space Flight Center, Huntsville, Alabama, was
made responsible for the Orbiter’s main engines,
the External T'ank and the Solid Rocket Boosters.
Kennedy Space Center, Merritt Island, Florida,
was given the job of assembling the Space Shut-
tle components, checking them out and conduct-
ing launches. Because these three centers will be
mentioned repeatedly in this report, they will
hereafter be identified simply as Johnson, Mar-
shall and Kennedy.

It was in an increasingly austere fiscal environ-

ment that NASA struggled through the Shuttle
development years of the 1970s. The planned
five-Orbiter fleet was reduced to four. Budgetary
difficulties were compounded by engineering
problems and, inevitably in a major new system
whose development pushes the frontiers of
technology, there was cost growth. This combina-
tion of factors induced schedule slippage. The ini-
tial orbital test flights were delayed by more than
two years.

The first Shuttle test flights were conducted at
Dryden Flight Research Facility, California, in
1977. The test craft was the Orbiter Enterprise,
a full-size vehicle that lacked engines and other
systems needed for orbital flight. The purpose of
these tests was to check out the aerodynamic and
flight control characteristics of the Orbiter in at-
mospheric flight. Mounted piggyback atop a
modified Boeing 747, the Enterprise was carried
to altitude and released for a gliding approach
and landing at the Mojave Desert test center. Five
such flights were made. They served to validate
the Orbiter’s computers and other systems. They
also demonstrated the craft’s subsonic handling
qualities, in particular its performance in the
precise unpowered landings that would be re-
quired on all Shuttle flights.

The Enterprise test flights were followed —in
1977-80 —by extensive ground tests of Shuttle
systems, including vibration tests of the entire
assembly — Orbiter, External Tank and Solid
Rocket Boosters—at Marshall. Main engine test
firings were conducted at National Space
Technology Laboratories at Bay St. Louis,
Mississippi, and on the launch pad at Kennedy.

By early 1981, the Space Shuttle was ready for
an orbital flight test program. This was careful-
ly crafted to include more than 1,000 tests and
data collection procedures. All flights were to be
launched from Kennedy and terminate at Ed-
wards Air Force Base, where the Dryden Flight
Research Facility is located (actually the third
flight landed at White Sands Test Facility, New
Mexico, because the normally dry lakebed at Ed-
wards was flooded). Originally intended as a six-
mission program, the orbital test series was reduc-
ed to four flights:

m STS-1 (Space Transportation System— 1),
April 12-14, 1981, Orbiter Columbia, was
a two-day demonstration of the Orbiter’s
ability to go into orbit and return safely. Its



main payload was a flight instrumentation
pallet containing equipment for recording
temperatures, pressures and acceleration
levels at various points around the Orbiter.
In addition, there were checkouts of the
cargo bay doors, attitude control system and
orbital maneuvering system.

m STS-2, November 12-14, 1981, Orbiter
Columbia, marked the first test of the
Remote Manipulator System and carried a
payload of Earth survey instruments. This
was the first time any spacecraft had flown
twice. Failure of a fuel cell shortened the
flight by about three days.

m STS-3, March 22-30, 1982, Orbiter Colum-
bia, was the longest of the initial test series,
staying aloft eight days. Activities included
a special test of the manipulator in which
the robot arm removed a package of in-
struments from the payload bay but did not
release it into space. The flight included ex-
periments in materials processing.

m STS-4, June 27-July 4, 1982, Orbiter Co-
lumbia, featured another test of the robot
arm, which extended a scientific payload
over the side of the payload bay, then re-
berthed it. Materials processing experiments
were conducted, as were a number of scien-
tific investigations. This flight carried the
first Department of Defense payload.

With the landing of STS-4, the orbital flight
test program came to an end with 95 percent of
its objectives accomplished. The interval between
flights had been trimmed from seven months to
four, then three. NASA declared the Space Shut-
tle “operational,” a term that has encountered
some criticism because it erroneously suggests
that the Shuttle had attained an airline-like degree
of routine operation. In any event, NASA regard-
ed all flights after STS-4 operational in the sense
that payload requirements would take precedence
over spacecraft testing, requiring larger crews.

After completing the orbital test in mid-1982,
NASA began the “operational phase” of the Space
Shuttle program, beginning with STS-5. The
STS —for Space Transportation System—
sequential numbering was still in effect at that
time; after STS-9 NASA changed the method of
numbering missions. Thereafter each flight was
designated by two numbers and a letter, such as
41-B. The first digit indicates the fiscal year of
the scheduled launch (4 for 1984). The second

digit identifies the launch site (1 is Kennedy, 2
Vandenberg Air Force Base, California). The let-
ter corresponds to the alphabetical sequence for
the fiscal year, B being the second mission
scheduled. Here is a brief summary of the 21 mis-
sions launched from late 1982 to January, 1986:

m STS-5, November 11-16, 1982, Orbiter
Columbia, launched two communications
satellites, which later were boosted to
geosynchronous orbit by attached propul-
sion systems.

m STS-6, April 4-9, 1983, Orbiter Challenger,
was highlighted by the first Shuttle-based
spacewalk, or extravehicular activity. The
crew successfully deployed the 5,000-pound
Tracking and Data Relay Satellite, first of
three planned NASA communications
satellites.

m STS-7, June 18-24, 1983, Orbiter
Challenger, delivered a second pair of com-
mercial communications satellites. The mis-
sion also included additional payload release
and recapture tests using the Remote
Manipulator System. This flight marked the
first retrieval of an object from orbit.

m STS-8, August 30-September 6, 1983, Or-
biter Challenger, included more robot arm
tests plus deployment of a commer-
cial/public service communications satellite.

m STS-9, November 28-December 8, 1983,
Orbiter Columbia, carried the first Spacelab
in the payload bay. The mission marked
Columbia’s return to service after a year’s
hiatus, during which it had been extensive-
ly modified.

m Flight 10 (41-B), February 3-11, 1984, Or-
biter Challenger, was highlighted by the in-
troduction of the Manned Maneuvering
Unit, a backpack propulsion unit that allows
astronauts to maneuver in space independ-
ent of the Orbiter. The mission also
launched two communications satellites, but
their boosters failed to put them into geosyn-
chronous orbit. For the first time, the Shut-
tle landed on the concrete runway at Ken-
nedy Space Center.

m Flight 11 (41-C), April 6-13, 1984, Orbiter
Challenger, featured an important
demonstration of Shuttle ability: the
retrieval, repair and redeployment of the
malfunctioning Solar Maximum Mission
spacecraft with the help of a Manned
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Maneuvering Unit. Other activity includ-
ed deployment of the Long Duration Ex-
posure Facility, a large cylinder containing
materials samples to be retrieved and ex-
amined after long exposure to the space
environment.

Flight 12 (41-D), August 30-September 5,
1984, Orbiter Discovery, was devoted
primarily to launch of three communications
satellites. The mission demonstrated
repeated deployment and retraction of a
large, foldable solar array to investigate the
practicability of using such solar wings as
power sources for extended Shuttle mis-
sions, space platforms or the space station.
Flight 13 (41-G), October 5-13, 1984, Or-
biter Challenger, launched the NASA Earth
Radiation Budget Explorer. A cargo bay
pallet carried instruments for Earth obser-
vations, including an advanced imaging
radar.

Flight 14 (51-A), November 8-16, 1984, Or-
biter Discovery, launched two communica-
tions satellites and retrieved two others that
had been sent into unusable orbits after
deployment on Flight 10.

Flight 15 (51-C), January 24-27, 1985, Or-
biter Discovery, carried a Department of
Defense payload.

Flight 16 (51-D), April 12-19, 1985, Orbiter
Discovery, deployed two commercial
satellites; one, Leasat-3, remained in low or-
bit when the upper stage booster failed to
activate.

Flight 17 (51-B), April 29-May 6, 1985, Or-
biter Challenger, carried a second Spacelab
mission and materials processing
experiments.

Flight 18 (51-G), June 17-24, 1985, Orbiter
Discovery, delivered three communications
satellites, deployed a low-cost Spartan scien-
tific satellite and retrieved it after a period
of free flight.

Flight 19 (51-F), July 29-August 6, 1985,
Orbiter Challenger, carried the third
Spacelab mission, which covered a broad
range of experiments in plasma physics,
astrophysics, solar astronomy and materials
processing.

Flight 20 (51-I), August 27-September 3,
1985, Orbiter Discovery, deployed three
communications satellites. The Leasat-3

satellite which failed to activate after deploy-
ment on Flight 16 was retrieved, repaired
and successfully redeployed.

m Flight 21 (51-]), October 3-10, 1985, Or-
biter Atlantis was devoted to another
Department of Defense mission.

m Flight 22 (61-A), October 30-November 6,
1985, Orbiter Challenger, carried the fourth
Spacelab mission, devoted to materials proc-
essing experimentation.

m Flight 23 (61-B), November 26-December
3, 1985, Orbiter Atlantis, was highlighted
by an experiment in astronaut assembly of
structures in orbit and attendant study of
extravehicular dynamics and human factors.
The mission also deployed three com-
munications satellites.

m Flight 24 (61-C), January 12-18, 1986, Or-
biter Columbia, launched a commercial
communications satellite, deployed a Hitch-
hiker secondary payload, conducted ex-
periments in infrared imaging, acquired
photos and spectral images of Comet
Halley.

m Flight 25 (51-L), January 28, 1986, Orbiter
Challenger. The accident.

Including the initial orbital tests, the Space
Shuttle flew 24 successful missions over a
57-month period. Columbia made seven trips into
space, Discovery six and Atlantis two. Challenger
flew most frequently —nine times prior to its
fateful last flight.

In those 24 flights, the Shuttle demonstrated
its ability to deliver a wide variety of payloads;
its ability to serve as an orbital laboratory; its
utility as a platform for erection of large struc-
tures; and its use for retrieval and repair of or-
biting satellites.

Elements of the
Space Shuttle

The Space Shuttle is the principal component
of a national Space Transportation System
designed to accommodate not only NASA’s
predictable needs but also those of the Depart-
ment of Defense and commercial payload spon-
sors. Technically speaking, transportation system
hardware embraces not only the Shuttle but its
Spacelab laboratory component, the upper stage
propulsion units, contemplated heavy lift vehicles



and space tugs for moving payloads from one or-
bit to another. To provide for the broadest possi-
ble spectrum of civil/military missions, the Space
Shuttle was designed to deliver 65,000 pounds of
payload to an easterly low Earth orbit or 32,000
pounds to polar orbit. The following sections
describe the main elements of the Shuttle system.

The Orbiter

The Orbiter is as large as a mid-size airline
transport and has a structure like that of an air-
craft: an aluminum alloy skin stiffened with
stringers to form a shell over frames and
bulkheads of aluminum or aluminum alloy. The
major structural sections of the Orbiter are the
forward fuselage, which encompasses the
pressurized crew compartment; the mid fuselage,
which contains the payload bay; the payload bay
doors; the aft fuselage, from which the main
engine nozzles project; and the vertical tail, which
splits open along the trailing edge to provide a
speed brake used during entry and landing.

The crew compartment is divided into two
levels— the flight deck on top and the middeck
below. Besides working space, the crew compart-
ment contains the systems needed to provide a
habitable environment (atmosphere, tempera-
ture, food, water, the crew sleep facilities and
waste management). It also houses the electronic,
guidance and navigation systems.

The Orbiter crew may include as many as eight
people, although generally the limit is seven. The
crew consists of the commander, the captain of
the ship; the pilot, second in command; and two
or more mission specialists. One or more payload
specialists can also be accommodated. A mission
specialist coordinates activities of the Orbiter and
crew in support of a given payload objective. A
payload specialist may manage specific ex-
periments. The commander, pilot and mission
specialists are career astronauts assigned to the
mission by NASA. Payload specialists do not
come from the Astronaut Office. They are as-
signed, by payload sponsors in coordination with
NASA.

Cargoes up to 24 tons have been carried in the
payload bay. Clamshell doors on the top of the
Orbiter meet along the craft’s spine to enclose the
bay, which is 15 feet wide and 60 feet long.

The payload bay is designed to hold securely
a wide range of objects. They may include one
or more communications satellites to be launch-
ed from orbit, an autonomous Spacelab for ex-

periments in space, or cargo disposed on special
pallets. To handle cargo in orbital flight, the
payload bay has the 50-foot mechanical arm that
is controlled from within the crew compartment.
A television camera and lights mounted near the
end of the arm enable the operator to see what
the “hand” is doing.

Just as important as delivering cargo to orbit
is recovering a satellite and bringing it back to
Earth —retrieving a satellite in need of refurbish-
ment, for example. The Orbiter can carry 16 tons
of cargo back from space.

The feasibility of a reusable Space Shuttle
hinges on a particularly vital requirement: pro-
tecting the Orbiter from the searing heat
generated by friction with the atmosphere when
the craft returns to Earth. Temperatures during
entry may rise as high as 2,750 degrees
Fahrenheit on the leading edge of the wing and
600 degrees on the upper fuselage, the “coolest”
area. The thermal protection system devised for
the Orbiter must prevent the temperature of the
aluminum skin from rising above 350 degrees
during either ascent or entry.

The Orbiter has four kinds of external insula-
tion that are applied to various parts of the struc-
ture according to the temperature each is likely
to experience. The craft’s nose cap and the leading
edges of the wings are protected with an all-
carbon composite consisting of layers of graphite
cloth in a carbon matrix. The outer layers are
converted chemically to silicon carbide, the same
material that has long been used as an abrasive
in grindstones. Areas subjected to the next
greatest heat are shielded with high-temperature
ceramic tiles about six inches square and vary-
ing in thickness from one to five inches, depen-
ding on the protection needed. So-called “low-
temperature” tiles are of the same material —
nearly pure glass, of which 90 percent of the
volume is “air”—for use on areas requiring less
protection. (Low-temperature is relative; tiles so
designated can withstand a temperature of 1,200
degrees Fahrenheit.) About 30,000 tiles, each dif-
ferent, are installed on each Orbiter.

Space Shuttle Main Engines

The three high-performance rocket engines in
the aft section of the Orbiter fire for about the
first 8 % minutes of flight after liftoff. At sea level,
each engine generates 375,000 pounds of thrust
at 100 percent throttle.

The propellants for the engines are the fuel (liq-
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uid hydrogen) and the oxidizer (liquid oxygen)
carried in the External Tank. Combustion takes
place in two stages. First, the propellants are mix-
ed and partly burned in pre-burners. Hot gases
from the pre-burners drive the high-pressure tur-
bopumps which deliver propellants to the main
injector. Combustion, once initiated by electrical
igniters, is self-sustaining. Before firing, the very
cold liquid propellant is allowed to flow into the
system as far as the pre-burners and combustion
chamber to cool the pumps and ducts so that the
hydrogen and oxygen in the system will remain
liquid when the engine is started.

The main engines have been throttled over a
range of 65 to 104 percent of the thrust at sea
level. At liftoff, they are thrusting at 100 percent.
Computers command engine thrust to 104 per-
cent as soon as the Shuttle clears the tower. They
throttle to 65 percent to reduce the maximum
aerodynamic loads that occur at an altitude of
about 34,000 feet. Thereafter, the thrust is again
increased to provide an acceleration of three times
that of gravity in the last minute or so of powered

flight.

External Tank

The External Tank carries the propellants for
the Orbiter’s main engines — 143,000 gallons of
liquid oxygen and 383,000 gallons of liquid
hydrogen, which is much lighter than a com-
parable volume of oxygen. Together, the pro-
pellants weigh a little more than 790 tons. Mar-
tin Marietta Denver Aerospace, Michoud, Loui-
siana, builds the tank, a welded aluminum alloy
cylinder with an ogive nose and a hemispherical
tail. It is 154 feet long and 27 ¥4 feet in diameter.

Because the Orbiter and the two Solid Rocket
Boosters are attached to it at liftoff, the External
Tank absorbs the thrust of the combined propul-
sion system. It withstands complex load effects
and pressures from the propellants.

The liquid oxygen tank forms the nose of the
External Tank. It contains oxidizer kept liquid
at a temperature of — 297 degrees Fahrenheit. A
removable conical nose cap acts as an
aerodynamic fairing. Inside the tank, baffles
reduce sloshing and the associated control prob-
lems. The liquid hydrogen tank does not need
baffles because the fuel is so light that sloshing
does not induce significant forces. The liquid
hydrogen tank accounts for the greater part of
the External Tank. Its contents are even colder
than the LOX: -423 degrees Fahrenheit.
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The intertank structure or “intertank” connects
the two propellant tanks. It is a cylindrical struc-
tural section that houses instruments and receives
and distributes most of the thrust load from the
Solid Rocket Boosters. The front end of each
booster is connected to the External Tank at the
intertank midsection.

A multilayered thermal coating covers the out-
side of the External Tank to protect it from ex-
treme temperature variations during pre-launch,
launch, and the first 8% minutes of flight. That
insulation reduces the boil-off rate of the pro-
pellants, which must be kept at very low
temperatures to remain liquid. It also is meant
to minimize ice that might form from condensa-
tion on the outside of the propellant tanks.

In addition to the Solid Rocket Booster forward
attachment points on either side of the intertank,
three other attachment points link each booster
to the aft major ring frame of the External Tank.
The boosters are thus connected to the tank at
four points, one forward and three aft.

Three structural elements link the Orbiter to
the External Tank. A “wishbone” attachment
beneath the crew compartment connects the for-
ward end of the Orbiter to the tank. The two aft
connections are tripods at the base of the Exter-
nal Tank.

A command from the Orbiter computer jet-
tisons the External Tank 18 seconds after main
engine cutoff, about 8 %4 minutes after liftoff. To
ensure that it will travel a predictable path, a tum-
ble system rotates the tank end-over-end at a
minimum rate of two revolutions per minute. The
tank breaks up upon atmospheric entry, falling
into the planned area of the Indian or Pacific
Ocean about an hour after liftoff. The External
Tank is the only main component of the Space
Shuttle that is not recovered and reused.

Solid Rocket Boosters

The two solid-propellant rocket boosters are
almost as long as the External Tank and attached
to each side of it. They contribute about 80 per-
cent of the total thrust at liftoff; the rest comes
from the Orbiter’s three main engines. Roughly
two minutes after liftoff and 24 miles down range,
the solid rockets have exhausted their fuel. Ex-
plosives separate the boosters from the External
Tank. Small rocket motors move them away from
the External Tank and the Orbiter, which con-
tinue toward orbit under thrust of the Shuttle’s
main engines.



The Solid Rocket Booster 1s made up of several
subassemblies: the nose cone, Solid Rocket Motor
and the nozzle assembly. Marshall 1s responsi-
ble for the Solid Rocket Booster; Morton Thiokol,
Inc., Wasatch Division, Brigham City, Utah, is
the contractor for the Solid Rocket Motors. Each
Solid Rocket Motor case is made of 11 individual
cylindrical weld free steel sections about 12 feet
in diameter. When assembled, they form a tube
almost 116 feet long. The 11 sections are the for-
ward dome section, six cylindrical sections, the
aft External Tank-attach ring section, two stif-
fener sections, and the aft dome section.

The 11 sections of the motor case are joined
by tang-and-clevis joints held together by 177
steel pins around the circumference of each joint.

After the sections have been machined to fine
tolerances and fitted, they are partly assembled
at the factory into four casting segments. Those
four cylindrical segments are the parts of the
motor case into which the propellant is poured
(or cast). They are shipped by rail in separate
pieces to Kennedy.

Joints assembled before the booster is shipped
are known as factory joints. Joints between the
four casting segments are called field joints; they
are connected at Kennedy when the booster
segments are stacked for final assembly.

Orbital Maneuvering System

The two engine pods on the aft fuselage of the
Orbiter contain maneuvering engines and their
propellant— monomethyl hydrazine (the fuel) and
nitrogen tetroxide (the oxidizer). Helium
pressurizes the propellant tanks, and the fuel and
the oxidizer ignite on contact.

Forty-four small rocket motors in the Orbiter’s
nose and aft section maneuvering system pods
allow adjustments of the vehicle’s attitude in pitch,
yaw, and roll axes. They also may be used to
make small changes of velocity along one of the
Orbiter’s three axes.

Flight of a Shuttle

Except for ascent and entry, all of the Shut-
tle’s typical seven-day mission is in orbit. That
1s where the goals of a given mission are ac-
complished: scientific experiments carried out;

satellites deployed into orbit, retrieved or
repaired; observations made of the Earth and the
solar system. The Shuttle makes one revolution
of the Earth approximately every 90 minutes dur-
ing the satellite mission.

When it comes out of orbit, the Shuttle is mov-
ing at about 17,500 miles an hour. Reaction
engines position the Orbiter nose forward again
for entry into the atmosphere. Those thrusters
continue to control the Orbiter’s attitude until the
atmosphere becomes dense enough for the
aerodynamic surfaces to take effect.

The Shuttle enters the ever-thickening blanket
of atmosphere at 400,000 feet of altitude and a
speed of more than 17,000 miles an hour (about
Mach 25). The Orbiter’s nose is positioned 40
degrees above its flight path. That attitude in-
creases aerodynamic drag, thus helping to
dissipate the tremendous amount of energy that
the spacecraft has when it enters the atmosphere.
Friction heats the surface of the Orbiter, which
is protected by thermal tiles, and ionizes the sur-
rounding air, preventing radio communication
with Earth for the next 13 minutes.

The flight control system’s computer program
allows use of the reaction thrusters and
aerodynamic surfaces in combination to control
the spacecraft. At Mach 4.2, the rudder 1s ac-
tivated, and the last reaction thrusters are deac-
tivated at Mach 1. Thereafter, the craft is entirely
maneuvered like an airplane by movement of the
aerodynamic control surfaces: elevons, rudder,
speed brake, and body flap.

In the landing approach, the Orbiter has no
propulsion. It has only its velocity and altitude.
Its energy must be carefully managed to
maneuver the Shuttle aerodynamically to a safe
landing. Beginning this terminal phase, the glide
slope is steep—19 degrees—as the Orbiter
descends toward the runway. Half a minute
before touchdown and two miles from the run-
way, the craft flares to a shallow, almost flat 1.5
degree glide slope. Touchdown occurs at 225
miles per hour. On the runway, the Orbiter rolls
to a stop, and the mission is complete. =
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Chapter 11

Events Leading
Up to the
Challenger Mission

reparations for the launch of mission

51-L were not unusual, though they

were complicated by changes in the

launch schedule. The sequence of
complex, interrelated steps involved in produc-
ing the detailed schedule and supporting logistics
necessary for a successful mission always requires
intense effort and close coordination.

Flight 51-L of the Challenger was originally
scheduled for July, 1985, but by the time the crew
was assigned in January, 1985, launch had been
postponed to late November to accommodate
changes in payloads. The launch was subsequent-
ly delayed further and finally rescheduled for late
January, 1986.

After the series of payload changes, the
Challenger cargo included two satellites in the
cargo bay and equipment in the crew compart-
ment for experiments that would be carried out
during the mission. The payloads flown on mis-
sion 51-L are listed in this table:

Mission 51-L Payloads
Tracking and Data Relay Satellite-B
Spartan-Halley Satellite
Comet Halley Active Monitoring Program
Fluid Dynamics Experiment
Phase Partitioning Experiment
Teacher in Space Project
Shuttle Student Involvement Program
Radiation Monitoring Experiment

The primary payloads were the Tracking and
Data Relay Satellite (a NASA communications
satellite) and the Spartan satellite that would be
deployed into orbit carrying special instruments
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for the observation of Halley’s Comet.

The NASA communications satellite was to
have been placed in a geosynchronous orbit with
the aid of a booster called the Inertial Upper
Stage. The satellite would have supported com-
munications with the Space Shuttle and up to 23
other spacecraft.

The Spartan satellite was to have been
deployed into low Earth orbit using the remote
manipulator system. The Spartan instruments
would have watched Halley’s Comet when it was
too close to the Sun for other observatories to do
so. Subsequently, the satellite would have been
retrieved and returned to Earth in the Shuttle
payload bay.

Crew Assignments

On January 27, 1985, one year before launch,
NASA announced the names of the astronauts
assigned to mission 51-L:

Commander Francis R. Scobee

Pilot Michael J. Smith

Mission Specialist Ellison S. Onizuka
One

Mission Specialist Judith A. Resnik
Two

Mission Specialist Ronald E. McNair
Three

The mission commander, Francis R. (Dick)
Scobee, first flew on the Space Shuttle as the pilot
of mission 41-C in April, 1984. Mr. Scobee, a
native of Auburn, Washington, received his
bachelor’s degree in aerospace engineering from
the University of Arizona. A former Air Force



Space Shuttle 51-L on Pad 39B of Kennedy Space Center’s launch complex.




test pilot with 7,000 hours in 45 aircraft types,
he became an astronaut in 1978.

The mission pilot, Captain Michael J. Smith,
USN, was on his first Shuttle flight after being
selected as an astronaut in 1980. A native of
Beaufort, North Carolina, Captain Smith, a 1967
graduate of the United States Naval Academy,
received a master’s degree from the Naval
Postgraduate School. He was a Navy test pilot
with extensive experience in a variety of aircraft.

Mission specialist Lieutenant Colonel Ellison
S. Onizuka, USAF, from Kealakekua, Kona,
Hawaii, received his master’s degree in aerospace
engineering at the University of Colorado. A
flight test engineer in the Air Force, he became

an astronaut in 1978 and flew on the first military
mission (51-C) in January, 1985, aboard the
Space Shuttle Discovery .

Mission specialist Judith A. Resnik, Ph.D.,
flew on the first flight of the Orbiter Discovery
on mission 41-D in August, 1984. Born in Akron,
Ohio, Dr. Resnik received her doctorate in elec-
trical engineering from the University of
Maryland in 1976. After working for several in-
dustrial firms, she became an astronaut in 1978.

Mission specialist Ronald E. McNair, Ph.D.,
a native of Lake City, South Carolina, received
his doctorate in physics from the Massachusetts
Institute of Technology in 1976. After working
as a research physicist in civilian industry, he
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became an astronaut in 1978 and first flew on
mission 41-B in February, 1984, aboard the
Space Shuttle Challenger.

Payload specialists are members of a Space
Shuttle crew who are not career astronauts. Two
such specialists, Christa McAuliffe and Gregory
B. Jarvis, were added to the crew of mission 51-L.

Ms. McAuliffe was born in Boston and raised
in Framingham, Massachusetts, where she
graduated from Framingham State College. After
teaching a variety of junior high and high school
subjects in Maryland and New Hamphire, she
was selected as the Teacher in Space. She was
assigned to the 51-L crew in July, 1985.

Mr. Jarvis was a former Air Force engineer
who specialized in satellite design. He was born
in Detroit, Michigan, and received his master’s
degree in electrical engineering from North-
eastern University in Boston. He was assigned
to the 51-L crew in October, 1985, as a represent-
ative of the Hughes Aircraft Company.

The payload specialists each had respon-
sibilities for mission 51-L. Ms. McAuliffe was to
conduct a series of classroom lessons from orbit
and conduct several basic classroom experiments.
Mr. Jarvis was to perform a series of fluid
dynamics experiments that would support satellite
redesign.

Preparations for Flight

Planning for mission 51-L began in 1984, but
10 major change documents adding or deleting
payload items caused some disruption in the
preparation process. Because the 12- to 18-month
process is a series of repetitive cycles that define
a flight design in progressively more specific
detalil, significant changes can require extensive
time and effort to incorporate. The closer to the
planned launch date the changes occur, the more
difficult and disruptive it becomes to repeat the
cycles necessary to complete a mission plan. (See
the Mission 51-L. Milestone Summary chart.)
Although there were several significant changes
to the cargo manifest, most occurred early enough
in the planning cycle to minimize their impact
on the flight preparation.

The cargo integration review is one of the
crucial coordination meetings in the flight
preparation process. At that meeting, re-
quirements for all payloads are examined to en-
sure that, collectively, they are within the
capabilities of the vehicle and crew.

For mission 51-L, the cargo integration review
was rescheduled six times, primarily because of
payload changes. All major payload changes were
made, however, before the review eventually took
place on June 18, 1985, seven months before the
launch. Until the cargo integration review for a
mission 1s completed, the development of the final
flight design products cannot really get underway.
Because the mission 51-L payload changes were
made before the cargo integration review,
however, changes to the manifest did not seriously
disrupt the preparation cycle.

Once the principal payload items were deter-
mined and the cargo integration review was com-
pleted, the flight design process became relatively
straightforward. The flight design process is the
central element in flight preparation. The proc-
ess transforms the broad objectives of the flight
into a detailed sequence of events from launch
to landing. For mission 51-L, the objectives con-
sisted of placing one satellite in orbit, deploying
and retrieving Spartan, and conducting the six
experiments. From that base, the flight design
process produced a detailed schedule of events,
trajectory data, requirements for consumable
items, communications requirements and the
necessary computer programing for the Orbiter,
the Mission Control Center, and the Shuttle
simulator used to train the crew for this particular
mission.

The launch minus five months Flight Plan-
ning and Stowage Review was conducted on
August 20, 1985, to address any unresolved issues
and any changes to the plan that had developed
to that point. Ideally, the mission events are firm-
ly determined before the review takes place. For
mission 51-L, however, Mr. Jarvis was not added
to the crew until October 25, 1985, and his ac-
tivities could not be incorporated into mission
planning until that time. The crew activity plan,
the formal flight requirements and the flight
design status were reviewed as well as the cur-
rent status of the engineering integration, the
photo and TV requirements, and crew compart-
ment stowage. The Flight Planning and Stowage
Review did identify the need for further con-
sideration of the launch window and of the then
undefined requirements for the Teacher-in-Space
program.

There were changes to middeck payloads,
resulting from the addition of Mr. Jarvis, that
occurred less than three months before launch.
The most negative result of the changes was a
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delay in publishing the crew activity plan. The
crew activity plan specifies the in-flight schedule
for all crew members, which in turn affects other
aspects of flight preparation. Because the NASA
communications satellite training requirements
were quite similar to those for a previous flight,
the crew training began using that existing crew
activity plan and associated checklists. Con-
siderable time was saved as a result. The re-
quirements unique to Spartan did not involve ma-
jor departures from the standard satellite deploy-
ment and rendezvous techniques that had been
developed on mission 51-G, the experiment
packages did not require any new Orbiter pro-
cedures, and the ascent and entry techniques were

standard. Thus, mission 51-L did not involve
radical departures from previous flight patterns.

The crew began training 37 weeks before
launch. Preparation in the Shuttle Mission
Simulator, a fully instrumented mock-up of the
Shuttle interior, began at launch minus 36 weeks.
Integrated training in the simulator, which allows
the crew to train with the flight controllers who
will be controlling the flight in both the Mission
Control Center and remote centers, began at
launch minus nine weeks. For the crew, Shuttle
simulator training included preparation for the
use of the robot arm, a rendezvous in space, In-
ertial Upper Stage deployment, ascent and en-
try procedures, and a variety of other activities

Crew Workload Comparison
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the space flights.
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that must be practiced repeatedly if a Shuttle mis-
sion is to be carried out successfully.

All NASA crew members exceeded the number
of training hours required and were certified pro-
ficient in all mission tasks. The two payload
specialists also fulfilled their training re-
quirements. All mission 51-L astronauts and
flight controllers were certified ready for flight.

From a flight design process point of view, mis-
sion 51-L was a fairly typical mission. The most
noticeable effect of the delays in the production
process was a delay in the start of Shuttle Mis-
sion Simulator training specific to the flight. That
training began at launch minus nine weeks for
the crew of 51-L, two weeks later than the original
schedule required.

Compressed training time was becoming a con-
cern in late 1985. The crew of mission 51-L train-
ed for an average of 48.7 hours per week during
those nine weeks before launch, with peaks
reaching 65 to 70 hours per week. Much more
compression in their training schedule would not
have been possible. (See the Crew Workload
Comparisons graph.)

Launch date delays for mission 61-C also
became a scheduling factor for the integrated
simulations for mission 51-L. Originally sched-
uled for the third week in December, the 61-C
launch was delayed until January 12, 1986. Dur-
ing the last six weeks before the Challenger
launch, the 51-L schedule was changed several
times as a result of launch delays of 61-C. The
final impact on the Challenger crew training was
reduced spacing between the ascent and entry
simulations during the last two weeks before
launch, but no training time was lost.

Flight Readiness Review

The Level I Flight Readiness Review for mis-
sion 51-L took place on January 15, 1986. The
Flight Readiness Review should address all
aspects of flight preparation about which any
questions have arisen. In addition, attendees con-
firm that all equipment and operational plans
have been certified ready by the responsible
manager within NASA. Solid Rocket Booster
joints were not discussed during the review on
January 15.

The period during the day when a particular

flight can be launched is determined by the re-
quirements of the Orbiter and the payloads. The
launch period for mission 51-L was limited in
order to provide the best lighting conditions for
Spartan’s observations of Halley’s Comet. The
resulting “launch window” was a topic of some
discussion at the Flight Readiness Review. The
Challenger launch originally had been scheduled
for a morning lift off. When Spartan was added
to the mission, the launch window was changed
to the afternoon. This change would have re-
quired a landing at night if a transatlantic abort
landing had become necessary. Because the alter-
nate transatlantic site, Casablanca, was not
equipped for a night landing, the afternoon
launch eliminated that back-up site. As January
drew to a close, however, the conditions for op-
timum telescopic viewing of the comet could not
be met. The launch window was shifted back to
the morning hours so that the transatlantic abort
site would be in daylight and a back-up site
(Casablanca) would be available.

The results of the flight design process were
summarized at the Flight Readiness Review. The
predicted ascent performance, including expected
trajectory, main engine throttling profile, ex-
pected dynamic pressure and the amount of pro-
pellant reserve expected at main engine cutoff,
were presented and discussed. The expected land-
ing parameters, weight and center of gravity
figures were also presented for a variety of con-
tingencies. It should be noted that a waiver was
required because the weight of the Orbiter ex-
ceeded the allowable limits for an abort landing.
The flight design data presented at the Flight
Readiness Review are available in the Appendix
in the NASA Mission Planning and Operations
Team Report. No outstanding concerns were
identified in the discussion of flight design.

The detailed flight plan and schedule of crew
activities also were presented at the Flight
Readiness Review. The Challenger was to circle
the Earth for six days at an orbital altitude of ap-
proximately 153 nautical miles, landing early on
the seventh day at Kennedy in Florida.

The major activities were to include deploy-
ment of the tracking and data relay satellite 10
hours after launch, deployment of the Spartan
satellite on the third day of the flight and subse-
quent retrieval of the Spartan two days later. A
summary of the planned activities is provided in
the table that follows.
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Mission 51-L Orbital Activity Schedule

Day One

After arriving in orbit, the crew had two periods of scheduled high activity. First,
they were to check the readiness of the NASA satellite prior to planned deploy-
ment. After a lunch break, they were to deploy the satellite and Inertial Upper
Stage and to perform a series of separation maneuvers. The first sleep period was
scheduled to be eight hours long starting about 18 hours after crew wake-up on
launch morning.

Day Two

The Comet Halley Active Monitoring Program experiment was scheduled to begin
on the second day. Also scheduled were the initial teacher-in-space video taping
and a firing of the orbital maneuvering engines to place the Orbiter at the 152-mile
orbital altitude from which the Spartan would be deployed.

Day Three

The third day was to start with the crew programing the Spartan satellite with
data sent from Johnson. The satellite was to be deployed using the remote
manipulator system (the robot arm), and then the Orbiter would be maneuvered
to produce, by day four, a 90-mile separation from Spartan.

Day Four

The Orbiter was to begin closing on Spartan while Jarvis continued the fluid
dynamics experiments started on day two and day three. In addition, two lessons
telecast live were to be conducted by Ms. McAuliffe.

Day Five

After rendezvous with Spartan, the crew was to use the robot arm to capture the
satellite and re-stow 1t in the payload bay.

Day Six

Entry preparations were to dominate the last full day in space: flight control system
checks, test firing of maneuvering jets needed for entry, and cabin stowage. A

crew news conference also was scheduled following the lunch period, if requested
by the NASA Public Affairs Office.

Day Seven

The seventh day would have been spent preparing the Space Shuttle for deorbit
and entry into the atmosphere. The Challenger was scheduled to land at Ken-
nedy 144 hours and 34 minutes after launch.
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Launch Delays

The launch of mission 51-L was postponed
three times and scrubbed once from the planned
date of January 22, 1986. The first postponement
was announced on December 23, 1985. That
change established the launch date as January 23,
1986, in order to accommodate the final in-
tegrated simulation schedule that resulted from
the slip in the launch date of mission 61-C.

On January 22, 1986, the Program Re-
quirements Change Board first slipped the launch
from January 23 to January 25. That date subse-
quently was changed to January 26, 1986,
primarily because of Kennedy work requirements
produced by the late launch of mission 61-C.

The third postponement of the launch date oc-
curred during an evening management con-
ference on January 25, 1986, to review the
weather forecast for the Kennedy area. Because
the forecast was for unacceptable weather
throughout the launch window on January 26,
early countdown activities that had already
started were terminated.

The launch attempt of January 27 began the
day before as the complex sequence of events
leading to lift off commenced. Fueling of the Ex-
ternal Tank began at 12:30 a.m. Eastern Stand-
ard Time. The crew was awakened at 05:07 a.m.,
and events proceeded normally with the crew
strapped into the Shuttle at 07:56 a.m. At 09:10,
however, the countdown was halted when the
ground crew reported a problem with an exterior
hatch handle. By the time the hatch handle prob-
lem was solved at 10:30 a.m., winds at the Ken-
nedy runway designated for a return-to-launch-
site abort had increased and exceeded the
allowable velocity for crosswinds. The launch at-
tempt for January 27 was canceled at 12:35 p.m.
Eastern Standard Time; the Challenger count-
down was rescheduled for January 28.

The weather was forecast to be clear and very
cold, with temperatures dropping into the low
twenties overnight. The management team
directed engineers to assess the possible effects of
temperature on the launch. No critical issues were
identified to management officials, and while
evaluation continued, it was decided to proceed
with the countdown and the fueling of the Ex-
ternal Tank.

Ice had accumulated in the launch pad area

during the night and it caused considerable con-
cern for the launch team. In reaction, the ice in-
spection team was sent to the launch pad at 01:35
a.m., January 28, and returned to the Launch
Control Center at 03:00 a.m. After a meeting to
consider the team’s report, the Space Shuttle pro-
gram manager decided to continue the count-
down. Another ice inspection was scheduled at
launch minus three hours.

Also, during the night, prior to fueling, a prob-
lem developed with a fire detector in the ground
liquid hydrogen storage tank. Though it was
ultimately tracked to a hardware fault and
repaired, fueling was delayed by two and one-
half hours. By continuing past a planned hold at
launch minus three hours, however, the launch
delay was reduced to one hour. Crew wake-up
was rescheduled for 06:18 a.m., January 28, but
by that time the crew was already up.

Because of forecast rain and low ceilings at
Casablanca, the alternate abort site, that site was
declared a “no-go” at 07:30 a.m. The change had
no mission impact, however, because the weather
at the primary transatlantic abort landing site at
Dakar, Senegal, was acceptable. The abort-once-
around site was Edwards Air Force Base, .
California.

With an extra hour, the crew had more than
sufficient time to eat breakfast, get a weather
briefing and put on flight gear. At the weather
briefing, the temperature and ice on the pad were
discussed, but neither then nor in earlier weather
discussions was the crew told of any concern
about the effects of low temperature on the Shuttle
System. The seven crew members left the crew
quarters and rode the astronaut van to launch pad
B, arriving at 08:03. They were in their seats in
the Challenger at 08:36 a.m.

At 08:44 a.m. the ice team completed its sec-
ond inspection. After hearing the team’s report,
the program manager decided to allow additional
time for ice to melt on the pad. He also decided
to send the ice team to perform one final ice
assessment at launch minus 20 minutes. When
the count was resumed, launch had been delayed
a second hour beyond the original lift off time of
09:38 a.m., Eastern Standard Time.

At 11:15 the ice inspection was completed, and
during the hold at launch minus nine minutes,
the mission 51-L crew and all members of the
launch team gave their “go” for launch. The final
flight of the Challenger began at 11:38:00.010
a.m., Eastern Standard Time, January 28, 1986.
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The Flight of the Challenger

The events that followed lift off were brief:

Launch Time  Event

- 6.6 sec. Space Shuttle engines ignition
0 sec. Solid Rocket Booster ignition
+7 sec. “Roll program.” (Challenger)
“Roger, roll, Challenger.”
(Houston)

+ 24 sec. Main engines throttled down to
94 %

+ 42 sec. Main engines throttled down to
65%

+ 59 sec. Main engines throttled up to
104 %

+ 65 sec. “Challenger, go at throttle up.”
(Houston) “Roger. Go at throttle
up.” (Challenger)

+ 73 sec. Loss of signal from Challenger

From lift off until the signal from the Shuttle
was lost, no flight controller observed any indica-
tion of a problem. The Shuttle’s main engines
throttled down to limit the maximum dynamic
pressure, then throttled up to full thrust as ex-

18

pected. Voice communications with the crew
were normal. The crew called to indicate the
Shuttle had begun its roll to head due east and
to establish communication after launch. Fifty-
seven seconds later, Mission Control informed
the crew that the engines had successfully throt-
tled up and all other systems were satisfactory.
The commander’s acknowledgment of this call
was the last voice communication from the
Challenger.

There were no alarms sounded in the cockpit.
The crew apparently had no indication of a prob-
lem before the rapid break-up of the Space Shuttle
system. The first evidence of an accident came
from live video coverage. Radar then began to
track multiple objects. The flight dynamics of-
ficer in Houston confirmed to the flight director
that “RSO [range safety officer] reports vehicle
exploded,” and 30 seconds later he added that the
range safety officer had sent the destruct signal
to the Solid Rocket Boosters.

During the period of the flight when the Solid
Rocket Boosters are thrusting, there are no sur-
vivable abort options. There was nothing that
either the crew or the ground controllers could
have done to avert the catastrophe. =



Chapter 111

The Acadent

light of the Space Shuttle Challenger on

Mission 51-L began at 11:38 a.m.

Eastern Standard Time on January 28,

1986. It ended 73 seconds later in
an explosive burn of hydrogen and oxygen pro-
pellants that destroyed the External Tank and ex-
posed the Orbiter to severe aerodynamic loads
that caused complete structural breakup. All
seven crew members perished. The two Solid
Rocket Boosters flew out of the fireball and were
destroyed by the Air Force range safety officer
110 seconds after launch.

The ambient air temperature at launch was 36
degrees Fahrenheit measured at ground level ap-
proximately 1,000 feet from the 51-L mission
launch pad 39B. This temperature was 15 degrees
colder than that of any previous launch.

The following description of the flight events
1s based on visual examination and image
enhancement of film from NASA operated
cameras and telemetry data transmitted from the
Space Shuttle to ground stations. The last
telemetry data from the Challenger was received
73.618 seconds after launch.

At 6.6 seconds before launch, the Challenger’s
liquid fueled main engines were ignited in se-
quence and run up to full thrust while the entire
Shuttle structure was bolted to the launch pad.
Thrust of the main engines bends the Shuttle
assembly forward from the bolts anchoring it to
the pad. When the Shuttle assembly springs back
to the vertical, the Solid Rocket Boosters’ restrain-
ing bolts are explosively released. During this pre-
release “twang” motion, structural loads are stored
in the assembled structure. These loads are re-
leased during the first few seconds of flight in a
structural vibration mode at a frequency of about

3 cycles per second. The maximum structural
loads on the aft field joints of the Solid Rocket
Boosters occur during the “twang,” exceeding
even those of the maximum dynamic pressure
period experienced later in flight.

Just after liftoff at .678 seconds into the flight,
photographic data show a strong puff of gray
smoke was spurting from the vicinity of the aft
field joint on the right Solid Rocket Booster. The
two pad 39B cameras that would have recorded
the precise location of the puff were inoperative.
Computer graphic analysis of film from other
cameras indicated the initial smoke came from
the 270 to 310-degree sector of the circumference
of the aft field joint of the right Solid Rocket
Booster. This area of the solid booster faces the
External Tank. The vaporized material stream-
ing from the joint indicated there was not com-
plete sealing action within the joint.

Eight more distinctive puffs of increasingly
blacker smoke were recorded between .836 and
2.500 seconds. The smoke appeared to puff up-
wards from the joint. While each smoke puff was
being left behind by the upward flight of the Shut-
tle, the next fresh puff could be seen near the level
of the joint. The multiple smoke pulffs in this se-
quence occurred at about four times per second,
approximating the frequency of the structural
load dynamics and resultant joint flexing. Com-
puter graphics applied to NASA photos from a
variety of cameras in this sequence again placed
the smoke puffs’ origin in the 270-to 310-degree
sector of the original smoke spurt.

As the Shuttle increased its upward velocity,
it flew past the emerging and expanding smoke
puffs. The last smoke was seen above the field
Jjoint at 2.733 seconds. At 3.375 seconds the last
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smoke was visible below the Solid Rocket
Boosters and became indiscernible as it mixed
with rocket plumes and surrounding atmosphere.

The black color and dense composition of the
smoke puffs suggest that the grease, joint insula-
tion and rubber O-rings in the joint seal were be-
ing burned and eroded by the hot propellant
gases.

Launch sequence films from previous missions
were examined in detail to determine if there were
any prior indications of smoke of the color and
composition that appeared during the first few
seconds of the 51-L. mission. None were found.
Other vapors in this area were determined to be
melting frost from the bottom of the External
Tank or steam from the rocket exhaust in the
pad’s sound suppression water trays.

Shuttle main engines were throttled up to 104
percent of their rated thrust level, the Challenger
executed a programmed roll maneuver and the
engines were throttled back to 94 percent.

At approximately 37 seconds, Challenger en-
countered the first of several high-altitude wind
shear conditions, which lasted until about 64
seconds. The wind shear created forces on the
vehicle with relatively large fluctuations. These
were immediately sensed and countered by the
guidance, navigation and control system.
Although flight 51-L loads exceeded prior ex-
perience in both yaw and pitch planes at certain
instants, the maxima had been encountered on
previous flights and were within design limits.

The steering system (thrust vector control) of
the Solid Rocket Booster responded to all com-
mands and wind shear effects. The wind shear
caused the steering system to be more active than
on any previous flight.

At 45 seconds into the flight, three bright
flashes appeared downstream of the Challenger’s
right wing. Each flash lasted less than one-
thirtieth of a second. Similar flashes have been
seen on other flights. Another appearance of a
separate bright spot was diagnosed by film
analysis to be a reflection of main engine exhaust
on the Orbital Maneuvering System pods located
at the upper rear section of the Orbiter. The
flashes were unrelated to the later appearance of
the flame plume from the right Solid Rocket
Booster.

Both the Shuttle main engines and the solid
rockets operated at reduced thrust approaching
and passing through the area of maximum
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dynamic pressure of 720 pounds per square foot.
Main engines had been throttled up to 104 per-
cent thrust and the Solid Rocket Boosters were
increasing their thrust when the first flickering
flame appeared on the right Solid Rocket Booster
in the area of the aft field joint. This first very
small flame was detected on image enhanced film
at 58.788 seconds into the flight. It appeared to
originate at about 305 degrees around the booster
circumference at or near the aft field joint.

One film frame later from the same camera,
the flame was visible without image enhance-
ment. [t grew into a continuous, well-defined
plume at 59.262 seconds. At about the same time
(60 seconds), telemetry showed a pressure dif-
ferential between the chamber pressures in the
right and left boosters. The right booster chamber
pressure was lower, confirming the growing leak
in the area of the field joint.

As the flame plume increased in size, it was
deflected rearward by the aerodynamic slipstream
and circumferentially by the protruding structure
of the upper ring attaching the booster to the Ex-
ternal Tank. These deflections directed the flame
plume onto the surface of the External Tank. This
sequence of flame spreading is confirmed by
analysis of the recovered wreckage. The grow-
ing flame also impinged on the strut attaching
the Solid Rocket Booster to the External Tank.

At about 62 seconds into the flight, the con-
trol system began to react to counter the forces
caused by the plume and its effects. The left Solid
Rocket Booster thrust vector control moved to
counter the yaw caused by reduced thrust from
the leaking right Solid Rocket Booster. During
the next nine seconds, Space Shuttle control
systems worked to correct anomalies in pitch and
yaw rates.

The first visual indication that swirling flame
from the right Solid Rocket Booster breached the
External Tank was at 64.660 seconds when there
was an abrupt change in the shape and color of
the plume. This indicated that it was mixing with
leaking hydrogen from the External Tank. Tele-
metered changes in the hydrogen tank pressuriza-
tion confirmed the leak. Within 45 milliseconds
of the breach of the External Tank, a bright sus-
tained glow developed on the black-tiled under-
side of the Challenger between it and the Exter-
nal Tank.

Beginning at about 72 seconds, a series of
events occurred extremely rapidly that terminated



the flight. Telemetered data indicate a wide varie-
ty of flight system actions that support the visual
evidence of the photos as the Shuttle struggled
futilely against the forces that were destroying it.

At about 72.20 seconds the lower strut linking
the Solid Rocket Booster and the External Tank
was severed or pulled away from the weakened
hydrogen tank permitting the right Solid Rocket
Booster to rotate around the upper attachment
strut. This rotation is indicated by divergent yaw
and pitch rates between the left and right Solid
Rocket Boosters.

At 73.124 seconds, a circumferential white
vapor pattern was observed blooming from the
side of the External Tank bottom dome. This was
the beginning of the structural failure of the
hydrogen tank that culminated in the entire aft
dome dropping away. This released massive
amounts of liquid hydrogen from the tank and
created a sudden forward thrust of about 2.8
million pounds, pushing the hydrogen tank up-
ward into the intertank structure. At about the
same time, the rotating right Solid Rocket Booster
impacted the intertank structure and the lower
part of the liquid oxygen tank. These structures

failed at 73.137 seconds as evidenced by the white
vapors appearing in the intertank region.

Within milliseconds there was massive, almost
explosive, burning of the hydrogen streaming
from the failed tank bottom and the liquid oxy-
gen breach in the area of the intertank.

At this point in its trajectory, while traveling
at a Mach number of 1.92 at an altitude of 46,000
feet, the Challenger was totally enveloped in the
explosive burn. The Challenger’s reaction con-
trol system ruptured and a hypergolic burn of its
propellants occurred as it exited the oxygen-
hydrogen flames. The reddish brown colors of the
hypergolic fuel burn are visible on the edge of the
main fireball. The Orbiter, under severe
aerodynamic loads, broke into several large sec-
tions which emerged from the fireball. Separate
sections that can be identified on film include the
main engine/tail section with the engines still’
burning, one wing of the Orbiter, and the for-
ward fuselage trailing a mass of umbilical lines
pulled loose from the payload bay.

Evidence in the recovered wreckage from the
51-L mission hardware supports this final se-
quence of events. =
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United States ==

Immediately after solid rocket
motor ignition, dark smoke
{arrows) swirled out between
the right hand booster and
the External Tank. The
smoke's origin, behavior and
duration was approximated
by visual analysis and com-
puter enhancement of film
from five camera locations.
Consensus: smoke was first
discernible at .678 seconds
Mission Elapsed Time in the
vicinity of the right booster’s
aft field joint.
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Multiple smoke puffs are visible in the photo above
(arrows). They began at .836 seconds and continued
through 2.500 seconds, occurring about 4 times a
second. Upward motion of the vehicle caused the
smoke to drift downward and blur into a single ¢loud
Smoke source is shown in the computer generated
drawing (far right).
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At 58.788 seconds, the first
flicker of flame appeared. Barely
visible above, it grew into a
large plume and began to im-
pinge on the External Tank at
about 60 seconds. Flame is pin-
pointed in the computer drawing
between the right booster and
the tank, as in the case of earlier
smoke puffs. At far right (arrow),
vapor is seen escaping from the
apparently breached External
Tank.







Camera views indicate the beginning of rupture of attributed to rupture of the liquid oxygen tank,

the liquid hydrogen and liquid oxygen tanks within occurred above the booster/tank forward attachment
the External Tank. A small flash (arrows above) (below left) and grew in milliseconds to the maximum
intensified rapidly, then diminished. A second flash, size indicated in the computer drawing.
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Structural breakup of the vehicle began at
approximately 73 seconds. Fire spread very
rapidly. Above, a bright flash (arrow) is evi-
dent near the nose of the Orbiter, suggesting
spillage and ignition of the spacecraft's re-
action control system propeliants. At left, the
two Solid Rocket Boosters thrust away from
the fire, crisscrossing to form a “V." The right
booster—identifiable by its failure plume—
now to the left of its counterpart. At right, the
boosters diverge farther; the External Tank
wreckage is obscured by smoke and vapor.
The Orbiter engines still firing, is visible at
bottom center.









At about 76 seconds, unidentifiable fragments of the Shut-  soars away, still thrusting. The reddish-brown cloud envel-
tle vehicle can be seen tumbling against a background of  ops the disintegrating Orbiter. The color is characteristic
fire, smoke and vaporized propellants from the External of the nitrogen tetroxide oxidizer in the Orbiter Reaction
Tank (left). In the photo at right, the left booster (far right) Control System propellant.







arg the
arrow),




At 11:44 a.m. Eastern Standard Time, a GOES environment-
monitoring satellite operated by the National Oceanic and
Atmospheric Administration acquired this image of the
smoke and vapor cloud from the 51-L accident. The coast
of Florida is outlined in red.

JANURRY 28, 138t
1644 GMT



STS 51-L Sequence of Major Events

Mission Time Elapsed
(GMT, in hr:min:sec) Event Time (secs.) Source
16:37:53.444 ME - 3 Ignition Command -6.566 GPC
37:53.564 ME -2 Ignition Command - 6.446 GPC
37:53.684 ME -1 Ignition Command -6.326 GPC
38:00.010 SRM Ignition Command (T = 0) 0.000 GPC
38:00.018 Holddown Post 2 PIC firing 0.008 E8 Camera
38:00.260 First Continuous Vertical Motion 0.250 E9 Camera
38:00.688 Confirmed smoke above field joint on
RH SRM 0.678 E60 Camera
38:00.846 Eight puffs of smoke (from 0.836 thru
2.500 sec MET) 0.836 E63 Camera
38:02.743 Last positive evidence of smoke above
right aft SRB/ET attach ring 2.733 CZR-1 Camera
38:03.385 Last positive visual indication of smoke 3.375 E60 Camera
38:04.349 SSME 104% Command 4,339 E41M2076D =
38:05.684 RH SRM pressure 11.8 psi above
nominal 5.674 B47P2302C
38:07.734 Roll maneuver initiated 7.724 VI0R5301C
38:19.869 SSME 94% Command 19.859 E41M2076D.
38:21.134 Roll maneuver completed 21.124 VI90R5301C
38:35.389 SSME 65% Command 35.379 E41M2076D
38:37.000 Roll and Yaw Attitude Response to Wind
(36.990 to 62.990 sec) 36.990 VI95H352nC
38:51.870 SSME 104% Command 51.860 E41M2076D
38:58.798 First evidence of flame on RH SRM 58.788 E207 Camera
38:59.010 Reconstructed Max Q (720 psf) 59.000 BET
38:59.272  Continuous well defined plume on RH
SRM 59.262 E207 Camera
38:59.763 Flame from RH SRM in + Z direction
(seen from south side of vehicle) 59.753 E204 Camera
39:00.014 SRM pressure divergence (RH vs. LH) 60.004 B47P2302
39:00.248 First evidence of plume deflection,
intermittent 60.238 E207 Camera
39:00.258 First evidence of SRB plume attaching
to ET ring frame 60.248 E203 Camera
39:00.998 First evidence of plume deflection,
continuous 60.988 E207 Camera
39:01.734 Peak roll rate response to wind 61.724 VI90R5301C
ACT POS —Actuator Position MEC —Main Engine Controller NOTE: The Shuttle coordinate system used in Chapter
APU — Auxiliary Power Unit MET — Mission Elapsed Time 3 s, relative to the Orbiter, as follows:
BET —Best Estimated Trajectory MPS — Main Propulsion System + X direction = forward (tail to nose)
CH — Channel PC —Chamber Pressure - X direction = rearward (nosc to tail)
DISC — Discharge P1C —Pyrotechnics Initiator Controller +Y direction = right (toward the right wing tip)
1571) — External Tank psf —Pounds per square foot ~Y dircction = left (toward the Ieft wing tip)
GG —Gas Gencrator RCS —Reaction Control System + Z direction = down
GPC —General Purpose Computer RGA —Rate Gyro Assembly - Z direction = up
GMT —Greenwich Mean Time RH — Righthand
HPF1 —High Pressure Fuel Turbopump RSS —Range Safety Systemn
1.LH — Lefthand SR B —Solid Rocket Booster
LH, — Liquid Hydrogen SRM —Solid Rocket Motor
LO, — Liquid Oxygen (same as LOX) SSME —Space Shuttle Main Engine
MAX Q  —Maximum Dynamic Pressure TEMP — Temperature
ME —Main Engine (samme as SSME) TVC — Thrust Vector Control

37



Mission Time Elapsed
(GMT, in hr:min.sec) Event Time (secs.) Source

39:02.094 Peak TVC response to wind 62.084 B58H1150C
39:02.414 Peak yaw rate response to wind 62.404 VI90R5341C
39:02.494 RH outboard elevon actuator hinge

moment spike 62.484 V58P0966C
39:03.934 RH outboard elevon actuator delta

pressure change 63.924 V58P0966C
39:03.974 Start of planned pitch rate maneuver 63.964 VI90R5321C
39:04.670 Change in anomalous plume shape

(LH, tank leak near 2058 ring frame) 64.660 E204 Camera
39:04.715 Bright sustained glow on sides of ET 64.705 E204 Camera
39:04.947 Start SSME gimbal angle large pitch

variations 64.937 V58H1100A
39:05.174 Beginning of transient motion due to

changes in aero forces due to plume 65.164 V90R5321C
39:05.534 LH outboard elevon actuator delta

pressure change 65.524 V58P0866C
39:06.774 Start ET LH, ullage pressure

deviations 66.764 T41P1700C
39:12.214 Start divergent yaw rates (RH vs. LH

SRB) 72.204 VI90R2528C
39:12.294 Start divergent pitch rates (RH vs. LH

SRB) 72.284 VI90R2525C
39:12.488 SRB major high-rate actuator command 72.478 V79H2111A
39:12.507 SSME roll gimbal rates 5 deg/sec 72.497 V58H1100A
39:12.535 Vehicle max + Y lateral acceleration

(+.227 g) 72.525 V98A1581C
39:12.574 SRB major high-rate actuator motion 72.564 B58H1151C
39:12.574 Start of H, tank pressure decrease with

2 flow control valves open 72.564 T41P1700C
39:12.634 Last state vector downlinked 72.624 Data reduction
39:12.974 Start of sharp MPS LOX inlet pressure

drop 72.964 V41P1330C
39:13.020 Last full computer frame of TDRS data 73.010 Data reduction
39:13.054 Start of sharp MPS LH, inlet pressure

drop 73.044 V41P1100C
39:13.055 Vehicle max - Y lateral acceleration

(-.25¢4 g) 73.045 V98A1581C
39:13.134 Circumferential white pattern on ET aft

dome (LH, tank failure) 73.124 E204 Camera
39:13.134 RH SRM pressure 19 psi lower than

LH SRM 73.124 B47P2302C
39:13.147 First hint of vapor at intertank 73.137 E207 Camera
39:13.153 All engine systems start responding to

loss of fuel and LOX inlet pressure 73.143 SSME team
39:13.172 Sudden cloud along ET between

intertank and aft dome 73.162 E207 Camera
39:13.201 Flash between Orbiter and LH, tank 73.191 E204 Camera
39:13.221 SSME telemetry data interference from

73.211 to 73.303 73.211
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Mission Time Elapsed
(GMT, in hromin:sec) Event Time (secs.) Source

39:13.223 Flash near SRB fwd attach and

brightening of flash between Orbiter

and ET 73.213 E204 Camera
39:13.292  First indication intense white flash at

SRB fwd attach point 73.282 E204 Camera
39:13.337 Greatly increased intensity of white flash 73.327 E204 Camera
39:13.387 Start RCS jet chamber pressure

fluctuations 73.377 V42P1552A
39:13.393 All engines approaching HPFT

discharge temp redline limits 73.383 E41Tn010D
39:13.492 ME-2 HPFT disch. temp Chan. A vote

for shutdown; 2 strikes on Chan. B 73.482 MEC data
39:13.492 ME-2 controller last time word update 73.482 MEC data
39:13.513 ME-3 in shutdown due to HPFT

discharge temperature redline

exceedance 73.503 MEC data
39:13.513 ME-3 controller last time word update 73.503 MEC data
39:13.533 ME-1 in shutdown due to HPFT

discharge temperature redline

exceedance 73.523 Calculation
39:13.553 ME-1 last telemetered data point 73.543 Calculation
39:13.628 Last validated Orbiter telemetry

measurement 73.618 V46P0120A
39:13.641 End of last reconstructed data frame

with valid synchronization and frame

count 73.631 Data reduction
39:14.140 Last radio frequency signal from Orbiter 74.130 Data reduction
39:14.597 Bright flash in vicinity of Orbiter nose 74.587 E204 Camera
39:16.447 RH SRB nose cap sep/chute deployment 76.437 E207 Camera
39:50.260 RH SRB RSS destruct 110.250 E202 Camera
39:50.262 LH SRB RSS destruct 110.252 E230 Camera

Shuttle to Ground Telemetry Channels

Shuttle to Ground Telemetry Channels

Channel Sample Rate  Sample Description Channel Sample Rate  Sample Description
Identifier Period Identifier Period
(Samples/sec)  (sec) (Samples/sec)  (sec)

B47P1302C 12.5 .080 LH SRM CHAMBER PRESSURE V58H1100A 25 .040 ME-PITCH ACTUATOR POS

B47P2302C 12.5 .080 RH SRM CHAMBER PRESSURE V58P0866C 12.5 .080 LH OB ELEVON PR1 DELTA P
V58P0966C 12.5 .080 RH OB ELEVON PRI DELTA P

B58H1150C 25 .040 LH SRB TVC TILT ACT POS

B58H1151C 25 .040 LH SRB TVC ROCK ACT POS V79H2111A 25 .040 LH SRB TILT ACT DRIVER

E41M2076D 25 .040 ME-3 VEHICLE COMMAND V90R2525C 5 .200 SEL LH SRB PITCH RATE

E41T1010D 25 .040 ME-1 HPFT DISC TEMP-CH A V90R2528C 5 .200 SEL RH SRB YAW RATE

E41T2010D 25 .040 ME-2 HPFT DISC TEMP-CH A

E41T3010D 25 .040 ME-3 HPFT DISC TEMP-CH A VI0R5301C 5 .200 SELECTED RGA ROLL RATE
VI0R5321C 5 .200 SELECTED RGA PITCH RATE

T41P1700C 5 .200 ET LH; ULLAGE PRESSURE V90R5341C 5 .200 SELECTED RGA YAW RATE

V41P1100C 12.5 .080 MPS LH,; INLET PRESS (ME-1) V95H3522C 12,5 .080 BODY YAW ATTITUDE ERROR

V41P1330C 12.5 080 MPS LO, INLET PRESS (ME-3) V95H3523C 12.5 .080 BODY ROLL ATTITUDE ERROR

V42P1552A 25 040 RCS THRUSTER PC V98A1581C 25 .040 LATERAL ACCELERATION

V46P0120A 100 .010 APU-1 GG CHAMBER PRESS
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Chapter IV

The Cause of
the Accident

he consensus of the Commission and

participating investigative agencies is

that the loss of the Space Shuttle

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 are intended to
prevent hot gases from leaking through the joint
during the propellant burn of the rocket motor.
The evidence assembled by the Commission in-
dicates that no other element of the Space Shut-
tle 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 various government agencies;
and then developed specific failure scenarios and
the range of most probable causative factors. The
sections that follow discuss the results of the
Investigation.

Analysis of the Accident

The results of the accident investigation and
analysis will be presented in this and the follow-
ing sections. Throughout the investigation three
critical questions were central to the inquiry,
namely:

® What were the circumstances surrounding
mission 51-L that contributed to the
catastrophic termination of that flight in
contrast to 24 successful flights preceding it?

® What evidence pointed to the right Solid
Rocket Booster as the source of the accident
as opposed to other elements of the Space
Shuttle?

® Finally, what was the mechanism of failure?

Using mission data, subsequently completed
tests and analyses, and recovered wreckage, the
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Commission identified all possible faults that
could originate in the respective flight elements
of the Space Shuttle which might have the poten-
tial to lead to loss of the Challenger. Potential con-
tributors to the accident examined by the Com-
mission were the launch pad (exonerated in
Chapter IX of this report), the External Tank,
the Space Shuttle Main Engines, the Orbiter and
related equipment, payload/Orbiter interfaces,
the payload, Solid Rocket Boosters and Solid
Rocket Motors.

In a parallel effort, the question of sabotage was
examined in detail and reviewed by the Commis-
sion in executive session. There is no evidence of
sabotage, either at the launch pad or during other proc-
esses prior to or during launch.



External Tank

The External Tank contains propellants used
by the Orbiter’s three main engines during Shut-
tle launch and ascent to orbit. Structurally the
tank is attached to and serves as the backbone
of the Orbiter and the two Solid Rocket Boosters.
Three primary structures—the liquid oxygen
tank, the intertank and the liquid hydrogen
tank — comprise the configuration. (Figure 1)

The External Tank delivers oxidizer and fuel
from the propellant tanks to the Orbiter. The
electrical subsystem includes instrumentation sen-
sors, heaters, range safety electronics and ex-
plosives, and lightning protection and associated
cabling. All flight instrumentation and electrical
power are wired directly to the Orbiter. The ther-
mal protection subsystem is the insulation applied
to the tank’s exterior. Its function is to prevent
heat leakage into the propellants, to protect the
External Tank from overheating during flight and
to minimize ice formation while the Shuttle is on
the pad.

Approximately 20 percent of the External Tank
structure was recovered after the accident and the
majority of the pieces were from the intertank and
liquid hydrogen tank.! The Commission initial-
ly considered all External Tank systems and sub-
systems 1in identifying possible faults or failures

potentially contributing to the Challenger acci-
dent. Those potential contributors were:

B Premature detonation of the External Tank
range safety system

m Structural flaw

m Damage at lift-off

B Load exceedance

m Overheating

The Commission examined the possibility that
the STS 51-L accident could have been triggered
by accidental detonation of the range safety
system explosives. This potential fault was as-
sessed using flight data, observed events, and
recovered hardware. Most of the explosive
charges for the External Tank emergency destruc-
tion system were recovered.? Examination of this
material established that none of it had exploded
and thus could not have contributed to the acci-
dent (Photo C & D). Flight data verified that the
External Tank range safety system was not
activated.

The possibility of an imperfection existing in
either the pressurized or nonpressurized Exter-
nal Tank structural elements that could grow to
a sufficient size to cause structural failure was ex-
amined in detail. All construction history, struc-
tural qualification test data, proof test inspection
records and x-rays were reviewed. One previously

Figure 1
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undetected imperfection that was discovered dur-
ing a reexamination of the x-rays was found in
recovered hardware with no propagation in-
dicated.? Other data from the pre-launch ice and
frost team inspections, film and video coverage,
pressurization records and flight data revealed no
evidence of leakage. The Commission conclud-
ed that no structural imperfections existed that
could have grown to a size to create a leak or
cause catastrophic failure of the External Tank.

Possible damage to the liquid hydrogen tank
at lift off was considered. The ice and frost team
observed no vapor or frost that would indicate
a leak. The liquid hydrogen vent arm retracted
as expected during launch and did not recontact
the tank or solid booster.* Photo analysis and
television monitoring did not indicate that any
debris contacted the tank. Therefore, damage to
the liquid hydrogen tank at lift off was determined
to be highly improbable.

The possibility that abnormally high structural
loads caused an External Tank failure was ex-
amined. Analysis indicated that there were no ex-
cessive loading conditions based on lift off and
flight data prior to the explosion. The maximum
structural load produced was less than 80 percent
of the allowable design load.> The structural im-
plications of vent and flow control valve opera-
tion was examined and found not to be a factor.

The possibility of a structural failure due to
overheating was assessed with several causes
postulated: high heating due to abnormal trajec-
tory, loss of the thermal protection system, a hot
gas leak from the Solid Rocket Motor and a lig-
uid hydrogen leak from the External Tank. The
trajectory was normal until well after the Solid
Rocket Motor leak was observed at 58 seconds.
Maximum aerodynamic heating would not have
occurred until approximately 90 seconds.® At 73
seconds, heating was well within tank component
structural capability. Based on careful review of
pre-launch and flight films and data, the Com-
mission found no evidence that any thermal pro-
tection foam was lost during the launch and
ascent.

The possibility of a leak from the hydrogen
tank resulting in overheating was addressed.
Tests indicated that small leaks (0.037 Ibs/second)
would have been visible. In addition, if there was
a liquid hydrogen leak at lift off, it would have
been ignited by either the Solid Rocket Booster
ignition or Space Shuttle Main Engine ignition.’
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The resultant flame would have ignited the Solid
Rocket Booster attach ring foam insulation almost
immediately. Copious quantities of dense black
smoke and open flames would be evident in such
a case and would have continued for as long as
the leak burned. Smoke and flames in these quan-
tities were not observed at lift off nor anytime
throughout the flight. It is therefore concluded
that an initial liquid hydrogen tank leak was im-
probable, and that the only possible cause for
overheating the tank was the impingement of
leaking Solid Rocket Motor gases. This resulted
in the ultimate breakup of the External Tank.

The recovered external foam insulation on the
External Tank was scorched and discolored in
various locations.® Burn patterns across the pieces
of insulation on the External Tank indicate that
various areas were subjected to fire both before
and after the External Tank broke up in flight.

The Commussion reviewed the External Tank’s con-
struction records, acceptance lesting, pre-launch and flight
data, and recovered hardware and found nothing relating
to the External Tank that caused or contributed to the
cause of the accident.

Space Shuttle Main Engines

A cluster of three Space Shuttle Main Engines
operates simultaneously with the Solid Rocket
Boosters during the initial ascent phase of flight
and provides primary propulsion until the Shut-
tle has attained orbital velocity. These engines
use liquid hydrogen as the fuel and liquid oxygen
as the oxidizer. Both the liquid hydrogen and oxy-
gen are stored in the External Tank and are
transferred to the engines under pressure. Dur-
ing the mission the engines operate for about 8.5
minutes.

Engine thrust is controlled by throttling and
has ranged from 65 to 104 percent of a specified
thrust level. At sea level, 100 percent equals
375,000 pounds of thrust per engine.

Pitch, yaw and roll control of the Orbiter is
provided by gimbals on each engine. Gimbaling
is operated by two hydraulic servoactuators, one
for pitch motion and the other for yaw motion,
with roll controlled by a combination of both pitch
and yaw. These servoactuators are commanded
by the Orbiter’s computer.

An electronic controller is attached to the for-
ward end of each engine. Each controller is a self-
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contained system that monitors engine checkout,
control and status, and sends the data to the Or-
biter. Each of the three engine interface units in
turn sends its data to the Orbiter computers and
relays commands from the computers to the
engines.

A propellant management subsystem of
manifolds, distribution lines and valves controls
the flow of liquids from the External Tank to the
engines, and the flow of gaseous hydrogen and
oxygen from the engines into the External Tank
to maintain pressurization.

All three main engines from the Challenger,
No. 2020 in position 2, No. 2021 in position 3,
and No. 2023 in position 1, were recovered in
large part on February 23, 1986, off the Florida
coast in about 85 feet of water. All parts were
recovered close to one another, and the engines
were still attached to the thrust structure.? All
engine gimbal bearings had failed, apparently
because of overload on water impact.

All metallic surfaces were damaged by marine
life, except titanium surfaces or those parts that
were buried under the ocean bottom. The metal
fractures, examined at 3x magnification, showed
rough texture and shear lips, which appeared to
be caused by overloads due to water impact. !0
No pre-accident material defects were noted.

The engine nozzles were sheared at the
manifolds. The main combustion chambers,
main injectors and preburners of each engine
were attached to one another. The six hydraulic
servoactuators used to control engine gimbaling

were attached to segments of the Orbiter thrust
structure.!!

Sections of the main propulsion system fuel and
liquid oxygen feedlines and feedline manifolds
were recovered, as well as the External Tank/Or-
biter disconnect assembly in the mated configura-
tion. A portion of the oxidizer inlet duct was at-
tached to the interface of engine 2020. All

preburner valves were recovered.!?

The main engine controllers for both engines
2020 and 2021 were recovered. One controller
was broken open on one side, and both were
severely corroded and damaged by marine life.
Both units were disassembled and the memory
units flushed with deionized water. After they
were dried and vacuum baked, data from these
units were retrieved.!3

All engines had burn damage caused by inter-
nal overtemperature typical of oxygen-rich shut-
down. Thus, the loss of hydrogen fuel appears
to have initiated the shutdown. The Commission
reviewed engine and ground measurements made
while the three engines were prepared for launch.
Ambient temperature during pre-launch was the
coldest to date, but preflight engine data were
normal.!* These data were also compared with
Challenger engine data during the flight 61-A
pre-flight period. All differences seen between the
two missions were due either to planned varia-
tions in the pre-launch sequence or the cold am-
bient conditions during the preflight period for
flight 51-L. These differences did not affect engine
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performance during the powered flight phase of
the mission.

Preflight data gave no evidence of any pro-
pellant leaks (fuel or oxidizer) in the aft compart-
ment. For the powered flight phase all the
parameters of the engine aft compartment that
could give an indication of a leak were selected
from the overall flight 51-L. measurement list.
The majority of those parameters were either
ground measurements or those recorded during
the flight but not telemetered to the ground.!s
Among parameters that were telemetered during
the flight were skin temperature measurements
that gave no indication of a hot gas or other leak
in the engine compartment.

Analysis of the engine start data showed all
three engine starts were normal and no anomalies
were found.

An assessment of the engine performance in
the final seconds of the mission before the acci-
dent was compared with similar periods on all
flights of the Challenger engines. The assessment
showed the engine performance on flight 51-L
was consistent with previous flights. 16

The first abnormal engine indication was a
drop in engine fuel tank pressure at 72.564
seconds. As fuel pressure dropped, the control
system automatically responded by opening the
fuel flowrate valve. The turbine temperatures
then increased because of the leaner fuel mixture.

Figure 4
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1—Low-Pressure Fuel Turbopump
2—High-Pressure Fuel Turbopump
3—Main Fuel Valve
4—Coolant Control Valve
5—Nozzle Tube
6—Main Combustion Chamber
7—Fuel Preburner Valve
8—Fuel Preburner
9—Hot-Gas Manifold
10—Main Injector
11—Low-Pressure Oxidizer Turbopump
12—High-Pressure Oxidizer Turbopump
13—Main Oxidizer Valve
14—Oxidizer Preburner Valve
15—Oxidizer Preburner



The increased temperature caused an increase in
pump speed. This could not, however, increase
the fuel pressure because of a decrease in fuel tank
top (ullage) pressure resulting from the burned
through hydrogen tank leakage. When the fuel
pump pressures dropped below 140 pounds per
square inch, the programed control system dis-
qualified the measured data because it was past
reasonable limits. This caused the fuel flowrate
and high-pressure fuel pump discharge pressure
to decrease, while the lack of load allowed the
pump’s speed to increase. The decreased fuel flow
caused a drop in fuel preburner chamber
pressure, though the fuel preburner oxygen valve
was then advancing toward a more open position.
The mixture ratio in the fuel preburner became
leaner, which raised high-pressure fuel turbine
discharge temperatures above the redline limits.
This caused the engine control system to start
automatic shutdown of the engine.

The engine flight history showed that engine
2023 flew four previous times while engines 2020
and 2021 had flown five previous missions.!” The
flight data from flight 51-L. compared well with
flight data from all previous flights.

The analysis of flight data confirmed that the
Space Shuttle Main Engines operated properly
while reactmg to changing external conditions.
Previous engine tests suggest that the high-
pressure pumps are the most likely components
to fail, because of either bearing or turbine blade
fallure There was no evidence of either in flight
51-L. Engine operation was normal until the fuel
inlet pressure dropped. As the pressure decreased,
the engine responded in a predictable manner.
Automatic shutdown of engine 2023 was verified
by telemetry data. Data recovered from the
salvaged engine 2021 control computer verify that
this engine also had begun shutdown. Salvaged
control computer data from engine 2020 showed
that this engine was within 20 milliseconds of
shutdown when the computer stopped.!® Inspec-
tion of recovered engine hardware verified that
all engines were shut down in a fuel-lean or
oxygen-rich condition which resulted in burn
through and erosion of the engine hot gas circuits.

The Commussion concluded that the Space Shuttle
Main Engines did not cause or contribute to the cause
of the Challenger accident.

Orbiter and Related Equipment

The Orbiter subsystems include propulsion
and power, avionics, structures, thermal and en-
vironmental control and life support, mechanical

and interface, and other government furnished
essential equipment. Onboard government fur-
nished equipment for STS 51-L included the
remote manipulator arm system, extravehicular
mobility units, extravehicular activity hardware,
television, equipment worn by the crew, storage
provisions and communication equipment.

The significant pieces of Orbiter structure
recovered included all three Space Shuttle Main
Engines, the forward fuselage including the crew
module, the right inboard and outboard elevons,
alarge portion of the right wing, a lower portion
of the vertical stabilizer, three rudder speed brake
panels and portions of mid-fuselage side walls
from both the left and right sides.'® This
represents about 30 percent of the Orbiter but
does not provide sufficient evidence to establish
conclusively the complete failure sequence of the
entire Orbiter spacecraft. However, there was
sufficient evidence to establish some of the struc-
tural failure modes that resulted in the Orbiter’s
destruction.

All fractures and material failures examined on
the Orbiter, with the exception of the main
engines, were the result of overload forces, and
they exhibited no evidence of internal burn
damage or exposure to explosive forces. This in-
dicated that the destruction of the Orbiter oc-
curred predominantly from aerodynamic and in-
ertial forces that exceeded design limits. There
was evidence that during the breakup sequence,
the right Solid Rocket Booster struck the out-
board end of the Orbiter’s right wing and right
outboard elevon. Additionally, chemical analysis
indicated that the right side of the Orbiter was
sprayed by hot propellant gases exhausting from
the hole in the inboard circumference of the right
Solid Rocket Booster. Evaluation of the Orbiter
main engines showed extensive internal thermal
damage to the engines as a consequence of
oxygen-rich shutdown that resulted from a deple-
tion of the hydrogen fuel supply. The supply of
hydrogen fuel to the main engines would have
been abruptly discontinued when the liquid
hydrogen tank in the External Tank disinte-
grated.

The crew module wreckage was found
submerged in about 90 feet of ocean water con-
centrated in an area of about 20 feet by 80 feet.
Portions of the forward fuselage outer shell struc-
ture were found among the pieces of crew module
recovered.?® There was no evidence of an inter-
nal explosion, heat or fire damage on the forward

45



Figure 5
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Space Shuttle Orbiter drawing identifies location of principal
maneuvering, reaction control and propulsion system
engines.

fuselage/crew module pieces. The crew module
was disintegrated, with the heaviest fragmenta-
tion and crash damage on the left side. The frac-
tures examined were typical of overload breaks
and appeared to be the result of high forces
generated by impact with the surface of the water.
The sections of lower forward fuselage outer shell
found floating on the ocean surface were
recovered shortly after the accident. They also
contained crush damage indicative of an impact
on the left side. The consistency of damage to the
left side of the outer fuselage shell and crew
module indicates that these structures remained
attached to each other until impact with the
water.

The Onrbiter investigation consisted of a review
of all Orbiter data and vehicle parts retrieved.
Also reviewed were vehicle and equipment proc-
essing records and pre-mission analyses.

All orbital maneuvering system measurements
such as temperatures, pressures, events, com-
mands, stimuli, and switch positions were re-
viewed with all related computer data. There
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were no indications of abnormal behavior. All
temperature and pressure transducers active dur-
ing ascent for the reaction control system were
reviewed, including thruster chamber pressure,
leak temperature, line temperature, propellant
tank, helium tank and propellant line trans-
ducers. Nothing was found that could have con-
tributed to the accident.

Auxiliary power wunit pressures and
temperatures were reviewed, and no abnormal
conditions were observed during ascent. Selected
hydraulic measurements, Including system
pressures, fluid quantities and most temperatures
in the aft compartment and in the wing cavity
containing the elevon actuator supply lines, were
reviewed by the Commission, and no abnormali-
ty was found. All fuel cells and power reactant
storage and distribution subsystem measurements
were reviewed and found to be normal during all
phases of ground and flight operation prior to the
accident. All available pyrotechnic firing control
circuit measurements were reviewed, along with
radiography, shear bolt review and debris reports,



Figure 6

Wing

Payload

Bay Doors ‘\

Vertical

Stabilizer—\

] Forward Mid
Fuselage

Sketch of Space Shuttle Orbiter in the landing configuration
viewed from -Y position identifies aerodynamic flight surfaces.

Fuselage

| Aft I
Fuselaga

and there were no unintentional firing command
indications.2! All available data regarding range
safety and recovery system batteries were re-
viewed, and no indications were found that the
batteries were involved in initiating the accident.

Guidance, navigation and control subsystems
data were reviewed, and it appears that the sub-
systems performed properly. All subsystem sen-
sors and software apparently performed as design-
ed until data loss. Inertial measurement unit data
from the preflight calibration through signal loss
were found to be normal. All data processing
system related data were reviewed, and nothing
significant was found. Data review of the elec-
trical power distribution and control subsystem
indicated that its performance was normal until
the time of the accident.?? All communication and
tracking system parameters active during launch
were evaluated and found to be normal. No in-
strumentation abnormalities were observed dur-
ing the pre-launch and launch period before
signal loss.

Structures evaluation included analysis of

ground and flight data (loads, temperatures,
pressures and purge flows), hardware changes
and discrepancy reports since the last Challenger
flight, and wreckage. The Commission found that
no Orbiter structural elements contributed to the
accident.

Orbiter structural pre-launch temperature
measurements were evaluated and found to be
within specified limits.

Data related to the atmospheric revitalization
system, which maintains cabin atmosphere, were
evaluated.??® During pre-launch, launch and un-
til signal loss, data indicated that both of the water
coolant loops were normal, the pressure control
system functioned normally, all fans functioned
normally, and all switches and valve positions
were proper.

Active thermal control subsystem data in-
dicated that both of the freon coolant loops func-
tioned normally, the ammonia boiler system was
normal, and all switch and valve positions were
proper.2*

The water management subsystem functioned
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normally during the flight. The smoke detection
and fire suppression subsystem and airlock sup-
port subsystem both functioned normally. The
waste collection subsystem is inoperative during
the launch phase, and no data were available.25

No mechanical system abnormalities were
identified. The vent doors remained open
throughout the launch. The payload bay doors
remained latched. All landing gear were up and
locked, all doors remained closed and locked, and
the remote manipulator system and payload
retention system remained latched. Film and Or-
biter interface data showed that there was no
premature Orbiter/External Tank separation.

Video tapes and photographs indicated the
crew egress hatch, which caused the launch delay
on the preceding day, operated properly.

The onboard government furnished equipment
configuration and pre-launch processing were
reviewed and determined to have been flight-
ready with no unusual or abnormal conditions.

Based on this review and assessment, the Commuis-
ston concluded that neither the Orbiter nor related equip-
ment caused or contributed to the cause of the accident.

Payload/Orbiter Interfaces

Interfaces between the Orbiter and the payload
serve to attach the cargo to the Orbiter or pro-
vide services from the Orbiter to cargo items.
These interfaces are mechanical, thermal,
avionics, power and fluid systems.

The Spartan-Halley payload was located in the
front of the payload bay, attached to the equip-
ment support structure carrier. The Tracking and
Data Relay Satellite (TDRS) was attached to the
Inertial Upper Stage (IUS) booster rocket used
to move the TDRS into geosynchronous orbit.
In the aft flight deck, payload interfaces consisted
of a standard switch panel, a payload deployment
and retention system, and display and control
panels for use with the payload. Payloads in the
middeck area were in the stowage lockers. These
were radiation monitoring, phase partitioning,
fluid dynamics experiments, three student ex-
periments, the Teacher in Space Project and the
Comet Halley monitoring program.

Thermal interfaces between the Orbiter and
the payload in the aft flight deck and middeck
consisted of the Orbiter’s purge, vent and fluid
heat exchanger systems. Thermal interface for
TDRS/IUS, Spartan-Halley, and the ex-
periments and projects were provided by the Or-
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biter environment control and life support
system.

Electrical power and avionics were provided
to the payload through standard interface panels
along both side of the cargo bay. In the aft flight
deck, the control and display panels supplied by
the Orbiter provided the avionics and power in-
terfaces for TDRS/IUS. The experiments and
projects constituting the middeck payload had no
interfaces with avionics and power systems.

The only direct payload loads data from ST'S
51-L were accelerometer data recorded through
the Orbiter umbilical prior to lift off. Ac-
celerometer data from the payload bay and the
crew cabin compared favorably with previous
flights. Results indicate that payload loads on
STS 51-L were similar to those of STS-6 and were
within design levels and pre-launch predictions.

The Commission found that all payload
elements had been certified safe for flight, and
records for integration of hardware met engineer-
ing requirements. Temperatures during pre-
launch and ascent were normal. Reconstructed
lift off loads were below those used in the flight
readiness certification. The relay satellite’s rate
gyro data correlated with those for the Orbiter
and boosters during ascent. Fittings attaching the
payloads to the Orbiter remained in operation,
as shown by telemetered data from monitoring
microswitches.

The Commassion found no discrepancies in the Or-
biter/payload interface performance that might have con-
tributed to the Challenger accident.

Payloads, Inertial Upper Stage, and
Support Equipment

The payload bay of the Orbiter Challenger
contained a Tracking and Data Relay Satellite
(TDRS) attached to an Inertial Upper Stage
(IUS) booster rocket, and associated airborne
support equipment. The IUS contained two solid
rocket motors (SRMs): SRM-1 and SRM-2.
The combined weight of these components was
about 40,000 pounds. About five percent of the
payload, TUS, and support equipment package
was recovered from the ocean. Components
recovered included segments of the cases of both
IUS SR Ms, the ignition safe/arm device for each
SRM, the igniter for SRM-2, fragments of un-
burned propellant from each SRM, five explosive
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separation bolts that secure the two SRMs
together, the forward support equipment trun-
nions, the aft trunnions with spreader beams, and
an undetonated section of explosive fasteners.

There was no evidence of scorching, burning,
or melting on any of the components and struc-
ture recovered, and all fractures were typical
overload fractures. The safe arm device for each
IUS SRM was in the safe position, the five ex-
plosive SRM-1/SRM-2 separation bolts were in-
tact, and pieces of propellant were not burned,
indicating that the SRMs had not ignited. The
two aft trunnion spreader beams were intact but
were bent in the downward direction relative to
the Orbiter. The right spreader beam was cracked
and deformed about 7.5 inches, and the left
spreader beam was cracked and deformed about
1.5 inches. 26 These deformations indicate that the
payload and upper stage package was intact and
secure in the cargo bay while being subjected to
significant inertial flight loads.

The inertial upper stage is a two-stage, solid-
rocket-propelled, three-axis controlled, inertial-
ly navigated upper stage rocket used to deliver
spacecraft weighing up to approximately 5,000
pounds from the Shuttle parking orbit to geosyn-
chronous orbit. It includes the stage structure;
solid rocket motors; a reaction control sub-
system; avionics for telemetry, tracking and com-
mand; guidance, navigation and control; data
management; thrust vector control; electrical

power sources and electrical cabling; and airborne
software.

Assessment of possible upper stage contribu-
tion to the accident centered on the elimination
of three possible scenarios: Premature upper stage
rocket ignition, explosion/fire in the payload bay,
and payload shift in the payload bay.

Premature ignition of either the upper stage
stage 1 and/or stage 2 motor while still in the Or-
biter bay would have resulted in catastrophic
failure of the Orbiter. Potential causes for
premature ignition were electrostatic discharge,
inadvertent ignition command and auto-ignition.
Each would have caused a rapid increase in the
Orbiter payload bay temperature and pressure,
and would have been immediately followed by
structural damage to the payload bay doors. The
payload bay temperatures remained essentially
constant, and the Orbiter photographic and
telemetry data indicated the payload doors re-
mained closed and latched from lift off until signal
loss.?? Both indications verified that there was no
ignition of the IUS solid rocket motors.

An TUS component explosion or fire could
have damaged critical systems in the Orbiter by
overheating or impact. Five sources other than
an upper stage motor pre-ignition were identified
as potential origins of a fire or explosion in the
payload bay: (1) release and ignition of IUS
hydrazine from the reaction control system tanks,
(2) fire or explosion from an IUS battery, (3) im-
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pact or rupture of a motor case and subsequent
ignition of exposed propellant, (4) fire of electrical
origin due to a short, and (5) fire or inadvertent
ignition of pyrotechnic devices due to radio fre-
quency radiation. Thermal measurements in the
propellant tank and in components adjacent to
the propellant tanks indicated no abnormalities.
Pre-launch and thermal measurements in the Or-
biter payload bay and in TDRS near the reac-
tion control system were stable throughout the
ascent period. A fire and/or explosion resulting
in shrapnel from an IUS battery was eliminated
based on pre-launch monitoring of open circuit
voltages on all batteries, except the support equip-
ment batteries. Location of these batteries made
the potential for damage to critical systems very
small if they burned or exploded. Motor case im-
pact or rupture and resulting exposure and pro-
pellant ignition was determined improbable be-
cause batteries and reaction control system burn-
Ing or explosion were eliminated by flight data
analysis. They were the only potential sources for
IUS heating and high velocity shrapnel. Pro-
pellant burning was not indicated by payload bay
thermal measurements. Electrical shorting was
eliminated as a fire source in the payload bay
because IUS electrical and Orbiter voltage
monitors were normal at launch and during STS
91-L ascent. Fires initiated by radio frequency
radiation due to inadvertent IUS, TDRS, or
ground emittance were eliminated because data
showed worst case radio frequency radiation dur-
ing ascent was less than ground-emitted radia-
tion to the payload bay during pre-launch check-
out. The ground-emitted radiation was within
specified limits.

IUS/TDRS payload shifting or breaking free
within the Orbiter due to structural failure or
premature separation was investigated. Such a
shift could have resulted in severe Orbiter damage
from a direct impact, or could have induced a
significant shift in the Challenger vehicle center
of gravity and possibly affected flight control.28
Four possible faults that could have led to Or-
biter damage or substantial payload shift were
considered: IUS stage 2/TDRS separation, IUS
stage 1/stage 2 separation, IUS/TDRS separa-
tion from the airborne support equipment and
[US/airborne support equipment separation from
Orbiter. All were eliminated because dynamic
response data conclusively showed that
IUS/TDRS responded normally until the final
loss of data. Further, TDRS data, which pass
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through the IUS stage 1/stage 2 and support
equipment, werecontinuous until data loss, verify-
ing that these elements did not separate.

The TDRS spacecraft weighs approximately
4,905 pounds and is 9.5 reet in diameter and 19.5
feet long. The forward 11 feet contain six
deployable appendages, two solar arrays, one
space-ground link antenna, and two single access
antennas. The spacecraft body structure consists
of a payload structure and a spacecraft structure.
These structures house the tracking and telemetry
and command subsystem, power subsystem, ther-
mal control subsystem, ordnance subsystem,
reaction control subsystem and attitude control
subsystem.

Telemetry data were transmitted from TDRS
from approximately 48 hours prior to launch
through signal loss. The telemetry system was
functioning properly, and the data indicated that
the telemetry processor was in its normal opera-
tional mode and all power supply voltages and
calibration voltages were normal. There were no
changes through the countdown to the time of
structural breakup, when all telemetry abruptly
halted. The telemetry tracking and control sub-
systems command and tracking elements were in-
active during the countdown through ascent, and
no changes were noted, indicating that the TDRS
was not commanded to alter its launch
configuration.

The TDRS power subsystem had a total of 138
telemetry indications. These were the main data
source used to determine the power subsystem
activity. Analyzing this telemetry showed all sub-
system elements performed normally.

The TDRS thermal control subsystem was
designed to maintain proper temperatures
primarily by passive means. Also, there is a ther-
mostatically controlled heater system to ensure
minimum required temperatures are maintain-
ed. The thermal subsystem was monitored by 82
configuration status indicators and 137 analog
temperature channels. This telemetry showed
that the TDRS remained in its normal thermal
configuration and experienced normal
temperatures until signal loss.

No data indicated that the IUS separated from
TDRS, that any deployable appendage ordnance
had been fired or that any appendage motion had
begun.

The TDRS reaction control system was inac-
tive at launch and required an IUS command and
two ground commands to activate any propellant.



Telemetry indicated no valve actuation, changes
in tank pressures or temperatures, or propellant
line temperature violations. Further, there was
no telemetry that would suggest a hydrazine
leakage or abnormality and no indications that
the TDRS reaction control system contributed
to the accident.

During the launch phase, the attitude control
subsystem was disabled except for the gyros and
associated electronics necessary to provide the
telemetry. All telemetry parameters reflecting at-
titude control subsystem configuration remain-
ed normal and unchanged during the STS 51-L
pre-launch and post-launch periods.

The TDRS was mounted in a cantilevered
fashion to the IUS by an adapter ring that pro-
vided structural, communications and power in-
terfaces. Structural integrity loss indications
would have been observed by interruptions in
telemetry or electrical power. TDRS telemetry
during the launch phase was transmitted by elec-
trical cable to the IUS and interleaved with up-
per stage data. If separation had occurred at
either the TDRS/IUS interface or the IUS/sup-
port equipment interface, TDRS data would have
stopped. There was no abnormal telemetry until
signal loss of all vehicle telemetry. TDRS also
received power from the Shuttle via the TUS
through the same interfaces. There were no in-
dications of TDRS batteries coming on line. This
indicates that structural integrity at the TDRS
and IUS interfaces was maintained until the
structural breakup. Additionally, an inspection
of the recovered debris gives the following indica-
tions that the TDRS/IUS remained intact until
the structural breakup. First, the separation bank
lanyards frayed at the end where they attached
to the band, indicating that the spacecraft was
pulled forcefully from the adapter. Second, the
V-groove ring structure at the top of the adapter
was torn from its riveted connection to the
adapter, indicating that a strong shear existed be-
tween the spacecraft and IUS which would only
be generated if the two were still attached. Final-
ly, the adapter base was torn where it attached
to the IUS, again indicating high tension and
shear forces. There were no indications from
telemetry or recovered debris that showed that
the structural integrity of the satellite or the
satellite/stage interface had been compromised.

The TDRS records at Kennedy were review-
ed for technical correctness and to verify that no
open safety related issues existed. There were no

findings that revealed unsafe conditions or that
any safety requirements had been violated or
compromised.

A review and assessment of Spartan Halley
performance was conducted to establish any
possible contributions to the STS 51-L accident.
The Spartan Halley was unpowered except for
the release/engage mechanism latch monitor. Its
electrical current was in the order of milliamps
and the telemetry records obtained from the Or-
biter indicated that the latches were in the prop-
er configuration and thus Spartan Halley re-
mained firmly attached during flight. In addition,
the TDRS spacecraft data indicated there was no
interaction from Spartan. Therefore, the Spar-
tan Halley and its support structure remained in-
tact. The payload bay temperature in the vicini-
ty of Spartan was 55 degrees Fahrenheit in-
dicating no abnormal thermal conditions.

As a result of detailed analyses of the STS 51-L
Orbiter, the payload flight data, payload
recovered hardware, flight film, available payload
pre-launch data and applicable hardware process-
ing documentation, the Commission concluded that
the payload did not cause or contribute to the cause of
the accident.

Solid Rocket Booster

The Solid Rocket Booster comprises seven sub-
systems: structures, thrust vector control, range
safety, separation, electrical and instrumentation,
recovery, and the Solid Rocket Motor.

All recovered Solid Rocket Booster pieces were
visually examined, and selected areas were ex-
tracted for chemical and metallurgical analysis.

The exterior surfaces of the Solid Rocket
Boosters are normally protected from corrosion
by an epoxy resin compound. There were several
small areas where this protective coating was
gouged or missing on the pieces recovered and,
as a result, the exposed metallic surfaces in the
areas were corroded. The damage to the protec-
tive coating was most likely the result of detona-
tion of the linear shaped charges and water im-
pact. There was no obvious evidence of major ex-
ternal flame impingement or molten metal found
on any of the pieces recovered. All fracture sur-
faces exhibited either the characteristic markings
of rapid tensile overload, a complete bending
failure due to overload, or a separation fracture
due to the detonation of the linear shaped charges.
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Other pieces of the right Solid Rocket Motor aft
field joint showed extensive burn damage,
centered at the 307 degree position.

Most of the Solid Rocket Motor case material
recovered contained pieces of residual unburned
propellant still attached to the inner lining of the
case structure.?® The severed propellant edges
were sharp, with no unusual burn patterns. Pro-
pellant recovered with a forward segment of the
booster exhibited the star pattern associated with
the receding shape of the propellant at the front
end of the Solid Rocket Motor. There was no
evidence found of propellant grain cracking or
debonding on the pieces recovered. Casting flow
lines could be distinguished on the propellant sur-
faces in several areas. This is a normal occurrence
due to minor differences in the propellant cast
during the installation of the propellant in the
motor case structure.

Hardness tests of each piece of the steel casing
material were taken before the propellant was
burned from the piece. All of the tests showed
normal hardness values.

One of the pieces of casing showed evidence

of O-ring seal tracks on the tang of the field joint.
The tracks were cleaned with hexane to remove
the grease preservative that had been applied after
recovery of the piece, and samples of the track
material were removed for analysis. Chemical
analysis of the track material showed that the
tracks were not composed of degraded O-ring seal
material.

The possible Solid Rocket Booster faults or
failures assessed were: structural overload, Solid
Rocket Motor pressure integrity violation, and
premature linear shaped charge detonation.

Reconstructed lift off and flight loads were
compared with design loads to determine if a
structural failure may have caused the accident.
The STS 51-L loads were within the bounds of
design and capability and were not a factor.
Photographic and video imagery confirmed that
both Solid Rocket Boosters remained structural-
ly intact until the time of the explosion except for
the leak observed on right Solid Rocket Motor.

The possibility that the range safety system
prematurely operated, detonating the linear
shaped charges was investigated. The linear
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Figure 8

Solid Rocket Booster drawing at top is exploded in lower
drawings to show motor segments and other elements at for-
ward and aft ends of booster.
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Reconstructed STS 51-L Loads Compared to Measure and Design Loads Figure 9
Measured Net Load Recon- Design
structed Loads
Aft ET/SRB STS 1 S§TS 2 STS 3 STS 5 STS 6 STS 7 STS 51-L

Struts (LBx10%)  (LB;x10%  (LBx10%)  (LB;x10%  (LBix10%)  (LB;x10% | LBx10% | (LBx10%)
P8 — 86 -93 -78 -55 —76 -76 —139 —306
P9 142 126 141 120 122 120 138 393
P10 —150 —-128 —105 —94 —105 - 116 —108 — 306
P11 —-93 —75 —-71 —58 -85 -71 —-141 —306
P12* 137 138 124 116 116 121 140 393
P13 —172 —108 —111 —-111 —-102 — 106 —-94 —306

*Strut Nearest Point of Failure

Aft External Tank/Solid Rocke!

t Booster Liftoff Strut Loads

LB; =Pounds Force

Table compares External Tank/Solid Rocket Booster strut
loads for first seven Shuttle flights with those for the mission
51-L launch and the strut design loads for the vehicle.

shaped charges were photographically observed
to destroy both Solid Rocket Boosters at 110
seconds after launch when commanded to do so
by the Range Safety Officer and therefore could
not have discharged at 73 seconds after launch
causing the accident. The possibilities of the Solid
Rocket Boosters separating prematurely from the
External Tank, the nozzle exit cone premature-
ly separating or early deployment of the recovery
system were examined. Premature activation of
the separation system was eliminated as a cause
of failure based on telemetry that showed no
separation commands. There were no indications
that the nozzle exit cone separated. The recovery
system was observed photographically to activate
only after the Solid Rocket Boosters had exited
the explosion.

In addition to the possible faults or failures,
STS 51-L Solid Rocket Booster hardware
manufacturing records were examined in detail
to identify and evaluate any deviations from the
design, any handling abnormalities or incidents,
any material usage issues, and/or other indica-
tion of problems that might have importance in
the investigation. Based on these observations, the
Commission concluded that the left Solid Rocket Booster,
and all components of the right Solid Rocket Booster, ex-
cept the right Solid Rocket Motor, did not contribute to
or cause the accident.

The Right Solid Rocket Motor

As the investigation progressed, elements
assessed as being improbable contributors to the
accident were eliminated from further considera-

tion. This process of elimination brought focus
to the right Solid Rocket Motor. As a result, four
areas related to the functioning of that motor
received detailed analysis to determine their part
in the accident:

m Structural Loads Evaluation

m Failure of the Case Wall (Case Membrane)
m Propellant Anomalies

m Loss of the Pressure Seal at the Case Joint

Where appropriate, the investigation considered
the potential for interaction between the areas.

Structural Loads Evaluation

Structural loads for all STS 51-L launch and
flight phases were reconstructed using test-
verified models to determine if any loading con-
dition exceeded design limits.

Seconds prior to lift off, the Space Shuttle Main
Engines start while the Solid Rocket Boosters are
still bolted to the launch pad. The resultant thrust
loads on the Solid Rocket Boosters prior to lift
off were derived in two ways: (1) through strain
gauges on the hold-down posts, and (2) from
photographic coverage of Solid Rocket Booster
and External Tank tip deflections. These show-
ed that the hold-down post strain data were within
design limits. The Solid Rocket Booster tip deflec-
tion (“twang”) was about four inches less than seen
on a previous flight, STS-6, which carried the
same general payload weight and distribution as
STS 51-L. The period of oscillation was normal.
These data indicate that the Space Shuttle Main
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Shuttle Strut Identification

Forward External Tank/Orbiter attachment

Aft External Tank/Orbiter attachment

Forward External Tank/
Solid Rocket Booster
area of attachment

Figure 10

Drawing of transparent External Tank, with right Solid
Rocket Booster on far side, shows location of struts
measured in table of strut loads. (Figure 9)

Aft External Tank/
Solid Rocket Booster
area of attachment

*Nearest to
Point of Failure

Engine thrust buildup, the resulting forces and
moments, vehicle and pad stiffness, and
clearances were as expected. The resultant total
bending moment experienced by STS 51-L was
291 x 106 inch-pounds, which is within the
design allowable limit of 347 x 106 inch-pounds.

The STS 51-L lift off loads were compared to
design loads and flight measured loads for STS-1
through STS-7 (Figure 9). The Shuttle strut iden-
tification is shown in Figure 10. The loads
measured on the struts are good indicators of
stress since all loads between Shuttle elements are
carried through the struts. The STS 51-L lift off
loads were within the design limit.

Because the Solid Rocket Motor field joints
were the major concern, the reconstructed joint
loads were compared to design loads. Most of the
Jjoint load is due to the booster’s internal pressure,
but external loads and the effects of inertia
(dynamics) also contribute. The Solid Rocket
Motor field joint axial tension loads at lift off were
within the design load limit (17.2 x 106 pounds).
The highest load occurred at the forward field
Joint, 15.2 x 106 pounds. The mid-joint load was
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13.9 x 10° pounds, while the aft joint showed
13.8 x 10 pounds load.

Loads were constructed for all in-flight events,
including the roll maneuver and the region of
maximum dynamic pressure. A representative
measure of these loads is the product of dynamic
pressure (q) and the angle of attack (a). Since the
Shuttle is designed to climb out at a negative
angle of attack, the product is a negative number.
The loads in the q x « pitch plane are shown
in Figure 11. Although the q x « variations in
loads due to wind shear were larger than ex-
pected, they were well within the design limit
loads.

The Solid Rocket Motor field joint axial ten-
sion loads were substantially lower at maximum
dynamic pressure than at lift off: 11.6 x 10°¢
pounds for the forward field joint and 10.6 x 106
pounds for the aft field joint. Compared to the
internal pressure loads, the dynamic variations
due to wind shear were small —about Y5 those
of the pressure loads. These loads were well below
the design limit loads and were not considered the cause
of the accident.
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Figure 11

The loads in the pitch plane are shown by the solid line
marked “‘STS 51-L RECONST.” The curve ‘STS 51-L
PREDICTED" give the loads expected before the flight. The
dashed lines show the limit of experience from STS-1 through
61-B. The present design limits are the two lines marked “OV

102/099 WING LIMIT” above, and “ET/SRB CAP. ASSESS-
MENT LIMIT LINE” below. (After STS-6, the wing was
strengthened.The previous design limits were “ET/SRB IVBC 2
DESIGN ENVELOPE" below, and a curve in the positive
region of g x «a above)

Assumed Inhibitor Flaw

| Inhibitor

Figure 12
Sketch shows location of assumed inhibitor flaw used in
eliminating such a problem as a possible cause.

Case Membrane Failure

The case membrane is the half-inch thick steel
wall of the rocket between the joints. The
possibility that the failure was initiated by
anomalies associated with the case membrane was
evaluated by analysis of design and test criteria.
Potential failure modes were constrained by the
following flight data and photographic observa-
tions:

(1) A burn through the membrane would have
to occur at or near the aft field joint.

(2) The failure could have little or no influence
on motor internal pressure since no devia-
tion in pressure occurred prior to 60
seconds.

(3) The failure must cause a burn through the
membrane in 58 seconds.

The hypothesis of a membrane failure requires
that the initial smoke observed at 0.678 seconds
was an independent occurrence. It is an unlikely
hypothesis for initiation of the accident. Fracture
mechanics analysis indicates that a hole in the
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Cutaway view of the Solid Rocket Booster showing Solid
Rocket Motor propellant and aft field joint
Figure 13

Solid Rocket Motor

Aft Field Joint
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Control System
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Launch Support
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Dimensions
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case larger than one inch would cause the entire
case to rupture in a few milliseconds. This would
give rise to the appearance of a large longitudinal
flame, an event that is contrary to the flight films.

Evaluation of potential insulation or inhibitor
(see Figure 12) flaws against the three criteria
above resulted in elimination of all candidates ex-
cept a defect in the forward-facing inhibitor. This
potential failure mode was evaluated by assum-
ing a l-inch-diameter hole in the inhibitor.
Analysis indicated that the change in motor in-
ternal pressure resulting from this failure would
probably not be detected. However, an erosion
rate substantially higher than the observed values
would be required to burn through the membrane
by 58 seconds. In addition, the assumed flaw is
unlikely since the inhibitor is constructed by
vulcanizing eight individual plies of the material.
Subsequent damage of the magnitude required
is improbable and would be easily detected.

A review of the segment inspection and of proof
tests was conducted. Prior to vehicle assembly,
each segment was pressurized to 112 percent of
the maximum design operational pressure. A
magnetic particle inspection of each membrane
was then conducted. These procedures are
designed to screen critical flaws, and are capable
of detecting cracks greater than 0.1 inches. Frac-
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ture mechanics analysis indicates that a flaw 0.1
inch long and 0.050 inch deep would grow to only
0.122 inches long and 0.061 inches deep in 80
uses of the segment. This flaw would be less than
the critical size required to cause case rupture.
Furthermore, as noted previously, a failure
resulting in a case rupture is not consistent with
photographic observations.

Subsequent to these evaluations, sections of the
right Solid Rocket Motor case containing holes
burned through in the area of the aft field joint
were recovered. Assessments of the sections do not sup-
port a failure that started in the membrane and progress-
ed slowly to the joint, or one that started in the mem-
brane and grew rapidly the length of the Solid Rocket
Motor segment.

Propellant

An examination of propellant characteristics
and flight data was accomplished to determine
if any anomalous conditions were present in the
STS 51-L right Solid Rocket Motor. Propellant
cracking and propellant mean bulk temperatures
were evaluated.

Historically, the propellant family used in the
Solid Rocket Motor (TP-H1148) has exhibited
good mechanical properties and an absence of
grain structural problems. Should a crack occur,



however, the effects would be evident by changes
in chamber pressure. Shortly after lift oft, the STS
51-L right Solid Rocket Motor chamber pressure
was 22 pounds per square inch higher than that
of the left solid. This would correlate to a
postulated radial crack through the grain span-
ning a 90-degree, pie-shaped wedge of the solid.
However, with a crack of this nature, the
chamber pressure would have remained high for
approximately 60 seconds. Telemetry shows that
the right Solid Rocket Motor chamber pressure
did not remain high past 20-24 seconds and,
therefore, the existence of a propellant crack was
ruled out.

Propellant mean bulk temperature calculations
were made using the ambient temperature over
the two-week period prior to launch. The lowest
bulk temperature experienced was 57 degrees
Fahrenheit on the day of the launch. This was
17 degrees Fahrenheit above the minimum
specified.

Based on this assessment and subscale lot-
acceptance motor-firing evaluations, it s im-
probable that propellant anomalies contributed to the STS
51-L accident.

Joint Seal Failure

Enhanced photographic and computer-graphic
positioning determined that the flame from the
right Solid Rocket Booster near the aft field joint
emanated at about the 305-degree circumferen-
tial position. The smoke at lift off appeared in
the same general location. Thus, early in the in-
vestigation the right Solid Rocket Booster aft field
joint seal became the prime failure suspect. This
supposition was confirmed when the Salvage
Team recovered portions of both sides of the aft
joint containing large holes extending from 291
degrees to 318 degrees. Several possible causes
could have resulted in this failure. These possi-
ble causes are treated in the following paragraphs
of this report.

During stacking operations at the launch site,
four segments are assembled to form the Solid
Rocket Motor. The resulting joints are referred
to as field joints, located as depicted in Figures
8 and 13. Joint sealing is provided by two rub-
ber O-rings with diameters of 0.280 inches
(+0.005, -0.003), which are installed, as re-
ceived from Morton Thiokol, during motor
assembly. O-ring static compression during and
after assembly 1s dictated by the width of the gap

between the tang and the inside leg of the clevis.
This gap between the tang and clevis at any loca-
tion after assembly is influenced by the size and
shape (concentricity) of the segments as well as
the loads on the segments. Zinc chromate putty
is applied to the composition rubber (NBR) in-
sulation face prior to assembly. In the assembled
configuration the putty was intended to act as a
thermal barrier to prevent direct contact of com-
bustion gas with the O-rings. It was also intended
that the O-rings be actuated and sealed by com-
bustion gas pressure displacing the putty in the
space between the motor segments (Figure 14).
The displacement of the putty would act like a
piston and compress the air ahead of the primary
O-ring, and force it into the gap between the tang
and clevis. This process is known as pressure ac-
tuation of the O-ring seal. This pressure actuated
sealing is required to occur very early during the
Solid Rocket Motor ignition transient, because
the gap between the tang and clevis increases as
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Solid Rocket Motor cross section shows positions of tang,

clevis and O-rings. Putty lines the joint on the side toward the
propellant.
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pressure loads are applied to the joint during
ignition. Should pressure actuation be delayed to
the extent that the gap has opened considerably,
the possibility exists that the rocket’s combustion
gases will blow by the O-ring and damage or
destroy the seals. The principal factor influenc-
ing the size of the gap opening is motor pressure;
but, gap opening is also influenced by external
loads and other joint dynamics. The investiga-
tion has shown that the joint sealing performance
is sensitive to the following factors, either in-
dependently or in combination:

(a) Damage to the joints/seals or generation
of contaminants as joints are assembled as
influenced by:

(1) Manufacturing tolerances.
(2) Out of round due to handling.
(3) Effects of reuse.

(b) Tang/clevis gap opening due to motor
pressure and other loads.

(c) Static O-ring compression.

(d) Joint temperature as it affects O-ring
response under dynamic conditions
(resiliency) and hardness.

(e) Joint temperature as it relates to forming
ice from water intrusion in the joint.

(f) Putty performance effects on:

(1) O-ring pressure actuation timing.
(2) O-ring erosion.

The sensitivity of the O-ring sealing perform-
ance to these factors has been investigated in ex-
tensive tests and analyses. The sensitivity to each
factor was evaluated independently and in ap-
propriate combinations to assess the potential to
cause or contribute to the 51-L aft field joint
failure. Most of the testing was done on either
laboratory or subscale equipment. In many cases,
the data from these tests are considered to be
directly applicable to the seal performance in full
scale. However, in some cases there is con-
siderable uncertainty in extrapolating the data to
full-scale seal performance. Where such is the
case, it is noted in the following discussions.

Assembly Damage/Contamination

It is possible that the assembly operation could
influence joint sealing performance by damaging
the O-rings or by generating contamination. The
shapes of the solid rocket segments which include
the tang and clevis, are not perfect circles because
of dimensional tolerances, stresses, distortions
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SRB Joint Tang/Clevis Interference

Premate Measurements of the Tang and Clevis
(Not to Scale)
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Figure 15
Sketch shows how diameters of tang and clevis are measured
to assure proper fit of two Solid Rocket Motor segments.




from previous use, and the effects of shipping and
handling. The most important effect is from the
load of propellant, a plastic and rubbery material,
which can take a set that relaxes very slowly. For
example, since the segments are shipped in a
horizontal position on railroad cars, their weight
can make them somewhat elliptical —a shape they
can maintain for some time. At assembly, after
the lower segment (with the clevis on top) is
placed vertically, the tang of the next segment is
lowered into it. To make the fit easier, the up-
per segment is purposely reshaped by connecting
the lifting crane in an appropriate position and,
on occasion (51-L was one of these), directly
squeezing the tang section with a special tool. To
monitor the fit, the diameters of the clevis, D,
and the tang, D; (Figure 15) are measured at
six positions 30 degrees apart, and difference of
these measurements (D D.) are noted.
When these differences are such that the tang en-
croaches somewhat into the outer clevis, slanted
edges (chamfers) permit the pieces to slide
together. If the difference is too great, flat areas
of the tang meet flat areas of the clevis. What real-
ly counts, of course, are differences of radii, which
diameter measurements alone do not determine,
for one does not know during the assembly how
far off the centers are. This 1s a circumstance to
be avoided, but one that can be detected during
assembly. Experience has shown that a diameter
difference of less than + 0.25 inches usually per-
mits assembly without a flat-on-flat condition aris-
ing. A negative diameter difference means the
tang encroaches on the inside of the clevis. The
possibility was noted that contaminants from
sliding metal and direct O-ring pinching might
occur if this overlap is large. If it is too great, a
flat-on-flat condition can arise inside the joint
where it is very difficult to see. These dimensions
shift as the pieces slide together and they change
further as the propellant stresses relax during the
period between assembly and launch. Therefore,
a condition such as that which occurred during
assembly of the aft segment for flight 51-L,
wherein the maximum interference between tang
and clevis at the O-rings was at approximately
300 degrees, may or may not have persisted un-
til launch —seven weeks after assembly.

The O-rings are heavily greased to prevent
damage. This grease adds another element of
uncertainty to the configuration and action of the
seal under pressurization, especially at low
temperatures.

Testing was conducted during the investiga-
tion to evaluate the potential for assembly damage
and contaminant generation, and its effect on seal
performance. A sub-scale section of a field joint
was configured in a test fixture and simulated
assembly operations were conducted. This sec-
tion was much stiffer than the full-scale booster
segments and did not fully simulate actual
assembly conditions. However, under these test
circumstances, metal slivers were generated dur-
ing situations wherein the tang flat overlapped
the flat end of the clevis leg by 0.005 to 0.010
inches. The metal slivers in turn were carried into
the joint and deposited on and around the O-
rings. A second finding from this test series was
that the O-ring section increased in length as the
tang entered the clevis and compressed the O-
ring diameter. The implication of this finding is
that canted tang entry in a full diameter segment,
while unlikely, could chase the O-ring around the
circumference, resulting in gathering (bulging
from the groove) on the opposite side. This could
make the O-ring more vulnerable to damage.
There is no known experience of such bulging
during previous assemblies.

To understand the effects of potential con-
taminants on sealing performance, tests were con-
ducted employing metal contaminants simulating
those generated in the segment assembly tests.
The tests were to determine if joints with metal
shavings positioned between the O-ring and seal-
ing surface could pass a static leak check but fail
under dynamic conditions. The contaminants
that passed the 50 pounds per square inch leak
check were between 0.001 and 0.003 inches thick.
Testing to determine seal performance under
dynamic conditions with these representative con-
taminations is not complete. However, the
possibility cannot be dismissed that contamina-
tion generated under some assembly conditions
could pass a leak check and yet cause the seal to
leak under dynamic conditions.

A second concern was structural damage to the
clevis due to abnormal loading during assembly.
An analysis was made to determine the deflec-
tions and stresses experienced during assembly
of the right Solid Rocket Motor aft center seg-
ment to the aft segment. These stresses were then
used in a fracture mechanics analysis of the O-
ring groove to detemine the maximum flaw size
that would not fail under the 51-L case segment
life cycle history. Included in this analysis was
the single point load needed to deflect a suspended
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Table plots results of tests of .004 and .020 inch initial gap
openings over the range of temperatures in left hand vertical
column.

the O-rings at a specific initial gap and squeeze
condition uniformly around the circumference.
It is not certain what the effect of differences in
circumferential gaps might be in full size joints.
Such effects could not be simulated in the sub-
scale test results reported above.

Joint Temperature

Analyses were conducted to establish STS 51-L
joint temperatures at launch. Some differences
existed among the six 51-L field joints. The joints
on the right Solid Rocket Motor had larger cir-
cumferential gradients than those on the left
motor at launch. It is possible that the aft field
joint of the right Solid Rocket Booster was at the
lowest temperature at launch, although all joints
had calculated local temperatures as low as 28 + 5
degrees Fahrenheit. Estimated transient
temperature for several circumferential locations
on the joints are shown for the right Solid Rocket
Motor aft field joint and the left motor aft field
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joint in Figures 20 and 21. These data are
representative of other joints on the respective
Solid Rocket Motors.

The investigation has shown that the low
launch temperatures had two effects that could
potentially affect the seal performance: (1) O-ring
resiliency degradation, the effects of which are
explained above; and (2) the potential for ice in
the joints. O-ring hardness is also a function of
temperature and may have been another factor
in joint performance.

Consistent results from numerous O-ring tests
have shown a resiliency degradation with reduced
temperatures. Figure 23 provides O-ring recovery
from 0.040 inches of initial compression versus
time. This shows how quickly an O-ring will
move back towards its uncompressed shape at
temperatures ranging from 10 to 75 degrees
Fahrenheit. When these data are compared with
the gap openings versus time from Figure 17, it
can be seen that the O-rings will not track or
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cumferential positions from 16.5 hours prior to launch until 3.5
hours after launch.



Field Joint Distress

SRB

(right

or Angular
Flight Joint left) location
STS-2 AFT RH 090
41-B FWD LH 351
41-C AFT LH N/A
41-D FWD RH 275/110
51-C FWD LH 163
51-C (3) MID RH 354
61-A MID LH 36-66
61-A AFT LH 338/018
61-C AFT LH 154
51-L AFT RH 307

Previous

Joint Use of Type of
Temp (°F) Segments (2) Distress
70 none/none Erosion
57 1/none Erosion
63 1/1 O-ring heat
70 2/none Erosion
53 1/none Erosion
53 1/1 Erosion
75 none/none Blow-by
75 none/none Blow-by
58 1/none Erosion
28 1/2 Flame

(1) Mean calculated ( + 5°F)
(2) Refurbished after recovery
(3) Both primary and secondary O-rings affected

Examination of the records shows that if one defines any sort
of damage around the O-ring as ‘distress”, then there have
been 10 “distressed" field joints, including the aft field joint on
the right-hand booster of 51-L. These data, which are
tabulated above, show 10 instances of distress in a total of 150
flight exposures. One-half of the instances occurred in the aft
joint, one-third in the forward joint, and one-ifth in the mid-
joint. Sixty percent of the distress occurred in the left Solid
Rocket Motor.

recover to the gap opening by 600 milliseconds
(gap full open) at low to moderate temperatures.
These data show the importance of timely O-ring
pressure actuation to achieve proper sealing.

It 1s possible that water got into some, if not
all STS 51-L field joints. Subsequent to the
Challenger accident, 1t was learned that water had
been observed in the STS-9 joints during restack-
ing operations following exposure to less rain than
that experienced by STS 51-L. It was reported
that water had drained from the STS-9 joint when
the pins were removed and that approximately
0.5 inch of water was present in the clevis well.
While on the pad for 38 days, STS 51-L was ex-
posed to approximately seven inches of rain.
Analyses and tests conducted show that water will
freeze under the environmental conditions ex-
perienced prior to the 51-L launch and could
unseat the secondary O-ring. To determine the
effects of unseating, tests were conducted on the
sub-scale dynamic test fixture at Thiokol to fur-
ther evaluate seal performance. For these tests,
water was frozen downstream of the secondary
O-ring. With ice present, there were conditions
under which the O-ring failed to seal.
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Putty Performance

The significance of the possibility that putty
could keep the motor pressure from promptly
reaching the O-rings to pressure actuate and seal
them was apparently not fully appreciated prior
to the Challenger accident. During the investiga-
tion, it became evident that several variables may
affect the putty performance and, in turn, seal
performance. However, limited test data and lack
of fidelity in full scale joint simulation prevented
a complete engineering assessment of putty per-
formance. Tests were conducted over a range of
putty conditions, including temperature at igni-
tion, pretest conditioning to simulate the en-
vironmental effects, and dimensional variations
within the joint. These test results demonstrated
that putty performance as a pressure seal is highly
variable. The results may be interpreted to in-
dicate that the putty can maintain pressure dur-
ing the ignition transient and prevent O-ring seal-
ing. For example, one test conducted with put-
ty, which had been conditioned for 10 hours at
80 percent relative humidity and 75 degrees
Fahrenheit, delayed the pressure rise at the
primary O-ring for 530 milliseconds at a



O-Ring Recovery vs. Time
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tures During First Second After Load Release. Initial
Compression of 40 Mils Was Maintained for 2 Hours.

temperature of 75 degrees. Tests at 20 degrees
Fahrenheit with similarly conditioned putty
delayed the pressurization time by 1.9 seconds.
Such delays would allow full joint gap opening
before a seal could pressure actuate.

To evaluate this effect, a sub-scale test fixture
was fabricated that effectively simulated gap
opening at the time of putty rupture and pressure
application. The tests simulate the O-ring
pressure actuation delay due to the putty tem-
porarily holding the motor pressure. They were
conducted over a range of temperatures, putty
rupture time and initial O-ring squeeze. Test
results (Appendix L, Fig. 6.5.1) demonstrated
that sealing performance is dependent on
temperature and initial squeeze, both of which
affect the pressure actuation capability of the O-
rings. The tests indicate that sealing capability
is marginal for maximum squeeze conditions,

1.e., a 0.004-inch gap, at 50 degrees Fahrenheit
with a pressure delay of 500 milliseconds. For the
temperature and O-ring squeeze conditions that
existed for several of the STS 51-L field joints,
O-ring sealing was not achieved in these tests with
simulated putty rupture times delayed to 250 to
500 milliseconds.

Note that the sub-scale tests do not faithfully
reproduce what happens in the real joint. These
data do indicate, however, that the potential ex-
ists for O-rings not to seal as a result of variables
related to the putty.

The seal is checked by pressurizing the volume
between the primary and secondary O-rings. This
action seats the secondary seal and drives the
primary seal upstream into its groove. Because
of concern that the putty could mask a leaking
primary seal, the pressure was first increased from
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50 psi to 100 psi and then to 200 psi. The conse-
quence of increasing the pressure 1s shown below.

Stabilization =~ Number Of  Percentage of
Pressure, psi Flights Flights With
O-ring
Anomalies

Field Joint 50 7 14
100 2 0
200 15 56
Nozzle Joint 50 8 12
100 8 56
200 8 88

Clearly the increased pressure used in the leak
check increased the likelihood of a gas path
through the putty to the primary seal. That is,
with increased pressure, blow holes in the putty
are more likely with a resulting greater potential
for erosion damage to the O-ring. On the positive
side the blow holes tend to prevent the delay in
pressurization discussed in the previous
paragraphs. This further illustrates the influence
of putty variables on the performance of the Solid
Rocket Motor seals.

The Dynamic Characteristics of
the Field Joint Seal

The discussion of static factors which affect
joint performance is based on the assumption that
motor segments remain perfectly round, and that
stacked segments are always a perfectly straight
column. At launch the boosters are subjected to
forces which bend and twist them. These forces
cause physical changes in the shape of the
boosters, actually squashing them out-of-round
and bending them along their entire length. The
dynamic effects of this out-of-roundness are most
significant just after booster ignition when the
hold-down bolts have been released because in
the previous 6.6 seconds the boosters have actual-
ly been bent forward by the thrust from the main
engines. The elastic energy stored in the entire
system is then released, inducing a bending vibra-
tion in the boosters. This bending causes the case
to change its shape from circular to elliptical, the
maximum out-of-roundness occurring on the
045-315 degree line on the outside of the right
booster. This deflection is a consequence of a
vibration and occurs at a frequency of about 3
cycles per second. The same occurs in the left
booster, only the deflection axis is oriented dif-
ferently, being a mirror image of that which takes
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place in the right side. The dynamic effects cause
an increase in the joint rotation, and, hence, in-
crease the gap between the tang and clevis by
about 10 percent. Another dynamic load results
from the geometry of the struts which attach the
booster to the external tank. Strut P12 is at-
tached to the booster at about the 314 degree
point and imposes additional inertial forces on
the booster which tend to additionally increase
the gap by 10 to 21 percent.

Analysis of the Wreckage

The investigation of the sequence of events that
led to the final breakup of the Challenger rests
upon three primary sources of data: launch
photographs, telemetry and tracking data, and
the recovered pieces of the Shuttle wreckage. The
third source of data is presented here, which is
largely descriptive. It provides support for the
conclusions reached through use of the data from
the other two sources. A more detailed analysis
that provides technical details to be used for
subsequent redesign or accident analysis is
available in the appendix.

Figure 24 shows an overview of the search areas
with the general location of parts of both the left
and the right Solid Rocket Boosters indicated.
The area is at the edge of the Gulf Stream in
water depth that ranged from 100 to 1,200 feet.
Pertinent pieces were examined by use of a
remotely controlled submarine containing a flood
light and a television camera. The television pic-
ture was available on ship board and was
transmitted to Kennedy and to Marshall. The ar-
rangement allowed a number of people who were
familiar with the Solid Rocket Booster to com-
ment upon the merit of recovering a particular
piece.

The aft left side of the Orbiter contained its
original paint markings and showed no apparent
sign of heat damage (photo A. All photo
references are to color section, pp. 74-81). Ther-
mal distress, however, was apparent on the right
rudder speed brake panel and elevon (photo B).
The paint was scorched and blackened on the
right side panels of the aft part of the fuselage and
vertical fin. The remaining recovered parts of the
Orbiter did not seem to be affected by a hydrogen
fire. The bottom side of the right wing showed
some indentation on the tiles that make up the
Thermal Protection Systemn. This indentation was
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consistent with impact with the right booster as
it rotated following loss of restraint of one or more
of its lower struts.

The frustum of the nose cone of the right Solid
Rocket Booster was damaged (photo E) as if it
had struck the External Tank, but there were no
signs of thermal distress. The frustum of the nose
cone of the left Solid Rocket Booster (photo F)
was essentially undamaged.

A substantial part of the External Tank was
recovered. Analysis of this recovered structure
showed some interesting features. Interpretation
of the photographs suggests that the flame from
the right hand Solid Rocket Booster encircled the
External Tank. A short time later the dome at
the base of the External Tank was thought to
break free. Since the internal pressure of the lig-
uid hydrogen tank is at approximately 33 pounds
per square inch, a sudden venting at the aft sec-
tion will produce a large initial thrust that tails
off as the pressure drops. The intertank region
of the wreckage contained buckling in the fore
and aft direction consistent with this impulsive

thrust. Similarly, the right side of the intertank
showed signs of crushing. This crushing is con-
sistent with the rotational impact of the frustum
of the right Solid Rocket Booster with the Exter-
nal Tank following complete loss of restraint at
the aft lower strut attachment area.

The telemetered signals from the rate gyros in
the right Solid Rocket Booster clearly show a
change in angular velocity of the booster with
respect to the Orbiter. It is believed that this
velocity change was initiated by a failure at or
near the P12 strut connecting the booster to the
External Tank. Photographs of the flight could
not define the failure point and none of the con-
necting struts to the right Solid Rocket Booster
or the corresponding area on the External Tank
in this region were recovered. Therefore the ex-
act location of initial separation could not be
determined by the evidence. At the time of
relative booster movement, the hole in the shell
of the right Solid Rocket Booster was calculated
to be six to eight inches in diameter located 12
to 15 inches forward and adjacent to the P12
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Drawing depicts pieces of right Solid Rocket Booster aft seg-
ment recovered. At top is piece of aft center segment.
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strut. This location was within the center of the
burned out zone on the right Solid Rocket Booster
(photo G). As a matter of interest, the P12 strut
1s located close to the point on the circumference
where the booster case experiences maximum
radial deflection due to flight loads. It seems likely
that the plume from the hole in the booster would
impact near the location of the P12 strut connec-
tion and the External Tank. Using geometric con-
siderations alone suggests this strut separated
from the External Tank before it separated from
the right hand Solid Rocket Booster.

Figure 25 shows a sketch of an interior unroll-
ed view of the aft part of the right hand Solid
Rocket Booster with the recovered burned pieces
131 and 712 noted. The critical region is between
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parts 131, the upper segment tang region, and
part 712, the lower clevis region of the joint. This
burned area extends roughly from station 1476,
in the upper section, to 1517 on the lower region.
In a circumferential direction (see figure 26) the
lower end of the eroded region extends from
roughly 291 degrees to 320 degrees and the up-
per eroded section extends between 296 and 318
degrees. Note that the region at about 314 degrees
includes the attachment region of the strut to the
attachment ring on the right Solid Rocket
Booster.

Some observations were made from a detailed
examination of the aft center section of the joint,
contact 131. This piece (photo I) shows a large
hole that is approximately centered on the
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307-degree circumferential position. Although ir-
regular, the hole is roughly rectangular in shape,
extending approximately 27 inches circumferen-
tially along the tang (296 to 318 degrees) with
total burnout extension approximately 15 inches
forward of the tang. At either side in the interior
of the hole (photo K) the insulation and steel case
material showed evidence of hot gas erosion that
beveled these surfaces (indicative of combustion
products flowing through the hole from the in-
terior of the Solid Rocket Motor). The top sur-
face of the hole was hardly beveled at all. The

tang O-ring sealing surface next to either side of
the hole showed distinct erosion grooves starting
from the O-ring locations (photo J). These ero-
sion grooves indicate the O-rings were sealing the
joint away from the central area during the later
stages of the trajectory. No other evidence of ther-
mal distress, melting or burning was noted in the
tang section of the joint.

The part of the aft section of the right Solid
Rocket Booster in the circumferential position of
the hole was recovered (photos L and N). This
piece, contact 712, showed evidence of a burned
hole edge extending from 291 degrees to 318
degrees, approximately 33 inches long (see
bracket, photo L). The burned surface extended
into the aft attach stub region of the case adja-
cent to the P 12 strut attach point. The box struc-
ture of the aft attachment ring was missing from
the attach stubs. The piece displayed fractures
which led circumferentially or aft from the hole
and the burned surface. Booster pieces on either
side have not been recovered. Thus in the burn
area no portion of the clevis or attachment ring
other than the stubs was available for
examination.

The exterior surface of the aft case piece also
contained a large heat affected area (photo M).
The shape and location of this area indicates a
plume impingement from the escaping gases. The
light colored material at the downstream edge of
the area is probably asbestos from the insulator.
The rust colored line more or less parallel to the
stubs may be a stagnation line produced in the
gas flow when the gases passed around the attach-
ment ring. Secondary flow of metal from the aft
attach stub ring also shows this feature. There
was a small burn hole in the case wall (arrow,
photo O) which appeared to have penetrated the
case from the exterior toward the interior. This
may also have been due to a swirling flow of hot
gases within the attachment ring box structure.
The shadow of the insulation downstream of the
attach box can also be seen. This evidence sug-
gests strongly that a hot gas plume impinged
against the attachment ring, passed around and
through it, and ultimately destroyed its structural
integrity, probably late in the flight of the Solid
Rocket Booster.

The photographs L, M, N, and O view the
lower case piece in the inverted position. A cor-
rect orientation of this piece is shown in a com-
posite view of the burn area located in photo P.
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Findings

1.
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A combustion gas leak through the right
Solid Rocket Motor aft field joint initiated
at or shortly after ignition eventually weaken-
ed and/or penetrated the External Tank ini-
tiating vehicle structural breakup and loss of
the Space Shuttle Challenger during STS
Mission 51-L.

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.

Evidence examined in the review of Space
Shuttle material, manufacturing, assembly,
quality control, and processing of non-
conformance reports found no flight hard-
ware shipped to the launch site that fell out-
side the limits of Shuttle design specifications.
Launch site activities, including assembly
and preparation, from receipt of the flight
hardware to launch were generally in accord
with established procedures and were not
considered a factor in the accident.
Launch site records show that the right Solid
Rocket Motor segments were assembled us-
ing approved procedures. However, signifi-
cant 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 dam-
age 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 joint’s O-rings was no
more than .008 inches and the average
gap would have been .004 inches.

d. With a tang-to-clevis gap of .004
inches, 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 assembly operation at positions of
120 degrees and 300 degrees around the
circumference of the aft field joint. It
1s 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 Fahrenheit, or 15 degrees
lower than the next coldest previous launch.
a. The temperature at the 300 degree
position on the right aft field joint cir-
cumference was estimated to be 28
degrees + 5 degrees Fahrenheit. This
was the coldest point on the joint.
b. Temperature on the opposite side of the
right Solid Rocket Booster facing the
sun was estimated to be about 50
degrees Fahrenheit.

7. Other joints on the left and right Solid

Rocket Boosters experienced similar com-
binations of tang-to-clevis gap clearance and
temperature. It is not known whether these
Jjoints experienced distress during the flight
of 51-L.

. Experimental evidence indicates that due to

several effects associated with the Solid
Rocket Booster’s ignition and combustion
pressures and associated vehicle motions, the
gap between the tang and the clevis will open
as much as .017 and .029 inches at the sec-
ondary 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 complete 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 fail-
ed. This strut’s effect on the joint
dynamics 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.

9. O-ring resiliency is directly related to its

temperature.
a. A warm O-ring that has been com-



pressed will return to 1ts original shape
much quicker than will a cold O-ring
when compression 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
Fahrenheit is five times more respon-
sive in returning to its uncompressed
shape than a cold O-ring at 30 degrees
Fahrenheit.

c. As a result it 1s probable that the O-
rings in the right solid booster aft field
joint were not following the opening of
the gap between the tang and clevis at
time of ignition.

10. 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 to work
most effectively, a space between the
O-ring and its upstream channel wall
should exist during pressurization.

b. A tang-to-clevis gap of .004 inches, as
probably existed in the failed joint,
would have initially compressed the O-
ring to the degree that no clearance ex-
isted between the O-ring and its
upstream channel wall and the other
two surfaces of the channel.

c. At the cold launch temperature ex-
perienced, the O-ring would be very
slow in returning to its normal round-
ed shape. It would not follow the open-
ing 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 chan-
nel wall. Thus, it is probable the O-ring
would not be pressure actuated to seal
the gap in time to preclude joint failure
due to blow-by and erosion from hot
combustion gases.

11. The sealing characteristics of the Solid

Rocket Booster O-rings are enhanced by
timely application of motor pressure.
a. Ideally, motor pressure should be ap-
plied to actuate the O-ring and seal the
joint prior to significant opening of the

12.

13.

14.

tang-to-clevis gap (100 to 200 milli-
seconds after motor ignition).

b. Experimental evidence indicates that
temperature, humidity and other
variables in the putty compound used
to seal the joint can delay pressure ap-
plication to the joint by 500 milli-
seconds or more.

c. This delay in pressure could be a fac-
tor 1n 1nitial joint failure.

Of 21 launches with ambient temperatures
of 61 degrees Fahrenheit 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 Fahrenheit
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 percent in the upper field joints. The
division between left and right Solid
Rockter 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 rocket’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 51-L joints since water
was found in the STS-9 joints during a
destack operation after exposure to less rain-
fall 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 1nhibit 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 puffs per second. This
roughly matches the natural structural
frequency of the solids at lift off and is
reflected in slight cyclic changes of the
tang-to-clevis gap opening.
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b. The puffs were seen to be moving up-
ward along the surface of the booster
above the aft field joint.

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

15. This smoke from the aft field joint at Shut-

tle lift off was the first sign of the failure of
the Solid Rocket Booster O-ring seals on STS
51-L.

16. The leak was again clearly evident as a flame
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at approximately 58 seconds into the flight.
It 1s possible that the leak was continuous but
unobservable or non-existent in portions of
the intervening period. It is possible in either
case that thrust vectoring and normal vehi-
cle response to wind shear as well as planned
maneuvers reinitiated or magnified the
leakage from a degraded seal in the period
preceding the observed flames. The esti-
mated 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 seconds after lift off.

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

c. 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 Motor. The failure was due to a faulty
design unacceptably sensitive to a number of fac-
tors. These factors were the effects of tempera-
ture, physical dimensions, the character of
materials, the effects of reusability, processing,
and the reaction of the joint to dynamic
loading. =
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The upper photos show, from left to right, the left side of right side of the Shuttle stack. The lower photos show
the Orbiter (unburned), the right lower and upper rudder the range safety destruct charges in the External Tank.
speed brake (both burn damaged) and left upper speed These charges were exonerated when they were

brake (unburned), confirmation that the fire was on the recovered intact and undetonated.







The frustums on the left page are parts of
the Solid Rocket Booster forward
assemblies that contain recovery
parachutes, location aids and flotation
devices. The frustum of the left hand
booster {lower left) is virtually undamaged.
The right frustum shows impact damage at
top and burns along the base of the cone;
evidence indicates it was damaged when it
impacted with the External Tank. Shown at
right above is another Solid Rocket Motor
stack crosshatched to show the burned
area of the right booster’s aft joint
(diagram at right). The flame from the hole
impinged on the External Tank and caused
a failure at the aft connection at the Exter-
nal Tank.
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Examined at Kennedy Space
Center after their recovery
from the ocean, these frag-
ments show the extent of
burn through the right hand
booster’s aft field joint. On
the left page are sections of
the aft center motor seg-
ment above the joint. On the
right page are sections (in-
verted) of the aft motor seg-
ment showing burn-hole
below the joint (bracket) Ex-
cept for the interior views on
lower left, the camera is
viewing the parts from out-
side the casing




At upper left is the aft seg-
ment burn viewed from inside
the casing; the lower photo is
a closeup of the same sec-
tion. The latter photo shows a
hole (arrow) where the flame
plume may have burned
through the casing from the
outside. At right is a compos-
ite view of the burn above
and below the aft field joint.
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Chapter V

The Contributing
Cause Of
The Accident

he decision to launch the Challenger
was flawed. Those who made that
decision were unaware of the recent
history of problems concerning the
O-rings and the joint and were unaware of the
initial written recommendation of the contractor
advising against the launch at temperatures below
53 degrees Fahrenheit and the continuing opposi-
tion of the engineers at Thiokol after the manage-
ment reversed its position. They did not have a
clear understanding of Rockwell’s concern that
it was not safe to launch because of ice on the
pad. If the decisionmakers had known all of the
facts, it is highly unlikely that they would have
decided to launch 51-L on January 28, 1986.

Flaws In The Decision
Making Process

In addition to analyzing all available evidence
concerning the material causes of the accident on
January 28, the Commission examined the chain
of decisions that culminated in approval of the
launch. It concluded that the decision making
process was flawed in several ways. The actual
events that produced the information upon which
the approval of launch was based are recounted
and appraised in the sections of this chapter. The
discussion that follows relies heavily on excerpts
from the testimony of those involved in the
management judgments that led to the launch of
the Challenger under conditions described.

That testimony reveals failures in communica-
tion that resulted in a decision to launch 51-L
based on incomplete and sometimes misleading
information, a conflict between engineering data
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and management judgments, and a NASA man-
agement structure that permitted internal flight
safety problems to bypass key Shuttle managers.

The Shuttle Flight Readiness Review is a care-
fully planned, step-by-step activity, established
by NASA program directive SPO-PD 710.5A,!
designed to certify the readiness of all components
of the Space Shuttle assembly. The process is
focused upon the Level I Flight Readiness
Review, held approximately two weeks before a
launch. The Level I review is a conference
chaired by the NASA Associate Administrator for
Space Flight and supported by the NASA Chief
Engineer, the Program Manager, the center
directors and project managers from Johnson,
Marshall and Kennedy, along with senior con-
tractor representatives.

The formal portion of the process is initiated
by directive from the Associate Administrator for
Space Flight. The directive outlines the schedule
for the Level I Flight Readiness Review and for
the steps that precede it. The process begins at
Level IV with the contractors formally cer-
tifying—in writing —the flight readiness of the
elements for which they are responsible. Certifica-
tion is made to the appropriate Level IIT NASA
project managers at Johnson and Marshall. Ad-
ditionally, at Marshall the review is followed by
a presentation directly to the Center Director. At
Kennedy the Level III review, chaired by the
Center Director, verifies readiness of the launch
support elements.

The next step in the process is the Certifica-
tion of Flight Readiness to the Level II Program
Manager at Johnson. In this review each Space
Shuttle program element endorses that it has
satisfactorily completed the manufacture,



assembly, test and checkout of the pertinent ele-
ment, including the contractors’ certification that
design and performance are up to standard. The
Flight Readiness Review process culminates in
the Level I review.

In the initial notice of the review, the Level 1
directive establishes a Mission Management
Team for the particular mission. The team
assumes responsibility for each Shuttle’s readiness
for a period commencing 48 hours before launch
and continuing through post-landing crew egress
and the safing of the Orbiter. On call throughout
the entire period, the Mission Management
Team supports the Associate Administrator for
Space Flight and the Program Manager.

A structured Mission Management Team
meeting — called L-1—1s held 24 hours, or one
day, prior to each scheduled launch. Its agenda
includes closeout of any open work, a closeout
of any Flight Readiness Review action items, a
discussion of new or continuing anomalies, and
an updated briefing on anticipated weather con-
ditions at the launch site and at the abort land-
ing sites in different parts of the world. It is stand-
ard practice of Level -1 and II officials to en-
courage the reporting of new problems or con-
cerns that might develop in the interval between
the Flight Readiness Review and and the L-1
meeting, and between the L-1 and launch.

In a procedural sense, the process described

Readiness Reviews

Mission
Management
Team

Level 1

Flight
Readiness
Review

Level 2

/

Pre-Flight
Readiness
Review

~

/

Level 3

X

Marshall Space
Flight Center Flight
Readiness Review

Kennedy Space Center
Launch Readiness Review

Johnson Space
Center

et N

AN

Level 4 / \

AN

Space Shuttle Solid Rocket External Tank Shuttle Orbiter System
Main Engine Booster Processing Integration
Contractor
Contractor Contractor Contractor SPC Contractor Contractor

Readiness reviews for both the launch and the flight of a Shut-
tle mission are conducted at ascending levels that begin with
contractors.

NOTE: See Chart on page 102 for description of management
‘levels” and organization chain of command.
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was followed in the case of flight 51-1.. However,
in the launch preparation for 51-L relevant con-
cerns of Level III NASA personnel and element
contractors were not, in the following crucial
areas, adequately communicated to the NASA
Level I and Il management responsible for the
launch:

®m The objections to launch voiced by Morton
Thiokol engineers about the detrimental ef-
fect of cold temperatures on the performance
of the Solid Rocket Motor joint seal.

m The degree of concern of Thiokol and Mar-
shall about the erosion of the joint seals in
prior Shuttle flights, notably 51-C (January,
1985) and 51-B (April, 1985).

On December 13, 1985, the Associate Ad-
ministrator for Space flight, Jesse Moore, sent
out a message distributed among NASA Head-
quarters, NASA field centers, and U.S. Air Force
units, that scheduled the Flight Readiness Review
for January 15, 1986, and prescribed the dates
for the other steps in the standard procedure.

The message was followed by directives from
James A. (Gene) Thomas, Deputy Director of
Launch and Landing Operations at Kennedy on
January 2, 1986; by the National Space
Transportation System Program Manager, Ar-
nold Aldrich, on January 3; by William R.
Lucas, the Marshall Center Director, on January
7; and by the Marshall Shuttle Projects Office on
January 8. Each of these implementing directives
prescribed for Level 111 the preparatory steps for
the Flight Readiness Review.

The Flight Readiness Review was held, as
scheduled, on January 15. On the following day,
Aldrich 1issued the schedule for the combined
Level I/Mission Management Team meetings;
he also announced plans for the Mission Manage-
ment Team meetings continuing throughout the
mission and included the schedule for the L-1
review.

On January 23, Moore issued a directive
stating that the Flight R eadiness Review had been
conducted on the 15th and that 51-L was ready
to fly pending closeout of open work, satisfactory
countdown, and completion of remaining Flight
Readiness Review action items, which were to
be closed out during the L.-1 meeting. No prob-
lems with the Solid Rocket Booster were
identified.

Since December, 1982, the O-rings had been
designated a “Criticality 1”7 feature of the Solid
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Rocket Booster design, a term denoting a failure
point —without back-up — that could cause a loss
of life or vehicle if the component fails. In July,
1985, after a nozzle joint on STS 51-B showed
erosion of a secondary O-ring, indicating that the
primary seal failed, a launch constraint was
placed on flight 51-F and subsequent launches.
These constraints had been imposed and regular-
ly waived by the Solid Rocket Booster Project
Manager at Marshall, Lawrence B. Mulloy.

Neither the launch constraint, the reason for
it, or the six consecutive waivers prior to 51-L
were known to Moore (Level I) or Aldrich (Level
IT) or Thomas at the time of the Flight Readiness
Review process for 51-L.

It should be noted that there were other and
independent paths of system reporting that were
designed to bring forward information about the
Solid Rocket Booster joint anomalies. One path
was the task force of Thiokol engineers and Mar-



shall engineers who had been conducting subscale
pressure tests at Wasatch during 1985, a source
of documented rising concern and frustration on
the part of some of the Thiokol participants and
a few of the Marshall participants. But Level II
was not in the line of reporting for this activity.
Another path was the examination at each Flight
Readiness Review of evidence of earlier flight
anomalies. For 51-L, the data presented in this
latter path, while it reached Levels I and II, never
referred to either test anomalies or flight
anomalies with O-rings.

In any event, no mention of the O-ring prob-
lems in the Solid Rocket Booster joint appeared
in the Certification of Flight Readiness, signed
for Thiokol on January 9, 1986, by Joseph
Kilminster, for the Solid Rocket Booster set
designated BI1026.2

Similarly, no mention appeared in the certifica-
tion endorsement, signed on January 15, 1986,
by Kilminster and by Mulloy,3 No mention ap-
pears in several inches of paper comprising the
entire chain of readiness reviews for 51-L.*

In the 51-L readiness reviews, it appears that
neither Thiokol management nor the Marshall
Level IIT project managers believed that the O-
ring blow-by and erosion risk was critical. The
testimony and contemporary correspondence
show that Level III believed there was ample
margin to fly with O-ring erosion, provided the
leak check was performed at 200 pounds per
square inch.

Following the January 15 Flight Readiness
Review each element of the Shuttle was certified
as flight-ready.

The L-1 Mission Management Team meeting
took place as scheduled at 11:00 a.m. Eastern
Standard Time January 25. No technical issues
appeared at this meeting or in the documenta-
tion and all Flight Readiness Review actions were
reported closed out.

Mr. Mulloy testified as follows regarding the
Flight Readiness Review record about O-ring
concerns:>

Chairman Rogers: . . . Why wasn't that a
cause for concern on the part of the whole
NASA organization?

Mr. Mulloy: It was cause for concern, sir.

Chairman Rogers: Who did you tell about
this?

Mr. Mulloy: Everyone, sir.

Chairman Rogers: And they all knew about
it at the time of 51-L.?

Mr. Mulloy: Yes, sir. You will find in the
Flight Readiness Review record that went
all the way to the L-1 review.

It is disturbing to the Commission that con-
trary to the testimony of the Solid Rocket Booster
Project Manager, the seriousness of concern was
not conveyed in Flight Readiness Review to Level
I and the 51-L readiness review was silent.

The only remaining issue facing the Mission
Management Team at the L-1 review was the ap-
proaching cold front, with forecasts of rain
showers and temperatures in the mid-sixties.
There had also been heavy rain since 51-L had
been rolled out to the launch pad, approximate-
ly seven inches compared with the 2.5 inches that
would have been normal for that season and’
length of exposure (35 days).

At 12:36 p.m. on the 27th, the Mission
Management Team scrubbed the launch for that
day due to high cross winds at the launch site.
In the accompanying discussion that ran for about
half an hour, all appropriate personnel were
polled as to the feasibility of a launch within 24
hours. Participants were requested to identify any
constraints. This meeting, aimed at launch at
9:38 a.m. on January 28, produced no constraints
or concerns about the performance of the Solid
Rocket Boosters.

At 2:00 p.m. on the 27th, the Mission Manage-
ment Team met again. At that time, the weather
was expected to clear, but it appeared that
temperatures would be in the low twenties for
about 11 hours. Issues were raised with regard
to the cold weather effects on the launch facility,
including the water drains, the eye wash and
shower water, fire suppression system, and over-
pressure water trays. It was decided to activate
heaters in the Orbiter, but no concerns were ex-
pressed about the O-rings in the Solid Rocket
Boosters. The decision was to proceed with the
countdown and with fueling, but all members of
the team were asked to review the situation and
call if any problems arose.

At approximately 2:30 p.m. EST, at Thiokol’s
Wasatch plant, Robert Ebeling, after learning of
the predicted low temperature for launch, con-
vened a meeting with Roger Boisjoly and with
other Thiokol engineers. A brief chronology of
the subsequent chain of events begins on page
104. Ebeling was concerned about predicted cold

85



temperatures at Kennedy Space Center. In a
post-accident interview, Mr. Ebeling recalled the
substance of the meeting.®

“The meeting lasted one hour, but the
conclusion of that meeting was Engineer-
ing — especially Arnie, Roger Boisjoly, Brian
Russell, myself, Jerry Burns, they come to
mind — were very adamant about their con-
cerns on this lower temperature, because we
were way below our data base and we were
way below what we qualified for.”

Later in the afternoon on the same day, Allan
McDonald — Thiokol’s liaison for the Solid Rocket
Booster project at Kennedy Space Center—
received a telephone call from Ebeling, express-
ing concern about the performance of the Solid
Rocket Booster field joints at low temperatures.
During testimony before the Commission on
February 27, McDonald recounted that

conversation:’
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Mr. McDonald: Well, I had first become
aware of the concern of the low temperatures
that were projected for the Cape, it was late
in the afternoon of the 27th. I was at Carver
Kennedy’s house. He is a vice president of,
as I mentioned, our space operations center
at the Cape, and supports the stacking of the
SRMs [Solid Rocket Motors].

And I had a call from Bob Ebeling. He
is the manager of our ignition system and
final assembly, and he worked for me as pro-
gram manager at Thiokol in Utah. And he
called me and said that they had just received
some word earlier that the weatherman was
projecting temperatures as low as 18 degrees
Fahrenheit some time in the early morning
hours of the 28th, and that they had some
meetings with some of the engineering peo-
ple and had some concerns about the O-rings
getting to those kinds of temperatures.

And he wanted to make me aware of that
and also wanted to get some more updated
and better information on what the actual
temperature was going to be depicted, so
that they could make some calculations on
what they expected the real temperature the
O-rings may see. . . .

I told him that I would get that
temperature data for him and call him back.
Carver Kennedy then, when I hung up, call-
ed the launch operations center to get the

predicted temperatures from pad B, as well
as what the temperature history had been
during the day up until that time.

. . . He obtained those temperatures from
the launch operations center, and they
basically said that they felt it was going to
get near freezing or freezing before mid-
night. It would get as low as 22 degrees as
a minimum in the early morning hours,
probably around 6:00 o’clock, and that they
were predicting a temperature of about 26
degrees at the intended time, about 9:38 the
next morning.

I took that data and called back to the
plant and sent 1t to Bob Ebeling and relayed
that to him, and told him he ought to use
this temperature data for his predictions, but
I thought this was very serious and to make
sure that he had the vice president, engineer-
ing, involved in this and all of his people;
that I wanted them to put together some
calculations and a presentation of material.
Chairman Rogers: Who’s the Vice Presi-
dent, Engineering?

Mr. McDonald: Mr. Bob Lund is our Vice
President, Engineering, at our Morton
Thiokol facility in Utah.

To make sure he was involved in this, and
that this decision should be an engineering
decision, not a program management deci-
sion. And I told him that I would like him
to make sure they prepared some charts and
were in a position to recommend the launch
temperature and to have the rationale for
supporting that launch temperature.

I then hung up and I called Mr. Mulloy.
He was staying at the Holiday Inn in Mer-
ritt Island and they couldn’t reach him, and
so I called Cecil Houston —Cecil Houston
1s the resident manager for the Marshall
Space Flight Center office at KSC [Kennedy
Space Center] — and told him about our con-
cerns with the low temperatures and the
potential problem with the O-rings.

And he said that he would set up a
teleconference. He had a four-wire system
next to his office. His office is right across
from the VAB [Vehicle Assembly Building]
in the trailer complex C over there. And he
would set up a four-wire teleconference in-
volving the engineering people at Marshall
Space Flight Center at Huntsville, our peo-
ple back at Thiokol in Utah; and that I



should come down to his office and par-
ticipate at Kennedy from there, and that he
would get back with me and let me know
when that time would be.

Soon thereafter Cecil Houston called Dr. Jud-
son Lovingood, Deputy Shuttle Project Manager
at Marshall Space Flight Center, to inform him
of the concerns about the O-rings and asked Lov-
ingood to set up a teleconference with senior proj-
ect management personnel, with George Hardy,
Marshall’s Deputy Director of Science and
Engineering, and with Morton Thiokol person-
nel. Lovingood called Stanley Reinartz, Shuttle
Project Manager, a few minutes later and in-
formed him of the planned telecon.

The first phase of the teleconference began at
5:45 p.m. Eastern Standard Time; participants
included Reinartz, Lovingood, Hardy, and
numerous people at Kennedy, Marshall and
Thiokol-Wasatch. (Allan McDonald missed this
phase; he did not arrive at Kennedy until after
8:00 p.m.) Concerns for the effect of low
temperature on the O-rings and the joint seal
were presented by Morton Thiokol, along with
an opinion that launch should be delayed. A
recommendation was also made that Aldrich,
Program Manager at Johnson (Level II), be in-
formed of these concerns.

The following are excerpts from testimony
before the Commission relating to the
teleconference:®

Dr. Keel: You just indicated earlier that,
based upon that teleconference, you thought
there was a good possibility of delay. Is that
what Thiokol was recommending then, was
delay?

Dr. Lovingood: That is the way I heard it,
and they were talking about the 51-C ex-
perience and the fact that they had ex-
perienced the worst case blow-by as far as
the arc and the soot and so forth. And also,
they talked about the resiliency data that
they had.

So it appeared to me —and we didn’t have
all of the proper people there. That was
another aspect of this. It appeared to me that
we had better sit down and get the data so
that we could understand exactly what they
were talking about and assess that data.

And that is why I suggested that we go
ahead and have a telecon within the center,
so that we could review that.

Dr. Keel: So as early as after that first after-
noon conference at 5:45, it appeared that
Thiokol was basically saying delay. Is that
right?

Dr. Lovingood: That is the way it came
across to me. I don’t know how other peo-
ple perceived it, but that’s the way it came
across to me.

Dr. Keel: Mr. Reinartz, how did you
perceive it?

Mr. Reinartz: I did not perceive it that way.
I perceived that they were raising some ques-
tions and issues which required looking in-
to by all the right parties, but I did not
perceive it as a recommendation delay.

Dr. Keel: Some prospects for delay?

Mr. Reinartz: Yes, sir, that possibility is
always there.

Dr. Keel: Did you convey that to Mr.
Mulloy and Mr. Hardy before the 8:15
conference?

Mr. Reinartz: Yes, I did. And as a matter
of fact, we had a discussion. Mr. Mulloy was
just out of communication for about an
hour, and then after that I got in contact with
him, and we both had a short discussion
relating to the general nature of the concerns
with Dr. Lucas and Mr. Kingsbury at the
motel before we both departed for the telecon
that we had set up out at the Cape.

Dr. Keel: But based upon that, Mr. Lov-
ingood, that impression, you thought it was
a significant enough possibility that Mr.
Aldrich should have been contacted?

Dr. Lovingood: Yes.

Dr. Keel: In addition, did you recommend
that Mr. Lucas, who is director of Marshall,
of course, and Mr. Kingsbury, who is Mr.
Hardy’s boss, participate in the 8:15

conference?
Dr. Lovingood: Yes, I did.

Dr. Keel: And you recommended that to
whom?

Dr. Lovingood: I believe I said that over
the net. I said that I thought we ought to
have an inter-center meeting involving Dr.
Lucas and Mr. Kingsbury, and then plan
to go on up the line to Level II and Level 1.

And then it was after we broke off that first
telecon I called Stan at the motel and told
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him that he ought to go ahead and alert
Arnie to that possibility.

Dr. Keel: And Mr. Reinartz, you then
visited the motel room of Mr. Lucas with
Mr. Kingsbury, and also was Mr. Mulloy
with you then?

Mr. Reinartz: Yes, sir, he was. In the first
couple of minutes I believe I was there by
myself, and then Mr. Mulloy joined us.

Dr. Keel: And did you discuss with them
Mr. Lovingood’s recommendation that the
two of them, Lucas and Kingsbury,
participate?

Mr. Reinartz: No, sir. I don’t recall discuss-
ing Mr. Lovingood’s recommendations. I
discussed with them the nature of the
telecon, the nature of the concerns raised by
Thiokol, and the plans to gather the proper
technical support people at Marshall for ex-
amination of the data. And I believe that was
the essence of the discussion.

Chairman Rogers: But you didn’t recom-

mend that the information be given to Level
IT or Level I?

Mr. Reinartz: I don’t recall that I raised that
issue with Dr. Lucas. I told him what the
plans were for proceeding. I don't recall, Mr.
Chairman, making any statement regarding
that.

Mr. Hotz: Mr. Reinartz, are you telling us
that you in fact are the person who made the
decision not to escalate this to a Level II
item?

Mr. Reinartz: That is correct, sir.

At approximately 8:45 p.m. Eastern Standard
Time, Phase 2 of the teleconference commenc-
ed, the Thiokol charts and written data having
arrived at Kennedy Space Center by telefax. (A
table of teleconference participants is included
with Chronology of Events.) The charts presented
a history of the O-ring erosion and blow-by in
the Solid Rocket Booster joints of previous flights,
presented the results of subscale testing at Thiokol
and the results of static tests of Solid Rocket
Motors. In the following testimony, Roger Bois-
joly, Allan McDonald and Larry Mulloy ex-
pressed their recollections of this teleconference
up to the point when an off-net caucus was
requested:®
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Mr. Boisjoly: I expressed deep concern
about launching at low temperature. I
presented Chart 2-1 with emphasis—now,
2-1, if you want to see it, I have it, but
basically that was the chart that summariz-
ed the primary concerns, and that was the
chart that I pulled right out of the
Washington presentation without changing
one word of it because it was still applicable,
and it addresses the highest concern of the
field joint in both the ignition transient con-
dition and the steady state condition, and it
really sets down the rationale for why we
were continuing to fly. Basically, if erosion
penetrates the primary O-ring seal, there is
a higher probability of no secondary seal
capability in the steady state condition. And
I had two sub-bullets under that which stated
bench testing showed O-ring not capable of
maintaining contact with metal parts, gap,
opening rate to maximum operating
pressure. I had another bullet which stated
bench testing showed capability to maintain
O-ring contact during initial phase (0 to 170
milliseconds of transient). That was my com-
fort basis of continuing to fly under normal
circumstances, normal being within the data
base we had.

I emphasized, when I presented that chart
about the changing of the timing function
of the O-ring as it attempted to seal. I was
concerned that we may go from that first
beginning region into that intermediate
region, from 0 to 170 being the first region,
and 170 to 330 being the intermediate region
where we didn’t have a high probability of
sealing or seating.

I then presented Chart 2-2 with added
concerns related to the timing function. And
basically on that chart, I started off talking
about a lower temperature than current data
base results in changing the primary O-ring
sealing timing function, and I discussed the
SRM-15 [Flight 51-C, January, 1985] obser-
vations, namely, the 15A [Left SRM, Flight
51-C] motor had 80 degrees arc black grease
between the O-rings, and make no mistake
about it, when I say black, I mean black just
like coal. It was jet black. And SRM-15B
[Right SRM, Flight 51-C] had a 110 degree
arc of black grease between the O-rings. We
would have low O-ring squeeze due to low
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m A Temperature Lower Than Current Data Base
Results in Changing Primary O-Ring Sealing Timing

PRIMARY CONCESNS Joint Primary Concerns

o FIELD JOINT ~ HIGHEST COMCEPH

Function
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= Lower O-Ring squeeze due to lower temp.
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INITIAL PHASE (0-17D MS) OF TRANSIENT

m Higher O-Ring shore hardness
m Thicker grease viscosity
m Higher O-Ring pressure actuation time

= [f actuation time increases, threshold of secondary
seal pressurization capability is approached

Chart 2-1 presented by Thiokol's Roger Boisjoly summarizing
primary concerns with the field joint and its O-ring seals on the
boosters.

m If threshold is reached then secondary seal may not
be capable of being pressurized

Boisjoly’s Chart 2-2 indicating concern about temperature ef-
fect on seal actuation time (handwritten).

temperature which I calculated earlier in the
day. We should have higher O-ring Shore
hardness. . . .

Now, that would be harder. And what
that material really is, it would be likened
to trying to shove a brick into a crack ver-
sus a sponge. That is a good analogy for pur-
poses of this discussion. I also mentioned
that thicker grease, as a result of lower
temperatures, would have a higher viscosi-
ty. It wouldn’t be as slick and slippery as it
would be at room temperature. And so it
would be a little bit more difficult to move
across it.

We would have higher O-ring pressure ac-
tuation time, in my opinion, and that is what
I presented. . . . These are the sum and
substance of what I just presented. If action
time increases, then the threshold of second-
ary seal pressurization capability is ap-
proached. That was my fear. If the threshold
is reached, then secondary seal may not be
capable of being pressurized, and that was
the bottom line of everything that had been
presented up to that point.

Chairman Rogers: Did anybody take issue
with you?

Mr. Boisjoly: Well, I am coming to that.
I also showed a chart of the joint with an
exaggerated cross section to show the seal

lifted off, which has been shown to
everybody. I was asked, yes, at that point
in time [ was asked to quantify my concerns,
and I said I couldn’t. I couldn’t quantify it.
I had no data to quantify it, but I did say
I knew that it was away from goodness in
the current data base. Someone on the net
commented that we had soot blow-by on
SRM-22 [Flight 61-A, October, 1985]
which was launched at 75 degrees. I don’t
remember who made the comment, but that
is where the first comment came in about
the disparity between my conclusion and the
observed data because SRM-22 [Flight
61-A, October, 1985] had blow-by at essen-
tially a room temperature launch.

I then said that SRM-15 [Flight 51-C,
January, 1985] had much more blow-by in-
dication and that it was indeed telling us that
lower temperature was a factor. This was
supported by inspection of flown hardware
by myself. I was asked again for data to sup-
port my claim, and I said I have none other
than what is being presented, and I had been
trying to get resilience data, Arnie and I
both, since last October, and that statement
was mentioned on the net.

Others in the room presented their charts,
and the main telecon session concluded with
Bob Lund, who is our Vice President of
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RecommENDATIONS ¢

° 0-RING TEMP MusT BE = 53 °F AT Laumncy

DEVELOPMENT MOTORS AT 47°To 82 °F  wiTnH
PurTTY PoAckING HAD NoOo BLow-BY
SRM 15 (THE BEsT SIMULATION ) WoRKkED AT 53 °F

© PROJECT AMBIENT CONDITIONS (TEMP £ WiND)
To DPPETEERMINE LAUNCH T imE

Initial Thiokol recommendation Chart presented by Robert K. Then MTI management then asked for

Lund at second teleconference prior to Thiokol caucus.

90

Engineering, presenting his conclusions and
recommendations charts which were based
on our data input up to that point. Listeners
on the telecon were not pleased with the con-
clusions and the recommendations.
Chairman Rogers: What was the
conclusion?

Mr. Boisjoly: The conclusion was we
should not fly outside of our data base, which
was 53 degrees. Those were the conclusions.
And we were quite pleased because we knew
in advance, having participated in the
preparation, what the conclusions were, and
we felt very comfortable with that.

Mr. Acheson: Who presented that
conclusion?

Mr. Boisjoly: Mr. Bob Lund. He had
prepared those charts. He had input from
other people. He had actually physically
prepared the charts. It was about that time
that Mr. Hardy from Marshall was asked
what he thought about the MTI [Morton
Thiokol] recommendation, and he said he
was appalled at the MTT decision. Mr. Har-
dy was also asked about launching, and he
said no, not if the contractor recommended
not launching, he would not go against the
contractor and launch.

There was a short discussion that ensued
about temperature not being a discriminator
between SRM-15 [Flight 51-C] and
SRM-22 [Flight 61-A], and shortly after, I
believe it was Mr. Kilminster asked if—
excuse me. I'm getting confused here. Mr.
Kilminster was asked by NASA if he would
launch, and he said no because the engineer-
ing recommendation was not to launch.

a five-minute caucus. I'm not sure exactly
who asked for that, but it was asked in such
a manner that I remember it was asked for,
a five-minute caucus, which we put on—
the line on mute and went off-line with the
rest of the net.

Chairman Rogers: Mr. Boisjoly, at the time
that you made the —that Thiokol made the
recommendation not to launch, was that the
unanimous recommendation as far as you
knew?

Mr. Boisjoly: Yes. I have to make
something clear. I have been distressed by
the things that have been appearing in the
paper and things that have been said in
general, and there was never one positive,
pro-launch statement ever made by any-
body. There have been some feelings since
then that folks have expressed that they
would support the decision, but there was
not one positive statement for launch ever
made in that room.

Mr. McDonald’s testimony:*°

Mr. McDonald: I arrived at the Kennedy
Space Center at about 8:15 [p.m.], and
when I arrived there at the Kennedy Space
Center the others that had already arrived
were Larry Mulloy, who was there—he is
the manager, the project manager for the
SRB for Marshall. Stan Reinartz was there
and he is the manager of the Shuttle Project
Office. He’s Larry Mulloy’s boss.

Cecil Houston was there, the resident
manager for Marshall. And Jack Buchanan
was there. He happens to be our manager,
Morton Thiokol’s manager of our launch
support services office at Kennedy.

The telecon hadn'’t started yet. It came on



the network shortly after I got there. . . .

Chairman Rogers: Was it essentially a
telephone conference or was there actually
a network of pictures?

Mr. McDonald: It was a telephone con-
ference. . . .

But I will relay . . . what I heard at the
conference as best I can. The teleconference
started I guess close to 9:00 o’clock and, even
though all the charts weren’t there, we were
told to begin and that Morton Thiokol
should take the lead and go through the
charts that they had sent to both centers.

The charts were presented by the
engineering people from Thiokol, in fact by
the people that had made those particular
charts. Some of them were typed, some of
them were handwritten. And they discuss-
ed their concerns with the low temperatures
relative to the possible effects on the O-rings,
primarily the timing function to seal the O-
rings.

They presented a history of some of the
data that we had accumulated both in static
test and in flight tests relative to
temperatures and the performance of the O-
rings, and reviewed the history of all of our
erosion studies of the O-rings, in the field
joints, any blow-by of the primary O-ring
with soot or products of combustion or
decomposition that we had noted, and the
performance of the secondary O-rings.

And there was an exchange amongst the
technical people on that data as to what it
meant . . . But the real exchange never real-
ly came until the conclusions and recommen-
dations came in.

At that point in time, our vice president,
Mr. Bob Lund, presented those charts and
he presented the charts on the conclusions
and recommendations. And the bottoin line
was that the engineering people would not
recommend a launch below 53 degrees
Fahrenheit. The basis for that recommen-
dation was primarily our concern with the
launch that had occurred about a vyear
earlier, in January of 1985, I believe it was

51-C.
Mr. Mulloy’s testimony:!!

Mr. Mulloy: That telecon was a little late
starting. It was intended to be set up at 8:15

. and the telecon was begun at 8:45.

And Thiokol will then present to you to-
day the data that they presented to us in that
telecon. I will not do that. The bottom line
of that, though, initially was that Thiokol
engineering, Bob Lund, who is the Vice
President and Director of Engineering, who
is here today, recommended that 51-L not
be launched if the O-ring temperatures
predicted at launch time would be lower than
any previous launch, and that was 53
degrees.

Dr. Walker: May I ask a question? I wish
you would distinguish between the predicted
bulk temperatures and the O-ring
temperatures. In fact, as I understand it, you
really don’t have any official O-ring
temperature prediction in your models, and
it seems that the assumption has been that
the O-ring temperature 1s the same as the
bulk temperature, which we know is not the
case.

Mr. Mulloy: You will see, sir, in the
Thiokol presentation today that that is not
the case. This was a specific calculation of
what the O-ring temperature was on the day
of the January 1985 launch. It is not the bulk
temperature of the propellant, nor is it the
ambient temperature of the air.

It was Thiokol’s calculation of what the
lowest temperature an O-ring had seen in
previous flights, and the engineering recom-
mendation was that we should not move out-
side of that experience base.

I asked Joe Kilminster, who is the pro-
gram manager for the booster program at
Thiokol, what his recommendation was,
because he is the gentleman that I get my
recommendations from in the program of-
fice. He stated that, based on that engineer-
ing recommendation, that he could not
recommend launch.

At that point I restated, as I have testified
to, the rationale that was essentially
documented in the 1982 Critical Items List,
that stated that the rationale had been that
we were flying with a simplex joint seal. And
you will see in the Thiokol presentation that
the context of their presentation is that the
primary ring, with the reduced temperatures
and reduced resiliency, may not function as
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a primary seal and we would be relying on
secondary.

And without getting into their rationale
and getting ahead, the point, the bottom
line, is that we were continuing — the assess-
ment was, my assessment at that time was,
that we would have an effective simplex seal,
based upon the engineering data that
Thiokol had presented, and that none of
those engineering data seemed to change
that basic rationale.

Stan Reinartz then asked George Hardy,
the Deputy Director of Science and
Engineering at Marshall, what his opinion
was. George stated that he agreed that the
engineering data did not seem to change this
basic rationale, but also stated on the telecon
that he certainly would not recommend
launching if Thiokol did not.

At that time Joe Kilminster requested a
five minute off-net caucus, and that caucus
lasted approximately 30 minutes.

The teleconference was recessed at approx-
imately 10:30 p.m. Eastern Standard Time. The
off-net caucus of Thiokol personnel started and
continued for about 30 minutes at the Wasatch
office. The major issues, according to the
testimony of Jerry Mason, Senior Vice President
for Wasatch Operations, were the effect of
temperature upon the O-rings and the history of
erosion of the O-rings:!?

Mr. Mason: Now, in the caucus we
revisited all of our previous discussions, and
the important things that came out of that
was that, as we had recognized, we did have
the possibility that the primary O-ring might
be slower to move into the seating position
and that was our concern, and that is what
we had focused on originally.

The fact that we couldn’t show direct cor-
relation with the O-ring temperature was
discussed, but we still felt that there was
some concern about it being colder.

We then recognized that, if the primary
did move more slowly, that we could get
some blow-by and erosion on the primary.
But we had pointed out to us in that caucus
a point that had not come across clearly in
our earlier discussions, and that is that we
had run tests where we deliberately cut large
pieces out of the O-rings to see what the
threshold of sealing was, and we found we
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could go to 125 thousandths of a cut out of
the O-ring and it would still seal.

Approximately 10 engineers participated in the
caucus, along with Mason, Kilminster, C. G.
Wiggins (Vice President, Space Division), and
Lund. Arnold Thompson and Boisjoly voiced
very strong objections to launch, and the sugges-
tion in their testimony was that Lund was also
reluctant to launch:'3

Mr. Boisjoly: Okay, the caucus started by
Mr. Mason stating a management decision
was necessary. Those of us who opposed the
launch continued to speak out, and I am
specifically speaking of Mr. Thompson and
myself because in my recollection he and I
were the only ones that vigorously continued
to oppose the launch. And we were attempt-
ing to go back and rereview and try to make
clear what we were trying to get across, and
we couldn’t understand why it was going to
be reversed. So we spoke out and tried to
explain once again the effects of low
temperature. Arnie actually got up from his
position which was down the table, and
walked up the table and put a quarter pad
down in front of the table, in front of the
management folks, and tried to sketch out
once again what his concern was with the
joint, and when he realized he wasn’t get-
ting through, he just stopped.

I tried one more time with the photos. I
grabbed the photos, and I went up and
discussed the photos once again and tried to
make the point that it was my opinion from
actual observations that temperature was in-
deed a discriminator and we should not ig-
nore the physical evidence that we had
observed.

And again, I brought up the point that
SRM-15 [Flight 51-C, January, 1985] had
a 110 degree arc of black grease while
SRM-22 [Flight 61-A, October, 1985] had
a relatively different amount, which was less
and wasn’t quite as black. I also stopped
when it was apparent that I couldn’t get
anybody to listen.

Dr. Walker: At this point did anyone else
speak up in favor of the launch?

Mr. Boisjoly: No, sir. No one said
anything, in my recollection, nobody said
a word. It was then being discussed amongst
the management folks. After Arnie and I had



our last say, Mr. Mason said we have to
make a management decision. He turned to
Bob Lund and asked him to take off his
engineering hat and put on his management
hat. From this point on, management for-
mulated the points to base their decision on.
There was never one comment in favor, as
I have said, of launching by any engineer
or other nonmanagement person in the room
before or after the caucus. I was not even
asked to participate in giving any input to
the final decision charts.

I went back on the net with the final charts
or final chart, which was the rationale for
launching, and that was presented by Mr.
Kilminster. It was hand written on a
notepad, and he read from that notepad. I
did not agree with some of the statements
that were being made to support the deci-
sion. I was never asked nor polled, and it
was clearly a management decision from that
point.

I must emphasize, I had my say, and I
never [would] take [away]| any management
right to take the input of an engineer and
then make a decision based upon that input,
and I truly believe that. I have worked at
a lot of companies, and that has been done
from time to time, and I truly believe that,
and so there was no point in me doing
anything any further than I had already at-
tempted to do.

I did not see the final version of the chart
until the next day. I just heard it read. I left
the room feeling badly defeated, but I felt
I really did all I could to stop the launch.

I felt personally that management was
under a lot of pressure to launch and that
they made a very tough decision, but I didn’t
agree with it.

One of my colleagues that was in the
meeting summed it up best. This was a
meeting where the determination was to
launch, and it was up to us to prove beyond
a shadow of a doubt that it was not safe to
do so. This is in total reverse to what the
position usually is in a preflight conversa-
tion or a flight readiness review. It is usual-
ly exactly opposite that.

Dr. Walker: Do you know the source of the
pressure on management that you alluded
to?

Mr. Boisjoly: Well, the comments made
over the [net] is what I felt, I can’t speak for
them, but I felt it—1 felt the tone of the
meeting exactly as I summed up, that we
were being put in a position to prove that
we should not launch rather than being put
in the position and prove that we had enough
data to launch. And I felt that very real.

Dr. Walker: These were the comments from
the NASA people at Marshall and at Ken-
nedy Space Center?

Mr. Boisjoly: Yes.

Dr. Feynman: I take it you were trying to
find proof that the seal would fail?

Mr. Boisjoly: Yes.

Dr. Feynman: And of course, you didn’t,
you couldn’t, because five of them didn’t,
and if you had proved that they would have
all failed, you would have found yourself in-
correct because five of them didn’t fail.

Mr. Boisjoly: That is right. I was very con-
cerned that the cold temperatures would
change that timing and put us in another
regime, and that was the whole basis of my
fighting that night.

As appears from the foregoing, after the discus-
sion between Morton Thiokol management and
the engineers, a final management review was
conducted by Mason, Lund, Kilminster, and
Wiggins. Lund and Mason recall this review as
an unemotional, rational discussion of the
engineering facts as they knew them at that time;
differences of opinion as to the impact of those
facts, however, had to be resolved as a judgment
call and therefore a management decision. The
testimony of Lund taken by Commission staff in-
vestigators is as follows:!*

Mr. Lund: We tried to have the telecon, as
I remember it was about 6:00 oclock
[MST], but we didn’t quite get things in
order, and we started transmitting charts
down to Marshall around 6:00 or 6:30
[MST], something like that, and we were
making charts in real time and seeing the
data, and we were discussing them with the
Marshall folks who went along.

We finally got the —all the charts in, and
when we got all the charts in I stood at the
board and tried to draw the conclusions that
we had out of the charts that had been
presented, and we came up with a conclu-

93



94

sions chart and said that we didn’t feel like
it was a wise thing to fly.

Question: What were some of the
conclusions?

Mr. Lund: I had better look at the chart.

Well, we were concerned the temperature
was going to be lower than the 50 or the 53
that had flown the previous January, and we
had experienced some blow-by, and so we
were concerned about that, and although the
erosion on the O-rings, and it wasn’t critical,
that, you know, there had obviously been
some little puff go through. It had been
caught.

There was no real extensive erosion of that
O-ring, so it wasn’t a major concern, but we
said, gee, you know, we just don’t know how
much further we can go below the 51 or 53
degrees or whatever it was. So we were con-
cerned with the unknown. And we presented
that to Marshall, and that rationale was re-
jected. They said that they didn’t accept that
rationale, and they would like us to consider
some other thoughts that they had had.

.. . Mr. Mulloy said he did not accept
that, and Mr. Hardy said he was appalled
that we would make such a recommenda-
tion. And that made me ponder of what I'd
missed, and so we said, what did we miss,
and Mr. Mulloy said, well, I would like you
to consider these other thoughts that we have
had down here. And he presented a very
strong and forthright rationale of what they
thought was going on in that joint and how
they thought that the thing was happening,
and they said, we’d like you to consider that
when they had some thoughts that we had
not considered.

. So after the discussion with Mr.
Mulloy, and he presented that, we said, well,
let’s ponder that a little bit, so we went off-
line to talk about what we —

Question: Who requested to go off-line?

Mr. Lund: T guess it was Joe Kil-
minster. . . .

And so we went off line on the telecon . . .
so we could have a roundtable discussion
here.

Question: Who were the management peo-
ple that were there?

Mr. Lund: Jerry Mason, Cal Wiggins, Joe,
I, manager of engineering design, the

J

manager of applied mechanics. On the
chart.

Before the Commission on February 25, 1986,
Mr. Lund testified as follows regarding why he
changed his position on launching Challenger
during the management caucus when he was
asked by Mr. Mason “To take off his engineer-
ing hat and put on his management hat”:15

Chairman Rogers: How do you explain the
fact that you seemed to change your mind
when you changed your hat?

Mr. Lund: I guess we have got to go back
a little further in the conversation than that.
We have dealt with Marshall for a long time
and have always been in the position of
defending our position to make sure that we
were ready to fly, and I guess I didn’t realize
until after that meeting and after several days
that we had absolutely changed our position
from what we had been before. But that
evening I guess [ had never had those kinds
of things come from the people at Marshall.
We had to prove to them that we weren'’t
ready, and so we got ourselves in the thought
process that we were trying to find some way
to prove to them it wouldn’t work, and we
were unable to do that. We couldn’t prove
absolutely that that motor wouldn’t work.
Chairman Rogers: In other words, you
honestly believed that you had a duty to
prove that it would not work?

Mr. Lund: Well, that is kind of the mode
we got ourselves into that evening. It seems
like we have always been in the opposite
mode. I should have detected that, but I did
not, but the roles kind of switched. . . .

Supplemental testimony of Mr. Mason ob-
tailned in a Commaission staff interview is as
follows: 16

Question: Do you recall Mr. Hardy and
Mr. Mulloy’s comments after — I think after
Mr. Kilminster had got done, or Mr. Lund
got done presenting the charts? They had
some comments. Do you recall —

Mr. Mason: Oh, yes, it was over and over.
Hardy said that, “I'm appalled at your

”»

recommendation.”. . . .

Question: Well, did Mr. Hardy’s “appall-
ed” remark and Mr. Mulloy’s “can’t launch,
we won’'t be able to launch until April”



remark, how did that affect your thinking
and affect your decision?

Mr. Mason: My personal thinking, I just,
you know, it didn’t make that much dif-
ference. . . .

And the comments that they made, in my
view, probably had got more reaction from
the engineer[s] at the lower level than they
would from the manager(s], because we deal
with people, and managers all the time. . . .

Mr. McDonald indicated that during the
period of the internal Morton Thiokol caucus he
continued to argue for delay with Mulloy,
challenging, among other things, the rationale
that the rocket motor was qualified down to 40
degrees Farhenheit. Present were Reinartz, Jack
Buchanan, the manager of Morton Thiokol
Launch Support Services at Kennedy, and Cecil
Houston. McDonald’s testimony described that
conversation:!’

Mr. McDonald: . . . while they were oft-
line, reevaluating or reassessing this data
... I got into a dialogue with the NASA
people about such things as qualification and
launch commit criteria.

The comment I made was it is my under-
standing that the motor was supposedly
qualified to 40 to 90 degrees.

I've only been on the program less than
three years, but I don’t believe it was. I don’t
believe that all of those systems, elements,
and subsystems were qualified to that
temperature.

And Mr. Mulloy said well, 40 degrees is
propellant mean bulk temperature, and
we're well within that. That is a requirement.
We're at 55 degrees for that—and that the
other elements can be below that . . . that,
as long as we don’t fall out of the propellant
mean bulk temperature. I told him I thought
that was asinine because you could expose
that large Solid Rocket Motor to extremely
low temperatures—1I don’t care if it’s 100
below zero for several hours—with that
massive amount of propellant, which is a
great insulator, and not change that pro-
pellant mean bulk temperature but only a
few degrees, and I don’t think the spec real-
ly meant that.

But that was my interpretation because I
had been working quite a bit on the filament
wound case Solid Rocket Motor. It was my

impression that the qualification
temperature was 40 to 90, and I knew
everything wasn’t qualified to that
temperature, in my opinion. But we were
trying to qualify that case itself at 40 to 90
degrees for the fillament wound case.

I then said I may be naive about what
generates launch commit criteria, but it was
my impression that launch commit criteria
was based upon whatever the lowest
temperature, or whatever loads, or whatever
environment was imposed on any element
or subsystem of the Shuttle. And if you are
operating outside of those, no matter which
one it was, then you had violated some
launch commit criteria.

That was my impression of what that was.
And T still didn’t understand how NASA
could accept a recommendation to fly below
40 degrees. I could see why they took issue
with the 53, but I could never see why they
would . .. of accept a recommendation
below 40 degrees, even though I didn’t agree
that the motor was fully qualified to 40. I
made the statement that if we’re wrong and
something goes wrong on this flight, I
wouldn’t want to have to be the person to
stand up in front of board of inquiry and say
that I went ahead and told them to go ahead
and fly this thing outside what the motor was
qualified to.

I made that very statement.

Mr. Mulloy’s recollections of these discussions
are as follows:!®

Mr. Mulloy: Mr. Kilminster then requested
an off-net caucus. It has been suggested, im-
plied, or stated that we directed Thiokol to
go reconsider these data. That is not true.
Thiokol asked for a caucus so that they could
consider the discussions that had ensued and
the comments that Mr. Hardy and I and
others had made.

That caucus, as has been stated, was go-
ing to start at that point, and Mr. McDonald
interjected into the teleconference. At that
point, he made the first comment that he had
made during this entire teleconference.

Mr. McDonald testified for quite a while
yesterday about his thoughts on this, but he
did not say any of them until this point. At
that point, he stated that he thought what
George Hardy said was a very important
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consideration, and that consideration was,
and he asked Mr. Kilminster to be sure and
consider the comment made by George Har-
dy during the course of the discussions, that
the concerns expressed were for primary O-
ring blow-by and that the secondary O-ring
was in a position to seal during the time of
blow-by and would do so before significant
joint rotation had occurred.

They then went into their caucus, having
asked for five minutes—
Mr. Hotz: . . . It figures quite prominent-
ly in the discussion that you were quoted as
saying, do you expect us to wait till April
to launch?

Mr. Mulloy: Yes, sir.

Dr. Walker: Is that an accurate statement
or not?

Mr. Mulloy: It is certainly a statement that
is out of context, and the way I read the
quote, sir—and I have seen it many times,
too many times—the quote I read was: My
God, Thiokol, when do you want me to
launch, next April?

Mr. McDonald testified to another quote
that says: You guys are generating new
Launch Commit Criteria.

Now, both of those I think kind of go

together, and that is what I was saying. I
don’t know whether that occurred during the
caucus or subsequent to. I just simply can’t
remember that.
Mr. Hotz: Well, never mind the timing.
Mr. Mulloy: Well, yes, sir. 'm going to
answer your question now. I think those
quotes derive from a single thought that may
have been expressed by me using some of
those words.

I have not yet encountered anyone other
than those at KSC who heard those words,
so I don’t believe they were transmitted over
the net. The total context I think in which
those words may have been used is, there
are currently no Launch Commit Criteria
[LCC] for joint temperature. What you are
proposing to do 1s to generate a new Launch
Commit Criteria on the eve of launch, after
we have successfully flown with the existing
Launch Commit Criteria 24 previous times.
With this LCC, i.e., do not launch with a
temperature greater [sic|] than 53 degrees,
we may not be able to launch until next

April. We need to consider this carefully
before we jump to any conclusions.

It is all in the context, again, with
challenging your interpretation of the data,
what does it mean and is it logical, is it tru-
ly logical that we really have a system that
has to be 53 degrees to fly?

At approximately 11 p.m. Eastern Standard
Time, the Thiokol/NASA teleconference resum-
ed, the Thiokol management stating that they had
reassessed the problem, that the temperature ef-
fects were a concern, but that the data were ad-
mittedly inconclusive. Kilminster read the ra-
tionale recommending launch and stated that that
was Morton Thiokol’s recommendation. Hardy
requested that it be sent in writing by telefax both
to Kennedy and to Marshall, and it was. The
testimony of Mulloy and Hardy regarding the re-
mainder of the teleconference and their rationale
for recommending launch follows:19

Mr. Mulloy: Okay, sir. At the completion
of the caucus, of course, Mr. Kilminster
came back on the loop and stated they had
assessed all the data and considered the
discussions that had ensued for the past cou-
ple of hours and the discussions that oc-
curred during their caucus.

Chairman Rogers: Was it a couple of
hours?

Mr. Mulloy: Yes, sir. We started at 8:45
and I believe it was probably 11:00 o’clock
before he came back on the loop. It was a
long discussion. And I must emphasize that
I had no knowledge of what interchange oc-
curred during the caucus at Thiokol, because
all sites were on mute. We were on mute at
KSC. No communications occurred between
myself and Mr. Hardy at Huntsville, nor did
any communication occur between KSC and
Thiokol during that caucus.

After Mr. Kilminster made that recom-
mendation, Mr. Reinartz then asked if there
were any further comments, and to my
recollection there were none. There were no
further comments made.

I then asked Mr. Kilminster to send me
a copy of his flight readiness rationale and
recommendation. The conference was then
terminated at approximately 11:15.

I have no knowledge of, as has been
testified, of Mr. McDonald being asked to
sign that documentation. That would have



MT1 AsSESSMENT OF TeMPERATURE CONCERN ON SRM-25 (51L) LauNcH

CALCULATIONS SHOW THAT SRM-25 0-RINGS WILL BE 20° coLDER THAN SRM-15 0-RINGS
TEMPERATURE DATA NOT CONCLUSIVE ON PREDICTING PRIMARY 0-RING BLOW-BY
0 ENGINEERING ASSESSMENT IS THAT:
0  COLOER O-RINGS WILL HAVE INCREASED EFFECTIVE DUROMETER (”HARDER")
0  “HARDER” 0-RINGS WILL TAKE LONGER TQ 7SEAT”

0 MORE GAS MAY PASS PRIMARY O-RING BEFORE THE PRIMARY SEAL SEATS
(RELATIVE To SRM-15)

0 OEMONSTRATEG SEALING THRESHOLD IS 3 TIMES GREATER THAN 0.038*
EROSION EXPERIENCED oN SRM-15

0 IF THE PRIMARY SEAL OCES NOT SEAT, THE SECONOARY SEAL WILL SEAT
0 PRESSURE WILL GET TO SECOMOARY SEAL BEFORE- THE METAL PARTS ROTATE

0 O0-RING PRESSURE LEAK CHECK.PLACES SECONOARY SEAL [N OUTBOARD
POSITION WHICH MINIMIZES SEALING TIME

0 MTI RecoMMENDS STS-51L LAUNCH PROCEEC ON 28 JanuAry 1985
0 SRM-25 WILL NOT BE SIGNIFICANTLY DIFFERENT FRoM SRM-15

C. KICMINSTER, VICE PRESIDENT
“SPACE BOOSTER PROGRAMS

MORTON THIOKOL. INC.
Wasatch Division

Copy of telefax sent Kennedy and Marshall centers by Thiokol
detailing the company’s final position on the January 28
launch of mission 51-L.

been unusual, because Mr. Kilminster signs
all flight readiness documentation.

Now, after the teleconference was com-
plete, Mr. McDonald informed Mr.
Reinartz and me that if the Thiokol
engineering concern for the effect of cold was
not sufficient cause to recommend not
launching, there were two other considera-
tions, launch pad ice and recovery area
weather.

I stated that launch pad ice had been con-
sidered by the Mission Management
Team —
Chairman Rogers: Excuse me. Could you
identify that discussion, where that took
place?
Mr. Mulloy: That was after the
teleconference was completed, after Mr.
Kilminster made his recommendation, after
Mr. Reinartz asked are there any other com-
ments. There were no other comments on
the telecon from anyone. . . .

I stated that launch pad ice had been con-

sidered by the Mission Management Team
before deciding to proceed and that a fur-
ther periodic monitoring of that condition
was planned. I further stated that I had been
made aware of the recovery area weather
previously and planned to place a call to Mr.
Aldrich and advise him that the weather in
the recovery area exceeded the Launch
Commit Criteria.

So I stated earlier, when you asked what
were the Launch Commit Criteria, one of
them was that the recovery area weather has
limitations on it. The report we had, that
Mr. McDonald confirmed, was that we were
outside of those limits.

Now, I must point out that that is not a
hard Launch Commit Criteria. That is an
advisory call, and the LCC so states that.
It does require that we discuss the condition.

So at about 11:30 p.m., Mr. Cecil
Houston established a teleconference with
Mr. Aldrich and Mr. Sestile at KSC. T in-
formed Mr. Aldrich that the weather in the
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recovery area could preclude immediate
recovery of the SRBs, since the ships were
in a survival mode and they were moving
back toward Cape Kennedy at about three
knots, and the estimate provided to us by
Mr. Sestile was that they would be probably
40 miles from the SRB impact area at the
time of launch, at 9:38; and then, continu-
ing at three knots, it was going to be some
period of time before they could get back and
locate the boosters.

The concern I had for that was not loss
of the total booster, but loss of the main
parachutes for the booster, which are
separated at water impact, and loss of the
frustum of the boosters, which has the
drogue parachute on it, which comes down
separately, because with the 50 knot winds
we had out there and with the kind of sea
states we had, by the time the recovery ships
got back out there, there was little probabili-
ty of being able to recover those.

I informed Mr. Aldrich of that, and he
decided to proceed with the launch after that
information. I did not discuss with Mr.
Aldrich the conversations that we had just
completed with Morton Thiokol.

Chairman Rogers: Could you explain why?

Mr. Mulloy: Yes, sir. At that time, and I
still consider today, that was a Level III
issue, Level III being an SRB element or an
external tank element or Space Shuttle main
engine element or an Orbiter. There was no
violation of Launch Commit Criteria. There
was no waiver required in my judgment at
that time and still today.

And we work many problems at the Or-
biter and the SRB and the External Tank
level that never get communicated to Mr.
Aldrich or Mr. Moore. It was clearly a Level
ITI issue that had been resolved.

... There were 27 full-scale seal tests with
an O-ring groove damage tolerances,
damage in the grooves and damage tolerance
on O-rings. And then there were two cold
gas tests.

And these data were presented on the
night of the 27th. All of that was at ambient
temperature. And then we did discuss what
1s a development qualification motor ex-
perience range, and that is shown on the

chart. We had experience everywhere from
40 to 85 degrees.

There then were data presented on two
cold gas tests at 30 degrees, where the O-
ring was pressurized at the motor pressuriza-
tion rate at 30 degrees, which would indicate
that an O-ring would operate before joint
rotation at 30 degrees.

Dr. Ride: Was that actually in a joint?

Mr. Mulloy: No, it is not. It is a full-scale
O-ring, full-scale groove, in a scaled test
device, where the pressurize rate on that O-
ring is zero to 900 psi [pounds per square
inch] in 600 milliseconds at a temperature
of 30 degrees.

Dr. Walker: You would say, then, the O-
ring was qualified to a temperature of 30
degrees? Would that be an accurate
statement?

Mr. Mulloy: The day that we were look-
ing at it, on the 27th, these two tests that
we did indicated that it would perform at 30
degrees under the motor pressurization rate
before the joint rotated.

Dr. Walker: What about, let’s consider the
putty and the O-ring, because that is really
the system that responds to the pressure
surge. What temperature was the putty/O-
ring system qualified to?

Mr. Mulloy: The lowest that I'm aware
of —and we're still flushing this out, because
this is kind of what we talked about on the
27th, but the lowest that 'm aware of is the
40-degree test on one of the development
motors.

Dr. Walker: And, of course, during those
tests the putty was modified before the test.
The putty was not just laid up and then the
seal made. The putty was then smoothed out
or some attempt was made to remove the
volcanoes, 1 think.

Mr. Mulloy: Because the horizontal
assembly caused that.

Now, there’s one other significant point
on this chart that we did discuss, that we
didn’t have the quantities on on the 27th,
and I mentioned this earlier. We have 150
case segment proof tests, with a large
number of joints with a simulation of a cold
O-ring. That is the 90 durometer with a
.275, and that was at about 35 degrees.



So those are the certification data that we
kind of discussed, all of which we didn’t
discuss. The two cold gas tests we did, the
segment proof tests we did, the development
and qualification motor test we did, as a
basis for understanding what we could ex-
pect to happen at colder temperatures on the
joints.

Mr. Hardy testified as follows:20

Mr. Hardy: At the teleconference on the
evening of January 27, 1986, Thiokol
engineering personnel in Utah reviewed
charts that had been datafaxed to Huntsville
and KSC participants just prior to the begin-
ning of the conference. Now, I am not go-
ing to repeat a lot of what you have already
heard, but I will give you some of my views
on the whole matter.

The presentations were professional in
nature. There were numerous questions and
answers. There was a discussion of various
data and points raised by individuals at
Thiokol or at Marshall or at Kennedy. I
think it was a rather full discussion. There
were some 14 charts presented, and as has
been mentioned earlier, we spent about two,
two and a half hours reviewing this. To my
knowledge, anyone who desired to make a
point, ask a question or express a view was
in no way restrained from doing so.

As others have mentioned, I have heard
this particular teleconference characterized
as a heated discussion. I acknowledge that
there were penetrating questions that were
asked, I think, from both, from all people
involved. There were various points of view
and an interpretation of the data that was
exchanged. The discussion was not, in my
view, uncharacteristic of discussions on
many flight readiness issues on many
previous occasions. Thiokol engineering
concluded their presentation with recom-
mendation that the launch time be determin-
ed consistent with flight experience to date,
and that is the launch with the O-ring
temperatures at or greater than 53 degrees
Fahrenheit.

Mr. Kilminster at Thiokol stated . . . to
the best of my recollection, that with that
engineering assessment, he recommended
we not launch on Tuesday morning as
scheduled. After some short discussion, Mr.

Mulloy at KSC summarized his assessment
of the data and his rationale with that data,
and I think he has testified to that.

Mr. Reinartz, who was at KSC, asked me
for comment, and I stated I was somewhat
appalled, and that was referring specifically
to some of the data or the interpretation of
some of the data that Thiokol had presented
with respect to its influence on the joint seal
performance relative to the issue under
discussion, which specifically was the
possibility that the primary seal may take
longer to actuate and therefore to blow by
the primary seal. The blow-by of the
primary seal may be longer, and I am go-
ing to elaborate on that a little further in this
statement.

Then I went on to say that I supported
the assessment of data presented essentially
as summarized by Mr. Mulloy, but I would
not recommend launch over Thiokol’s
objections.

Somewhere about this time, Mr.
Kilminster at Utah stated that he wanted to
go off the loop to caucus for about five
minutes. I believe at this point Mr.
McDonald, the senior Thiokol represen-
tative at KSC for this launch suggested to
Mr. Kilminster that he consider a point that
I think I had made earlier, that the secon-
dary O-ring is in the proper position to seal
if blow-by of the primary O-ring occurred.

I clearly interpreted this as a somewhat
positive statement of supporting rationale for
launch. . . . The status of the caucus by
Thiokol lasted some 30, 35 minutes. At
Huntsville during this Thiokol caucus, we
continued to discuss the data presented. We
were off the loop, we were on mute. We were
around a table in small groups. It was not
an organized type discussion. But I did take
that opportunity to discuss my assessment
and understanding of the data with several
of my key advisors, and none of us had any
disagreement or differences in our inter-
pretation of what we believed the data was
telling us with regard to the primary issue
at hand.

When Thiokol came back on line, Mr.
Kilminster reviewed rationale that supported
proceeding with the launch and so
recommended.
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Mr. Reinartz asked if anyone in the loop
had a different position or disagreed or
something to that effect, with the Thiokol
recommendation as presented by Mr.
Kilminster. There were no dissenting
responses.

The telecon was terminated shortly after,
and I have no knowledge of any subsequent
events or discussions between personnel at
KSC or at Thiokol on this matter.

At about 5:00 a.m. on January 28, a discus-
sion took place among Messrs. Mulloy, Lucas,
and Reinartz in which Mulloy reported to Lucas
only that there had been a discussion with Thiokol
over their concerns about temperature effects on
the O-rings, and that it had been resolved in favor
of launch. The following testimony of Mr. Mulloy
and Dr. Lucas recount that discussion:2!
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General Kutyna: . . . Larry, let me follow
through on that, and I am kind of aware of
the launch decision process, and you said
you made the decision at your level on this
thing.

If this were an airplane, an airliner, and
I just had a two-hour argument with Boe-
ing on whether the wing was going to fall
off or not, I think I would tell the pilot, at
least mention it.

Why didn’t we escalate a decision of this
importance?
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