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THE WHITE HOUSE //, ,/
WASHINGTON : L 2 A /g;n‘ _/,‘ /
April 22, 1986 Yy o

MEMORANDUM FOR ALFRED H. KINGON

FROM: RICK DAVIS =1

SUBJECT: Astronaut remains

The remains of the seven Challenger crew members
Jll be flown to Dover Air Force Base on
Tuesday, April 29, 1986,

e

Senator Jake Garn has discussed a plan and
gained ‘tentative approval from the shuttle
family crew members on the disposition of the
remains that have not been identified. His plan
is to have these remains buried in a common
grave at Arlington National Cemetery. This
would take place on Memorial Day during a
ceremony with the President.
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THE WHITE HOUSE ///j
WASHINGTON //’[j 9/‘
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February 4, 1986

MEMORANDUM FOR THE PRESIDENT

FROM: ALFRED H. KINGON p,l/

SUBJECT: ™o T mm_wT_ 20 wWR_ £

During shuttle flights, each astronaut is able to read a
personal message while in space that is recorded. This
recording becomes part of each astronaut's personal effects.,

On a previous shuttle Challenger flight (February 3-11, 1984),
Ronald McNair recorded the attached message. Upon his return,
General Abrahamson, then Associate Administrator for Space
Transportation Systems, presented Ronald McNair with a plaque
with this message inscribed on it.

This is the message that Mrs. McNair referenced in her telephone
conversation with you.

Attachment



FROM THE SPACE SHUTTLE CHALLENGER

OVER THE PAST TWENTY FIVE YEARS, SPACE TRAVELLERS HAVE
REPEATEDLY SPOKEN OF THE ASTOUNDING BEAUTY OF THE EARTH AS SEEN
FROM THE UNIQUE PERSPECTIVE OF SPACE . IN THE NEXT FEW YEARS,
NASA WILL BE FLYING SOME PRIVATE CITIZENS EQUIPPED WITH TALENTS
AND EXPERTISE THAT WILL ENABLE THEM TO BETTER DESCRIBE THE SPACE
EXPERIENCE. 1IN THE MEANTIME, YQUR STUCK WITH PEOPLE LIKE ME-
SCIENTISTS, PILOTS, AND ENGINEERS.

IT JUST SO HAPPENS THAT I BROUGHT ALONG MY SOPRANO SAXOPHONE, AND
WITHIN THE CONFINES OF MY VERY LIMITED MUSTCAL SKILLS, I WISH TO
PRESENT YOU A MEDLEY OF TEREZE SONGS.

THE PIRST IS ABOUT TEE BEAUTY OF OUR NATICN AND THE GREATNESS OF
THE AMERICAN PZOPLE. IT IS ENTITLED TAMIRICA THE BEAUTIFUL". WE
AMERICANS ARE BY NO MEANS A PERFECT PEOPLE, BUT WE ARE INDEED THE
BEST THAT CIVILIZATICN EAS MANAGED TC PRODUCE.

THE SECOND AND THIRD SONGS ARE DEDICATED TO EVERY MAN, WOMAN, AND
CHILD IN EVERY CONTINENT CN THIS PLANET. THE SECOND SONG OFFERS
A SOLUTION TO MALICE THAT EXISTS AMONG US. 1IT IS ENTITLED "WHAT
THE WORLD NEEDS NOW IS LOVE SWEET LOVE". THE THIRD SONG
ADDRESSES WHAT WE AS INDIVIDUALS CAN I TC MAYE THE WORLD A
SETTER PLACE FOR EVERYONE. IT 1§ ZNTITLIZID "REACH CUT AND TOUCH
SOMEBCODY 'S HAND",

ORTION AND DETERIORATION OF

I REALIZE THAT THERE WIL. BE
IT 3 SinCERAELY HOPY THAT THE

T

TEE SOUND BEFOREZ IT AEACHES
THOUGHT AND THE MESSAGE IS
THEANK YQU AND HAVEZ A GOCD DAY

RON MCNAIR FEB 3-31, 1884.
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Space Administration ) I

Washington, D.C. 20546 /L’ Zj

AC 202-453-8400 3.0/
' For Release:

Sarah Keegan July 28, 1986

Headquarters, Washington, D.C. 4:30 p.m. EDT

(Phone: 202/453-8536)

RELEASE NO: 86-100
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RADM Richard H. ly, Associate Administrator for Space Flight,
today released __, es of the final report from Dr. Joseph P. Kerwin,
Director of Life Sciences at the Jphnson Space Center, Houston, on
the investigation into the cause of death of the Challenger
astronauts, along with a transcript of the operational recorder tape
containing the internal communications among the members of the
Challenger crew.

A thorough review of the wreckage and all other available data from
the Challenger flight has been completed. NASA is unable to
determine positively the cause of death of the Challenger astronauts
but has established that it is possible, but not certain, that loss
of consciousness did occur in the seconds following the orbiter
breakup.

The voice tape transcript contains the comments of Challenger
astronauts Francis R. Scobee, Michael J. Smith, Ellison S. Onizuka
and Judith A. Resnik for the period from 2 minutes, 5 seconds prior
to launch through loss of data.

NASA's announcement on July 17, 1986, stated that the initial review
of the voice tape indicated that the crew was unaware of the events
preceeding the breakup of the orbiter. Detailed analysis showed
that the final comment on the tape provided the first potential
indication of awareness on their part at the moment when all Jdata
was lost at 73 seconds into the flight.

Admiral Truly stated, "Many dedicated people, both from within NASA
and from other agencies, have devoted long hours and many months,
first to recover the Challenger crew module from the ocean floor,
and then to examine all available evidence to establish the cause of
death of the crew. Their work deserves the admiration and thanks of
the American people, and I believe their efforts have now closed
this chapter of the Challenger loss. We have now turned our full
efforts to the future, but will never forget our seven friends who
gave their lives to America's space frontier."



NASA

National Aeronautics and
Space Adminisiration

Washington, D C.
20546

NASA has completed its analysis of the Challenger operational recorder voice
tape. The enclosed transcript reveals the comments of Commander Francis R.
Scobee, Pilot Michael J. -Smith, Mission Specialist 1 Ellison S. Onizuka, and
Mission Specialist 2 Judith A. Resnik for the period of T-2:05 prior to launch
through approximately T+73 seconds when loss of all data occurred. The
operational recorder is automatically activated at T-2:05 and normally runs
throughout the mission. During the period of the prelaunch and the launch phase
covered by the voice tape, Mission Specialist 3 Ronald E. McNair, Payload
Specialist 1 S. Christa McAuliffe, and Payload Specialist 2 Gregory B. Jarvis
were scated in the middeck and could monitor all voice activity but did not make

any voice reports or comments.



TRANSCRIPT OF TIIE CHALLENGER CREW COMMENTS FROM THE OPERATIONAL RECORDER

- CDR Scobee
PLT Smith
MS 1 Onizuka
MS 2 Resnik

Would you give that back to me?

Two minutes downstairs; you gotta
watch running down there?

OK there goes the lox arm.

Doesn't it go the other way?

it was behind the center screen.

Got your harnesses locked?

Time Crew -

(Min:Sec) Position =~ Crew Comment
T-2:05 MS 2

T-2:03 MS 2 Security blanket.
T-2:02 MS 2 Hmm,

T-1:58 CDR

T-1:47 PLT

T-1:46 CDR Goes the beanie cap.
T-1:44 MS 1

T-1:42 Laughter.

T-1:39 MS 1 Now I sec it; I see it.
T~1:39 PLT God I hope not Ellison.
T-1:38 MS1 I couldn't see it moving;
T-1:33 MS 2

T-1:29 PLT What for?

NASA-Provided Description

Two minutes till launch.

Liquid oxygen supply arm to ET.

Liquid oxygen vent cap.

Obstructed view of liquid
oxygen supply arm.

Seat restraints.



Time

Crew

(Min:Sce) Position  Crew Comment

T-1:28 CDR I won't lock mine; I might have
to reach something.

T-1:24 PLT Ooh kaaaay.

T-1:04 MS 1 Dick's thinking of somebody there.

T-1:03 CDR Unhuh.

T-59 CDR One minute downstairs.

T-52 MS 2 Cabin pressure is probably going
to give us an alarm.

- T-50 CDR OK.

T-47 CDR OK there.

T-43 PLT Alarm looks good.

T-42 CDR OK.

T-40 PLT Ullage pressures are up.

T-34 PLT ‘ Right engine heliuin tank is just a
little bit low.

132 CDR It was yesterday, too.

T-31 PLT OK.

T-30 CDR Thirty seconds down there.

T-25 PLT Remember the red button when you
make a roll call.

T-23 CDR 1 won't do that; thanks a lot. =

T-1%5 CDR Fifteen.

NASA-Provided Description

One minute till launch.

Caution and warning alarm.
(Routine occurrance during prelaunch).

Cabin pressure is acceptable.

External tank ullage pressure.

SSME supply helium pressure.

30 seconds till launch.

Precautionary reminder for
communications configuration.

15 seconds till launch.



T+0
T+1
T+7
T+11

T+14

T+15
T+16
T+19

T+20
T+22

T+28

T+30
T+35
T+40

T+41

Houston, Challenger roll program.

Looks like we've got a lotta wind

It's a little hard to see out my

There's ten thousand feet and Mach

Crew
Position Crew Comment
CDR There they go guys.
MS 2 All right.
CDR Three at a hundred.
MS 2 Aaall riiight.
PLT Here we go.
CDR
PLT Go you Mother.
MS 2 LYLH.
MS 2 (Expletive) hot.
CDR Qoohh-kaaay.
PLT
here today.
CDR . Yeah.
CDR
window here.
PLT
point five.
Garble.
CDR Point nine.
PLT There's Mach one,
CDR

Going through nineteen thousand.
P ’

NASA-Provided Description

SSME ignition.

SSME thrust level at 100%
for all 3 engines.

Vehicle motion.

Initiation o‘f vehicle roll program.

Reminder for cockpit switch configuration
change. (Local vertical/local horizontal).

Altitude and velocity report.

Velocity report (0.9 Mach).
Velocity report (1.0 Mach).

Altitude report (19,000 ft.)



OK, we're throttling down,

Thirty-five thousand going through

Rrreading four eighty six on mine.

Yep, that's what I've got, too.

Time Crew
(Min:Sec) Position Crew Comment
T+43 CDR
T+57 CDR Throttling up.
T+58 PLT Throttle up.
T+59 CDR Roger.
T+60 PLT Feel that mother go.
T+60 Woooohoooo.
T+1:02 PLT
one point five.
T+1:05 CDR
T+1:07 PLT
T+1:10 CDR Roger, go at throttle up.
T+1:13 PLT Uhoh.

T+1:13

LOSS OF ALL DATA.

NASA-Provided Description

Normal SSME thrust reduction during
maximum dynamic pressure region.

-

Throttle up to 104% after maximum
dynamic pressure.

Altitude and velocity report
(35,000 ft., 1.5 Mach).

Routine airspced indicator check.

SSME at 104%.
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National Aeronautics and : N]\Sj\
Space Admunistration ) '

Lyndon B. Johnson Space Center -~
Houston, Texas
77058

SA

RADM Richard H. Truly

Associate Administrator for Space Flight
NASA Headquarters :

Code M

wWashington, DC 20546

Dear Admiral Truly:

The search for wreckage of the Challenger crew cabin has been completed. A
team of engineers and scientists has analyzed the wreckage and all other
available evidence in an attempt to determine the cause of death of the
Challenger crew. This letter is to report to you the results of this effort.

The findings are inconclusive. The impact of the crew compartment with the
ocean surface was so violent that evidence of damage occurring in the seconds
which followed the explosion was masked. Our final conclusions are:

o the cause of death of the Challenger astronauté cannot be positively
determined;

o the forces to which the crew were exposed during Orbiter breakup were
probably not sufficient to cause death or serious injury; and

0 the crew possibly, but not certainly, lost consciousness in the seconds
following Orbiter breakup due to in-flight loss of crew module
pressure.

Qur inspection and analyses revealed certain facts which support the above
conclusions, and these are related below:

The forces on the Orbiter at breakup were probably too low to cause death or
serious injury to the crew but were sufficient to separate the crew
compartment from the forward fuselage, cargo bay, nose cone, and forward
reaction control compartment. The forces applied to the Orbiter to cause such
destruction clearly exceed its design limits.

The data available to estimate the magnitude and direction of these forces
included ground photographs and measurements from onboard accelerometers,
which were lost two-tenths of a second after vehicle breakup.



-

Two independent assessments of these data produced very similar estimates.
The largest acceleration pulse occurred as the Orbiter forward fuselage
separated and was rapidly pushed away from the external tank. It then pitched
nose-down and was decelerated rapidly by aerodynamic forces. There are
uncertainties in our analysis; the actual breakup is not visible on
photographs because the Orbiter was hidden by the gaseous cloud surrounding
the external tank. The range of most probable maximum accelerations is from
12 to 20 G's in the vertical axis. These accelerations were quite brief. In
two seconds, they were below four G's; in less than ten seconds, the crew
compartment was essentially in free fall. Medical analysis indicates that
these accelerations are survivable, and that the probability of major injury
to crew members is Tow. -

After vehicle breakup, the crew compartment continued its upward trajectory,
peaking at an altitude of 65,000 feet approximately 25 seconds after
breakup. It then descended striking the ocean surface about two minutes and
forty-five seconds after breakup at a velocity of about 207 miles per hour.
The forces imposed by this impact approximated 200 G's, far in excess of the
structural limits of the crew compartment or crew survivability levels.

The separation of the crew compartment deprived the crew of Orbiter-supplied
oxygen, except for a few seconds supply in the lines. Each crew member's
helmet was also connected to a personal egress air pack (PEAP) containing an
emergency supply of breathing air (not oxygen) for ground egress emergencies,
which must be manually activated to be available. Four PEAP's were recovered;
and there is evidence that three had been activated. The nonactivated PEAP
was identified as the Commander's, one of the others as the Pilot's, and the
remaining ones could not be associated with any crewmember. The evidence
indicates that the PEAP's were not activated due to water impact.

It is possible, but not certain, that the crew lost consciousness due to an
in-flight loss of crew module pressure. Data to support this is:

0 The accident happened at 48,000 feet, and the crew cabin was at that
altitude or higher for almost a minute. At that altitude, without an
oxygen supply, loss of cabin pressure would have caused rapid loss of
consciousness and it would not have been regained before water impact.

0 PEAP activation could have been an instinctive response to unexpected
loss of cabin pressure.

0 If a leak developed in the crew compartment as a result of structural
damage during or after breakup (even if the PEAP's had been activated),

the breathing air available would not have prevented rapid loss of
consciousness.

0 The crew seats and restraint harnesses showed patterns of failure which
demonstrates that all the seats were in place and occupied at water
impact with all harnesses locked. This would likely be the case had
rapid loss of consciousness occurred, but it does not constitute proof.



Much of our effort was expended attempting to determine whether a loss of
cabin pressure occurred. We examined the wreckage carefully, including the
crew module attach points to the fuselage, the crew seats, the pressure shell,
the flight deck and middeck floors, and feedthroughs for electrical and
plumbing connections. The windows were examined and fragments of glass
analyzed chemically and microscopically. Some items of equipment stowed in
lockers showed damage that might have occurred due to decompression; we
experimentally decompressed similar items without conclusive results.

Impact damage to the windows was so extreme that the presence or absence of
in-flight breakage could not be determined. The estimated breakup forces
would not in themselves have broken the windows. A broken window due to
flying debris remains a-possibility; there was a piece of debris imbedded in
the frame between two of the forward windows. We could not positively
identify the origin of the debris or establish whether the event occurred in
flight or at water impact. The same statement is true of the other crew
compartment structure. Impact damage was so severe that no positive evidence
for or against in-flight pressure loss could be found.

Finally, the skilled and dedicated efforts of the team from the Armed Forces
Institute of Pathology, and their expert consultants, could not determine
whether in-flight lack of oxygen occurred, nor could they determine the cause
of death.

P \Gwwsin

seph P. Kerwin
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SUBJECT: ENCLOSES COPY OF LETTER FROM WILSON A.
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SPACE SHUTTLE CHALLENGER ACCIDENT AND HIS
VIEWS ON ITS CAUSE
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REFER QUESTIONS AND ROUTING UPDATES TO CENTRAL REFERENCE
(ROOM 75,0EOB)} EXT-2590

KEEP THIS WORKSHEET ATTACHED TO THE ORIGINAL INCOMING
LETTER AT ALI. TIMES AND SEND COMPLETED RECORD TO RECORDS
MANAGEMENT.

Y oaesshe L






ROBERT L. LIVINGSTON

“ . 1sT DisTRICT, LOUISIANA

APPROPRIATIONS COMMITTEE

BUBCOMMITTEE:
DEFENSE

PERMANENT SELECT COMMITTEE
ON INTELLIGENCE

Congress of the Tnited States
Pouge of Repregentatibes
Washington, BE 20515

February 11, 1987

Mr. William L. Ball, III
Assistant to the President
j\Eu for Legislative Affairs
The White House
Washington, D.C. 20500

Dear Will:

The_attached communication is submitted for your consideration,
ask that the request made therein be complied with, if possible.

F60739

WASHINGTON OFFICE:

Room 241£
RAYBURN HoUSE OFFICE BUILDING
WAasHINGTON, DC 20616
(202) 225-3018

DISTRICT OFFICE:
111 VETERANS BLvD.
Suire 700
METAIRIE, LA 70006
(504) 689-27863

and to

If you will advise me of your action in this matter and have the letter

returned to me with your reply, I will appreciate it.

With kindest regards, I remain

Sincerely,
¢ o,ﬁ
27/
ROBE L. INGSTON

Member of C#ngress

RLL/ws

Enclosure
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THE WHITE HOUSE ﬁ_@jﬂ /
WASHINGTON _ _
/S

April 21, 1986

MEMORANDUM FOR DONALD T. REGAN

FROM: ALFRED H. KINGON ﬁ?///
SUBJECT: NASA
1. R . - - . . -

The seven coffin containers will be flown to Dover Air
Force Base next week. Graham inquired as to a low-key,
dignified ceremony. I notified him that the President and
you, etc., will be traveling abroad.

The Vice President could conceivably do this or perhaps we

should just let these remains be quietly transferred to the
families.

2. The Rogers Commission report will be completed just about
the time you return from the Summit and go to the printers.
It will be finalized and ready for public distribution on
or about June 1.

I will have a summary of its findings for you before you
leave. You may want to consider how we want to handle the
report. ‘

A. The Commission can release its report to the
public.

B. The Commission can present its report to the
President and release it to the public.

cC. The Commisison can present its report to the
President and the President can release it to the
public.

I recommend that we have no ceremony at Dover and that the
report be presented to the President and the White House makes
it public.

Agree Disagree Discuss
















Ysir<7

January 27, 1987

\Q}J o
Mr. William L. Ball, III
Assistant to the President
for Legislative Affairs
1600 Pennsylvania Avenue, N.W.
Washington, D.C. 20500

RE: Admin. - Transmittal/Poem - (Buford) - Ball

Dear 1:

I have been asked by Mr. and Mrs. Buford to forward the attached
to the President. As you will note, the Buford's have written a
poem in tribute to both the Challenger crew and Mr. Reagan.

While I know you receive thousands of pieces of correspondence,
it would be appreciated if you could acknowledge the Buford's
effort.

With kind regards,

Sincerely,

7744

BiZl Chappell
ngressman

BC:shh

Enclosure
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T HE WHTITE HOUSE OFFICE

REFERRAL

MARCH 17, 1987

TO: NATIONAL AERONAUTICS AND SPACE ADMINISTRATION
ATTN: JACK MURPHY

ACTION REQUESTED:
DIRECT REPLY, FURNISH INFO COPY

DESCRIPTION OF INCOMING:
ID: 460739
MEDIA: LETTER, DATED FEBRUARY 11, 1987
TO: WILLIAM BALL

FROM: THE HONORABLE ROBERT L. LIVINGSTON
U.S. HOUSE OF REPRESENTATIVES

WASHINGTON DC 20515

SUBJECT: ENCLOSES COPY OF LETTER FROM WILSON A,
MIRAMON OF SLIDELL, LOUISIANA CONCERNING THE
SPACE SHUTTLE CHALLENGER ACCIDENT AND HIS
VIEWS ON ITS CAUSE

PROMPT ACTION IS ESSENTIAL -~- IF REQUIRED ACTION HAS NOT BEEN
TAKEN WITHIN 9 WORKING DAYS OF RECEIPT, PLEASE TELEPHONE THE
UNDERSIGNED AT 456-7486.

RETURN CORRESPONDENCE, WORKSHEET AND COPY OF RESPONSE
(OR DRAFT) TO:
AGENCY LIAISON, ROOM 91, THE WHITE HOUSE, 20500

SALLY KELLEY
DIRECTOR OF AGENCY LIAISON
PRESIDENTIAL CORRESPONDF™™™



tarch 12, 19§87

Dear Bob:

I would like to thank vou for vour February 11 letter and
epologize for my delay in responding to your inquiry on behalf?
of Mr, Vilson A. Miramon,

t was thoughtful of vou to offer thes Administration the
benefit of Mr, Miremon's opinion with respect to possible
contributing factors to the Challenger accident., I will be
pleased to share your constituznt's remarks with the
appropriate officials at the National Aeronautics and Space
Administration and ask that they review his comments and
provide a furthcr response,

With best wishes,

Sincerely,

William L. Ball, III
Aseistant to the President

The KHonorszble Robasrt L. Livinaston
House of Representatives
Jaghington, D.C. 20515

WLB:KRJ:hlb

cc: w/copy of inc to Jack Murphy, cong affrs, NASA - for
DIRECT response



ROBERT L LIVINGSTON

“ o . 107 DISTRICT, LOuisiana

APPROPRIATIONS COMMITTEE

SUBCOMMITTEE.
DEFENSE

PERMANENT SELECT COMMITTEE
ON INTELLIGENCE

Congress of the Enited States
House of Representatibes
Sashington, BE 20515

February 11, 1987

Mr. William L. Ball, III
R') Assistant to the President
\}J for Legislative Affairs
The White House
Washington, D.C. 20500

Dear Will:

T e ST

760739,

WASHINGTON OFRICE:
Roow 2412 7
Ravsunm Houst OFcE Bunding
Wasnumcron, DC 20618
(202) 228-3018

DISTRICY OFFICE:

111 Vrveaans Buvo.
Sum 700
Mrvamit, LA 70008
(504) 685-2783

The_attached _communication is submitted for your consideration, and to

ask that the request made therein be complied with, if possible.

If you will advise me of your action in this matter and have the letter

returned to me with your reply, 1 will appreciate it.

With kindest regards, 1 remain

Sincerely,

27/
ROBE L. INGSTON
Member of ngress

RLL/ws

Enclosure
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National Aeronautics and Space Administration
Office of Legisiative Affairs
ghég;awncsarn

o Washingan B EPY 24, 1987 ‘
C21003f /7’3."7«/4/7‘4?
Office of the

T0: Honorabhle Robert L. Livingston
ATTH: VS
House of Kepresentatives

| Washington, DC 20515

eamad.

Re: Your fiaquiry of February 11}, 19&7
t sending you the following:
hb BeE?P{‘éer tokyogrfreggees ,rweepagg teno lf gtyhe Presid esn tial
Comzission on the Spece Shuttle Challenger
Accident entitled, "The Cause of the
Accident.”

[P OSSR P T WS SR TN

The Comrission found that the cause of the
eccident resulted from the faflurc of the j
pressure seal in the aft field joint of the
i right solid rocket booster.

Kegardlees, we have forwarded Mr., Wilson A.

Miramop's letter to the Office of Space Flight
vhich is responsible for the Space Shuttle 1
pProgram. 1

We trust that this information will be useful
to ’ou.

.-'/

,

Sincerely,

S,

| Sig . 1 T ..-,;'-"' vy 3
i , AN , _/ ]
1 Hark K. Kleinsorge

Legislative Affairs Specialist

E 1 Enclosure 1
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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:

m 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?

m Finally, what was the mechanism of failure?

Using mission data, subsequently completed
tests and analyses, and recovered wreckage, the

40

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.
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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:

8 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?

m Finally, what was the mechanism of failure?

Using mission data, subsequently completed
tests and analyses, and recovered wreckage, the

40

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 in identifying possible faults or failures

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

m Premature detonation of the External Tank
range safety system

m Structural flaw

m Damage at lift-off

m Load exceedance

® 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 Propellant Feed,
Pressurization
Lines
ET/Orbiter
Aft Attach
ET/Orbiter g
. SR
integral Stringers Forward Attach é";\\r
ET/SRB Forward Attach '
B S /A
Liquid Liquid Oxygen Slosh '

Oxygen Baifles
Vent =g

Vaive and
Fairing

Partial cutaway drawing of Externai Tank shows oxygen tank
at left, intertank to its right and hydrogen tank at right.

Intertank

Intertank
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Plate
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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.5 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 lbs/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.?

42

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
“Teaking 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 Commission reviewed the External Tank’s con-
struction records, acceptance testing, pre-launch and flight
data, and recovered hardware and found nothing relating
to the External Tank that caused or contribuled 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
1s 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-

e —— e — - ot e . bt
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Figure 2 Main Engines
12 in. Feedlines

17 in. Feedlines
Orbiter Lower Surface

Liquid
Hydrogen

External Tank

Schematic drawing depicts liquid oxygen and liquid
hydrogen tanks and the feedlines connecting them to the
Space Shuttle Main Engines.

Figure 3
Position 1
S/N 2023

Position 2
S/N 2020

Position 3
S/N 2021

Rear view drawing identifies the positions and numbers of
the engines mounted on the Orbiter Challenger for the flight
of Mission 51-L.

contained systemn 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 differer -es 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.??
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 cansistent 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

Orbiter
Prevalve

Liquid Hydrogen

Orbiter
Prevaive

Liquid Oxygen

LA L

7
/ ///rl//////ﬂly r i
% Hot Gas @ ///

P7777777777777
Hot Gas
PR

oVl

Drawing identifies principal elements in Space Shuttle Main

Engines, three of which are mounted on the aft of each Or-
biter.
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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
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The increased temperature caused an increase in
pump speed. This could not, however, increase
the fuel pressure because of a decrease in fuel tank
;op (ullage) pressure resulting from the burned
rhrough 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 1t 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 reacting 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
failure. 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 Commission 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
Engires, the forward fuselage including the crew
module, the right inboard and outboard elevons,
a large 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
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Figure 5

1 Orbital Maneuvering System
Two engines
Thrust level = 6,000 pounds each

Propeliants
Monomethyl hydrazine (fuel) and
nitrogen tetroxide (oxidizer)

Propellants

2 Reaction Control System
One forward module, two aft pods

38 primary thrusters (14 forward, 12 per aft pod)
Thrust level = 870 pounds each

Six vernier thrusters (two forward, four aft)
Thrust level = 25 pounds each

Propellants
Monomethy! hydrazine (fuel) and

nitrogen tetroxide (oxidizer)

Three engines
Thrust level = 375,000 pounds each

Liquid hydrogen (fuef) and -
liquid oxygen (oxidizer)

3 Main Propulsion

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 Orbiter 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 unit 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,
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Figure 6
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Sketch of Space Shuttle Orbiter in the landing configuration
viewed from -Y position identifies aerodynamic flight surfaces.

Fuselage

Aft
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and there were no unintentional firing command
indications.?! 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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normallyduring the flight. The smoke detection
and fire suppression subsystem and airlock sup-
port subsystem both functioned normally. The
waste collection subsystem is tnoperative during
the launch phase, and no data were available.?>

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 Commis-
sion 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 STS
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 Commission 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, IUS, 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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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
51-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.?8
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
IUS/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, were continuous until data loss, verify-
ing that these elements did not separate.

The TDRS spacecraft weighs approximately
4,905 pounds and is 9.5 feet 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.
Thésé 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 subsystemn 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.

e e,
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peconstructed STS 51-L Loads Compared to Measure and Design Loads Figure 9

Measured Net Load Recon- Design
) - structed Loads
Aft ET/SRB STS 1 STS 2 STS 3 STS 5 STS 6 STS 7 STS 51-L

Struts (LBix10%  (LBx10%)  (LBx10%)  (LBix10%)  (LB;x10%  (1Bx10%) | (LBx10%) | (LBx109)

P8 —86 -93 -78 -55 -76 -76 —-139 - 306

P9 142 126 S 141 122 120 138 393

P10 —-150 —128 -105 = -94 . -105 -116 -108 —~306

P11 -93 -75 -7 - 58 -85 -7 —141 — 306

P12* 137 138 124 116 121 140 393

P13 -172 —108 —111 -111 -102 —-106 ~94 —306

~Strut Nearest Point of Failure
L8, = 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.

Aft External Tank/Solid Rocket Booster Liftoff Strut Loads

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

® 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)

p12*

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 108 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 108 pounds).
The highest load occurred at the forward field
Joint, 15.2 x 108 pounds. The mid-joint load was
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13.9 x 10° pounds, while the aft joint showed
13.8 x 108 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 (c). 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 10°
pounds for the aft field joint. Compared to the
internal pressure loads, the dynamic variations
due to wind shear were small —about !5 those
of the pressure loads. These loads were well below
the design limit loads and were not considered the cause
of the accident.







ey T TR

Cutaway view of the Solid Rocket Booster showing Solid
Rocket Motor propeliant and att field joint
Figure 13 .

4 Separation Motors
22,050 Ib thrust each ™

Solid Rocket Motor
Aft Field Joint

Solid Propefiant ,

Main Parachutes (3)

4 Separation Motors
22,050 Ib thrust each
Drogue Chute

. Forward
Skirt
Frustum

Nose Fairing

Nozzle and Thrust Vector
Contro! System

Aft Skirt and
Launch Support

Booster-External Tank Attachment
Ring, Aft Avionics and Sway Braces

Dimensions

Length .......... 149.16 f1 (45.46 m)
Diameter ......... 1217 (3.70m)

SRB-External Tank
Thrust Attachment

Rate Gyro Assemblies (3),
Separation Avionics, Operational
Flight tnstrumentation, Recovery
Avionics, and Range Safety System

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 38 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,







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.







segment to the side by 0.200 inches, and the max-
imum stress on the case clevis that this causes.
The analysis further addressed a condition that
has been encountered, where the tang sits on top
of the inner clevis leg on one side and slips down
into the clevis groove on the opposite side.
The result of this analysis is that the stresses
induced during the operation were low and would
not have resulted in hardware damage. Also, the
stresses would have resulted in significant growth

of an undetected flaw, which then would be de-==

tectable by inspection on its next use.

Gap Opening

The gap to be sealed between the tang and the
inside leg of the clevis opens as the combustion
gas pressure rises. This gap opening was
calculated as a function of pressure and time by
an analysis that was calibrated to joint deflections
measured on a structural test article. The analysis
extended the results beyond test calibration con-
ditions to include propellant effects and external
loads. The initial static gap dimensions combined

tively.

with the time history of the gap opening deter- ‘

mined the minimum and maximum gap condi-
tions used for testing the capability of the O- -rings
to seal.

The joint deflection analysis established time
histories for gap openings for primary and sec-
ondary O-rings for all field joints. For the aft fielq
joints these data indicate gap opening increases
of approximately 0.029 inches and 0.017 inches
for the primary and secondary O-rings respec-
These values were used for sub-scale
dynamic tests. Due to differences in motor
pressure and loads, the gap opening increases for
forward field joints are approximately 0.008
inches greater than for the aft field joints. Gap
opening changes (called delta gap openings) ver-
sus time are shown in Figure 17 for the aft field
Joints. The total gap at any time also depends on
the initial static gap, on rounding effects during
segment pressurization, and on loadings due to
struts and airloads. Sub-scale tests were run con-
taining combinations of the above variables, but
did not include the effects of the struts and
airloads.

Pressurized Joint Deflection

interior

) Exterior
Interior

) Exterior

v

\

Pressurized Joint
(Exaggerated)

Unpressurized Joint

Figure 16

Drawings show how tang/clevis joint deflects during
pressurization to open gap at location of O-ring slots. Inside of
motor case and propellant are to left in sketches.

Right Hand SRM Aft Field Joint Primary And
Secondary Delta Gap Opening
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Graph plots changes in right booster's aft field joint primary

and secondary gap openings. Horizontal scale is time in
milliseconds from ignition.
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Aft Right Segment Temperatures for STS 51-L
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Figure 20

Temperature model for 51-L right solid booster aft segment
circumferential positions from 16.5 hours prior to launchto 3.5

hours after launch.
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——.— 1108

e 1107 } Thermal Model Nodes

11107

1108

1106
1101

- 1102

“ [ 1108

1104
1105

w
g
(=]
a
£
ol
K
20.
00.0 05.0 100 150
TIME-HOURS
Figure 21

Temperature model for 51-L left solid booster aft segment cir-
cumferential positions from 16.5 hours prior to launch until 3.5

hours after launch.
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Field Joint Distress

SRB

(right ) .~ Previous

or Angular Joint Use of Type of
Flight Jont left) location Temp (°F) Segments (2) Distress
STS-2 AFT RH 090 70 none/none Erosion
41-B FWD LH 351 57 1/none Erosion
41-C AFT LH N/A 63 1/1 O-ring heat
41-D FWD RH 275/110  -—-- _70 2/none Erosion
51-C FWD LH 163 53 . 1/none Erosion
51-C (3) MID RH 354 53 11 Erosion
61-A MID LH 36-66 75 none/none Blow-by
61-A AFT LH 338/018 75 none/none Blow-by
61-C AFT LH 154 58 1/none Erosion
51-L AFT RH 307 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-fiith 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 is possible that water got into some, if not
all STS 51-L field joints. Subsequent to the
Challenger accident, it 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 ST'S-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
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50 psi to 100 psi and then to 200 psi. The conse-
quence of increasing the pressure is 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 System. This indentation was
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Figure 25
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
is 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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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
is uncertain if this tight condition and
the resultant greater compression of the
O-rings at these points persisted to the
time of launch.

6. The ambient temperature at time of launch
—. was 36 degrees 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

joints 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-
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