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Introduction

The Launch of
the Space Shuttle

On April 12, 1981,

Joe Kilminster, the Vice-President of
Space Booster Programs at Morto
Thiokol, Inc. (MT]I), flipped the telecon-
ference switch in the MTI conference

since NASA worked very hard to com-
plete nine missions in 1985. William P.
Rogers, Chairman of the Rogers Commis-
sion, explained:

...the attempt to build up to 24 mis-
sions a year brought a number of dif-
ficulties, among them the compres-
sion of training schedules, the lack
of spare parts, and the focusing of
resources on near-term problems....
The part of the system responsible for
turning the mission requirements and
objectives into flight software, flight

trajectory information and crew

training materials was struggling to

the world watched the
OrbiterColumbiaclimb
into space (Figure ).
After nine years of de-
signing the first space
shuttle, engineers and  The “routine” sentiment toward the
launches. Although MTI and NASA had managers throughout Shuttle operations not only strained re-
encountered problems with the Solid the United States cel- sources, but also created a sense of secu-
Rocket Booster field joint during 1972 toebrated its first flight. NASA had beenrity among the Shuttle team. William
1980, design modifications of larger O-working with several contractors sinceRogers explained this trend:

rings and thicker shims had been insti1972 to produce the Space Shuttle as a
tuted to help fix the problem. There hadneans of reusable and cost-effective
been questions created by a MTI taskransportation into space. The roar of
force and Marshall Space Center manage&olumbids solid rocket boosters signi-
ment about the reliability of the O-rings.fied a success for the Space Shuttle team.
However, during the teleconference on The ascent ofColumbiain 1981
January 27, Mr. Kilminster was sur- marked the first of four test flights of the
prised to learn the seriousness of the sitigpace shuttle system. These test flights
ation when MTI engineers wanted to reawere conducted between April 1981 and
verse the decision of the NASA FlightJuly 1982 with over 1,000 tests and data
Readiness Review and persuade MTI andollection procedures. The landing of
NASA management that Flight 51-L STS-4(Space Transportation System —4)
should not be launched the next day. MTin July 1982 concluded the orbital test
engineers were convinced that the posfight program with 95% of the objectives
sible effect of freezing temperatures oraccomplished. In other words, the NASA focus had
the SRB field joint could cause major At this point, NASA declared the shifted from developing effective space
problems within the Space Shuttle sysSpace Shuttle “operational” and a heavyransportation to using space transporta-
tems. As the teleconference proceedeldunch schedule was planned for the fution effectively.

and the engineers and managers debatgge. An early plan called for an eventual This new NASA focus propelled the
the issues, it became clear to Mrrate of a space mission per week but reakchievement of many Shuttle feats in its
Kilminster that a difficult decision must ism forced revisions. In 1985, NASA twenty-four missions between 1982 and
be made. MTI would have to decidepublished a projection calling for an an-1986. The Orbite€olumbiamade seven
whether or not to recommend that NASAnual rate of 24 flights by 1990. How- trips into space, th®iscoverysix, the
launch the STS 51-L, theéhallenger. ever, this seemed to be an ambitious go&tlantistwo, and th&Challengemine. In

keep up with the flight rate in late
1985...1t was falling behind because
its resources were strained to the
limit...

room on January 27 1986. MTI had
successfully created the Solid Rocke
Booster, the first solid fuel propellant sys
tem, for the NASA Space Shuttle and i
had worked without fail in all 24 Shuttle

Following successful completion of
the orbital flight test phase of the
Shuttle program, the Shuttle was de-
clared to be operational. Subse-
qguently, several safety, reliability,
and quality assurance organizations
found themselves with reduced and/
or reorganized functional capabil-
ity... The apparent reason for such
actions was a perception that less
safety, reliability, and quality assur-
ance activity would be required dur-
ing “routine” Shuttle operations.
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these 24 missions the Shuttle demoneountdown, all engines are ignited and th¢hat is 154 feet long and 27 feet in di-
strated its ability to deliver a wide vari- shuttle lifts off from the launch pad. Theameter. About 8 minutes after lift-off
ety of payloads, to serve as an orbitaSolid Rocket Boosters (SRBs) power thehe Orbiter jettisons the External Tank.
laboratory, to serve as a platform to erecOrbiter and the External Fuel Tank dur-The External Tank breaks up upon atmo-
large structures, and to help retrieve anéhg the first two minutes of flight. The spheric entry and is the only Space Shuttle
repair orbiting satellites. Appendix 1 SRBs are the largest solid-propellanttcomponent that is not reused.
chronologically summarizes the events irmotors ever flown and the first ever de- The flight in space begins when the
this case study. Appendix 2 provides asigned to be reused (Appendix 3). TheyOrbiter jettisons the external tank. Once
Marshall and MTI organizational chart. contribute about 80% of total thrust at lift- the Orbiter is in space, it uses its main
These accomplishments effectively mebff and each SRB has an approximatengines for maneuverability. The Orbiter
NASA's goals for the Space Shuttle.  thrust of 3,300,000 Ibs. at launch. Thes an aircraft-like structure with three
Orbiter main engines provide the othemarts: the forward fuselage with the pres-
The Space Shuttle 20% of the thrust. Approximately two surized crew compartment, the mid-fuse-
minutes after lift-off, the SRBs exhaustlage with the payload bay, and the aft fu-

The 1970s marked the developmentheir fuel and are jettisoned from the Or-selage with the main engine nozzles and
of the Space Shuttle (Figure 2). Thepjter and External Tank. The SRBs fallthe vertical tail. It can carry up to 8 as-
into a designated point in tronauts, launch 24 tons of cargo into
the ocean, where ships space, and return to Earth with 16 tons of
recover them. cargo.

After the SRBs de- After the experiments and activities of
tach, the Orbiter main the mission are complete, the Orbiter de-
engines propel the Or- scent/landing section begins. The re-en-
biter and the External try into the atmosphere is the first stage
Tank to the upper reachesof the descent. The Orbiter is covered
of the atmosphere. with delicate high temperature heat tiles
Throughout the launch, to protect it from the intense friction
the External Fuel Tank caused by the atmosphere upon re-entry.
provides the propellants The Orbiter descends through the atmo-
for the Orbiter’'s main sphere and lands at either Edwards Air
engines: 143,000 gallons Force Base in California or at Kennedy
of liquid oxygen, and Space Center in Florida. This landing on
383,000 gallons of liquid the concrete runway concludes the typi-
hydrogen. The External cal mission in space.

Fuel Tank is made from Although the mission profile and
welded aluminum alloy shuttle design was intricately planned, the

Drkit Imvariien Ml Dhp b dl i

shuttle had three major elements: twg
Solid Rocket Boosters, an External Fuel
Tank, and the Orbiter that houses the as-
tronauts.

With this design, both the Solid
Rocket Boosters and the Orbiter woulg
be re-used saving large manufacturing

b
" Deariir

costs and turn-around time. NASA's de- N,

sire to create a high frequency of flightg =

necessitated a detailed and consistent prp- ?ﬂ% - e
file for every shuttle mission. The profile M"' ey e R
documented the schedule of events that Negarn s Ty et e
would take place during a shuttle missior | [re—— k;:'"'"" I f

A shuttle mission consists of three pobpulii}
major events: launch into orbit, flight in Esaner
space, and the descent/landing on Earth.
A typical launch into orbit begins with
testing of the shuttle systems. Once test
ing of all systems is complete, the astrof
nauts enter the pressurized crew compal .
ment in the front of the Orbiter. After the Figure 3

(Figure 3). : ! ﬂl': e
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fiscal environment of the 1970s was ausure 4), the main propellants for the Shuttlecausing an explosion of the fuel. The
tere and the planned five-Orbiter fleet wagduring initial launch. A stack of cylin- explosion could result in the loss of the
reduced to four. These budgetary issuedrical segments, each SRB is 149.16 fmission as well as the lives of the astro-
were compounded by engineering probiong and 12.17 ft in diameter, and weighsiauts.

lems that contributed to schedule delaysapproximately 1,300,000 Ibs. at launch.  The Morton-Thiokol field joint de-
The initial orbital test flights were delayed = The segmented design allows thesign, based upon the Air Force’s Titan Ill
by more than two years. The first testboosters to be easily transported by raisolid-fuel rocket field joint, is illustrated

craft was the OrbiteEnterprise a full size  between MTI's complex in Utal —

model of the space shuttle without theand Kennedy Space Center |n g

engines and other systems needed for oFlorida. In Florida, the segments

bital flight. TheEnterprisewas used to are connected at Kennedy and  Sssmani Ting |

check the aerodynamic and flight controlsent on the mission. After each 1 'I""'"":

characteristics of the Orbiter in atmo-launch, the booster is split into . l"‘x T

spheric flight. TheEnterprisewas car- segments and shipped to Utgh, FheasdPasiing 2 .i"&‘f:,“"'

ried atop a modified Boeing 747 and re-where the solid rocket propellant s masd 1 '_ :;:;';:;p

leased for a gliding approach and landis replaced and the segments are - AFT Faging

ing at the Mojave Desert test center. Fiveshipped back to Florida. i ‘ darun

of these test flights seemed to validate the The Solid Rocket Motor ig . Tire Chvervibs

Orbiter's systems. After thEnterprise comprised of four of the booSter  Fussses sar il

test flights were completed in 1977, ex-segments (forward segment, for- I ———

tensive Shuttle ground tests followed.ward mid-segment, aft mid-seg- H I

These tests included vibration tests of thenent, and aft segment wit '-. b ;e""=-;--a.-r:1.ac--;.

entire assembly and tests of the variousozzle). The SRM is the MOSt ¢, cv B! / N

Shuttle parts. important part of the SRB bg- G insulaken ( BB
cause it contains the propellapt S G ! -

Joint Rotation on the SRM for the booster. Each segment [of

Field Joint the SRM is attached t0 anNOthEr  Hom hoi o Firs o tae it ot ab4a onpara 518
in Kennedy Space Center with ~ #***"

Morton Thiokol, Inc. (MTI) used three field joints (forward field Figure 5

many tests including joint lab tests, strucqoint, center field joint, and a

tural test articles, seven static firings, andield joint). The field joints not only hold in Figure 5. The lower edge of the top
two case configuration burst tests tohe booster together but also seal the hafegment has a protruding tang that fits
verify the performance of its product, thegases of the burning propellant within theinto the % inch deep clevis of the upper
Solid Rocket Motor. The Solid Rocket steel Casing of the booster. If gases |eahdge of the bottom Segment. A total of
Motor (SRM) is the principal component through the joint, they could possibly 177 steel pins go through the tang and
of the Solid Rocket Boosters (SRBs) (Fig-hurn through the wall of the external tankclevis to hold the segments together at
each joint.
The field joints maintain the structural
QoLID HDE’E"F'EJ_W':'E'TEH integrity of the Solid Rocket Booster
i during launch. Upon ignition of the Solid
% Rocket Booster, the pressure within the
b booster peaks at 1000 Ibs. per square inch
(psi) in less than a tenth of a second. The
4 & burning propellant creates hot gases that
’ - =i, are at a temperature of 5800 degrees
-:ETWl |-;=' T I-’ [ I' -I'II'I' I'I' 1*-{{0 |rII' Fahrenheit. There are two O-rings on the
Tl ph————— g, -] 1 ey inner flange of the clevis that seal the
] field joint, containing the pressure of the
hot gases from the burning propellant.

-
YT

mn Farime  Forges Lt i e b i e L

: : v o The O-rings are about 1/4 inch in section
" . .
o ) V) AT & S T i diameter and are made from heat resis-
“iﬁl |'_-,.IUL_IE','UL_'E,'Gﬁﬂl&_ﬁﬁtﬂ@ tant Viton rubber. However, an extremely
i T e B o B il wee small gap of 0.005 +/- 0.004-inch will
3 i —— i remain between the tang and the inside

leg of the clevis. Zinc chromate putty
protects the O-rings from direct exposure
to the hot gases. As the combustion gas
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between the motor segments, a mecha- SR FIELD JOINT several solutions to fixing the joint rota-
nism is created that forces the O-ring tq tion problem in a memo (Appendix 4).
seal the casing. The displacement of th =1 Ray visited the manufacturers of the O-
putty acts like a piston and compresses i g ring in 1979 and they recommended that
the air in front of the primary O-ring, forc- | i i | “tests which more closely simulate actual
ing the O-ring into the gap between the FOTIHI conditions [of flight] should be doné.”
tang and clevis. If the hot gases are able MY Marshall and Thiokol engineers followed
to “blow by” the putty and primary O- | | seoe=amsin coma Pius = L iy this advice and continued tests into 1980.
ring, the secondary O-ring was designeg: —r T ) After many tests, Marshall and Thiokol
to provide a redundant sealing function|! e i felt confident in the primary O-ring’s seal-
As the segments are stacked during as- T S F—_—_——— ing ability since it sealed in much more

sembly, leak-check ports test the O—ring’ severe conditions than was expected in a
sealing ability. . launch. When they purposely failed the
In 1977, Thiokol carried out an im- Other instead of toward each other. Thigyrimary O-ring, the engineers found that
portant hydroburst test that evaluated théint rotation enlarges the gap that the Opressure at ignition activated the second-
safety margin in the design of the steellNg mMust seal and reduced the O-ringyry O-ring, which sealed the joint, and
case segments. Hydroburst tests argdmpression between the clevis and thefilled the redundant function. Further
where the SRM case is pressurized withang (Figure 6. _ . tests proved that the joint would seal at
water to % times the expected pressure From further tests it was establishedcompression values lower than the indus-
of the motor at ignition. Although the testthat thisjoint rotation could be disas- try standard when three field joint aspects
showed that the steel case segments mépus. As seen in Figure 7, the primaryyere changed. The three changed aspects
their strength requirement, joint rotation©O-1ing is pushed into the gap between thgyere that the shim size was thickened, the
was discovered. tang and the clevis. This pushing causeghint metal tolerances were reduced, and
Joint rotation is a movement of aby distortion of the O-rings is known asthe O-ring size was increased.
joint’s tang and inner clevis flange with €xtrusion. . o At the completion of these satisfac-
respect to each other. Before ignition, the The joint rotation may also eliminate ory tests, engineers at Marshall and
SRBs walls are vertical and both O-ringsthe secondary O-ring's sealing ability. Thjokol unanimously agreed that al-
are in contact with the tang. At the timeSince neither O-ring may seal correctly,though the performance of the field joint
of ignition, internal pressure of 1000a momentary drop in air pressure ar_oun‘éieviated from expectations, it was an ac-
pounds per square inch (psi) swells eacke O-rings may occur. The seal of highlyceptable risk. In 1980, with the approach-
booster section’s case by21 inche§ompressed air, which was supposed tthg |aunch ofColumbia Marshall and
circumferentially. Since the joints are €qualize th.e pressure inside the _bQOSteMTI decided that, instead of redesigning
stiffer than the case, each section bulge®ay not exist for a few hundred millisec-the entire joint to solve the joint rotation
slightly. The O-ring measurements takerPnds during the mmal_pressure surge ofroblem (Option #4 in the Leon Ray
during the hydroburst test showed thath® space shuttle. Without the pressurghemo), they would use thicker shims
because of the swelling, the tang and€al. the hot combustion gases from thgoption #2) and larger O-rings (Option
clevis inner flanges bent away from eactPropellant could caus&blbwb_y" throm_Jgh #3) on current hardware, and all new
the putty and erode the O-ringsiosion  hardware would be redesigned. However,
| is the decomposition, vaporization, or sig-g redesign was not sanctioned until six
I | - nificant eating away of an O-ring's Cross-yegrs |ater. Therefore, all SRBs used be-
[ L section by combustion gases. If this erowyeen 1980 and 1986 had the 1977 field
|
|

sion became widespread, a flame patfyint design with thicker shims and larger

could develop and the booster could bursy.rings.

Panay % at the joint, destroying the entire booster, |y September 1980, the SRM, with the

} |II and the space shuttle itself. newly modified field joints, was certified
“emnire i ' MTI and Marshall Space Center hadpy the NASA Space Shuttle Verification/

! = ﬁl | to fix this joint rotation problem before certification Committee. Shortly after

i l they could certify the SRBs as a safe comhjs certification, the SRM field joints
| == | ponent of the Space Shuttle. Williamyere classified on the Solid Rocket
L_: ‘ Leon Ray was an engineer with Sciencgsgoster Critical Items List as criticality
b T

and Enginegring iq the Solid Motor category 1R (Appendix 5). NASA de-
y.— Branch, and it was his job to pursue anyines “Criticality 1R ” as any subsystem
" possible problems with the SRBHe  of the Shuttle that contains “redundant

' / became concerned about joint rotatiomargware, total element failure of which
-

|
|
A

!

ol

- ] after the hydroburst tests and sent numegoyid cause loss of life or vehicle.” The
| ager, Robert Glenn Eudy, urging him to

recommend a solution to the problém.
i In 1977, Leon Ray had recommended
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meant that NASA believed the second-
ary O-ring would pressurize and seal the
gap if the primary O-ring did not work.

Reclassification of SRM Field
Joint to Criticality 1

The SRM field joint was classified
under Criticality 1R between November
1980 to the flight of STS-5 in November
1982. Between the first and fifth flight
three significant events occurred that
caused NASA and Thiokol engineers to
rethink the field joint classification:

when you get joint rotation, you will to George Hardy, Deputy Director of the
lift the metal surfaces off the O-ring. Science and Engineering Directorate.
All right, that’s the one condition, This memo identified several problems
and that is a worst case condition in-with the putty of 41-B and was mainly
volving dimensional tolerances. Theconcerned with the charred rings on 41-
other condition is a temporal condi- B and “missing putty” that was discov-
tion which says that you have to beered when the Solid Rocket Boosters were
past a point of joint rotation, and of recovered and disassembl@gppendix 7).
course, that relates back to what |  Brian Russell, Thiokol's Manager of
just said. So first of all, if you dont System’s Engineering, decided that the
have this bad stackup, then you haveutty and itdayup (placement) was not
full redundancy. Now secondly, if at fault for the erosion. Russell argued
you do have the bad stackup, you hadhat the higher stabilization pressure
redundancy during the ignition tran- adopted irleak check proceduresfirst

sient up to the 170 millisecond implemented in one field joint on STS-9,
point...but that is the way | under- increased the chance of O-ring erosion.
the firstin flight erosion of the primary stand the Critical Items List” Russell stated that that the air pressure

O-ring. The erosion of .053 inches  This idea that the secondary O-ring/@rced through the joint during the O-ring
occurred in the right SRB's aft field would seal except for in the worst condi-'€2K check was creating more putty blow
joint and was caused by hot motorjons prevailed at both Marshall andn0!€s, which allowed more focused jets
gases. Thiokol. on the primary O-ring, thereby increas-
2. In 1982, Thiokol began tests of the ing the frequency of erosion. This hy-
method of putty placement and the efO-Ring Erosion and Putty pothesis is substantiated by the leak check

fect of the assembly of the rocket stages history shown in Figure 8. When the
on the integrity of the putty. Thiokol Between 1980 and 1984, the O-ringimpact of air pressure was only 50

conducted these investigations becauserosion/blowby problem was infrequent.pounds per square inch (psi), 10% of the
they believed blow holes in the insu-However, the erosion on STS 41-B,flights experienced anomalies (blowby or
lating putty were a cause of erosion orfaunched on February 3, 1984, was morerosion.) When the leak check impact
the STS-2. severe and caused concern amongas 100 psi, no flights experienced
3. In May 1982, high pressure O-ringMarshall and Thiokol engineers. Afteranomalies. When the leak check was
tests and tests of the new lightweighthis flight, Lawrence Mulloy, the direc- boosted to 200 psi, over half the Shuttle
motor case were conducted. Theséor of the SRB project at Marshall, sent amissions experienced O-ring blowby or
tests convinced Marshall managementétter to Thiokol which asked for a for- erosion. This corroborated Russell’s
that the secondary O-ring would notmal review of the booster field joint and theory that putty layup was not at fault
perform its redundant function if the Nozzle joint sealing procedures. Thiokolfor the O-ring erosion but that erosion and
joints rotated when the SRM reachedwas required to identify the cause of eroblowby were due to high impact by air
40% of its maximum expected operat-Sion, determine its acceptability, definepressure on the joint.
ing pressure. Since the dual O-ringgAny necessary changes, and reevaluate the Although impingement erosion did
were not aompletelyredundant sys- Pputty that was in use. seem to be a problem, lab tests convinced
tem, the Criticality classification was [N April 1983, Thiokol had conducted Thiokol that it should not stop future
changed from Criticality 1R (Appen- tests to study the behavior of the jointflights. In April 1981 Thiokol engineers
dix 5) to Criticality 1 in December, putty. These tests showed that the STS-@onducted tests on joint putty where they
1982 (Appendix 6). erosion was probably caused by “blowallowed a jet of hot gas to focus on a point
Although the Criticality classification holes” in the putty, which allowed a jet on the primary O-ring. They discovered

1. After the second flight, STS-2, in
November 1981, inspection revealed

was revised, Marshall management an@f hot gas to focus on a point on the prithat this focused jet impinged on portions
Thiokol still seemed to believe that themary O-ring. This focused jet of hot gase®f the O-ring and that thmaximunpos-
seal was redundant in all but the worstimpinged” or eroded portions of the O- sible impingement erosion was .090
conditions. Dr. Judson Lovingood, thefing. NASA engineers had identified twoinches. Further lab tests proved that an

Deputy Manager in the Shuttle Projectgdifferent types of erosionBlowby ero-
sion happens when the O-ring has nosion of .095 inches was simulated. This

Office at Marshall, explained:

O-ring would seal at 3,000 psi when ero-

“...There are two conditions you Sealed the joint gap and the edge of theafety margin convinced Marshall and
have to have before you dont haveO-ring erodes as the hot gas flows aroundhiokol to recommend the flight of STS
redundancy. One of them is what lit. Impingement erosionoccurs when 41-C on April 6, 1984. The flight was
call a spatial condition which says the O-ring is already sealed and a focusedpproved by NASA “accepting the pos-
that the dimensional tolerances havdet of hot gas strikes the surface of the Osibility of some O-ring erosion due to the
to be such that you get a bad stackuing and removes a portion of it. hot gas impingement? Although ero-
[the SRB segments not being stacked Shortly after Mulloy’s memo was sent sion was a problem, Marshall and Thiokol
correctly], you dont have proper to Thiokol, John Miller, Marshall Chief allowed further shuttle flights since there
squeeze, etc. on the O-ring so thapf the Solid Motor Branch, wrote a memowould always be this safety margin. Table
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Table 1: Summary of Test Results

Flight No. Date SRB Joint/ O-ring  Pressure Pressure  Erosion Blow-by Joint Temp.
Field Nozzle °F)
DM-1 07/18/77 # # NA NA # # 84
DM-2 01/18/78 # # NA NA # # 49
DM-3 10/19/78 # # NA NA # # 61
DM-4 02/17/79 # # NA NA # # 40
QM-1 07/13/79 # # NA NA # # 83
QM-2 09/27/79 # # NA NA # # 67
QM-3 02/13/80 # # NA NA # # 45
STS-1 04/12/81 # # 50 50 # # 66
STS-2 11/12/81 (Right) Aft Field / Primary 50 50 X # 70
STS-3 03/22/82 # # 50 50 # # 69
STS-4 06/27/82 unknown hardware lost at sea 50 50 NA NA 80
DM-5 10/21/82 # # NA NA # # 58
STS-5 11/11/82 # # 50 50 # # 68
QM-4 03/21/83 # Nozzle / Primary NA NA X # 60
STS-6 04/04/83 (Right) Nozzle / Primary 50 50 *1 # 67
STS-6 04/04/83 (Left) Nozzle / Primary 50 50 *1 # 67
STS-7 06/18/83 # # 50 50 # # 72
STS-8 08/30/83 # # 100 50 # # 73
STS-9 11/28/83 # # 100 100 # # 70
STS 41-B 02/03/84 (Right) Nozzle / Primary 200 100 X # 57
STS 41-B 02/03/84 (Left) Forward Field / Primary 200 100 X # 57
STS 41-C 04/06/84 (Right) Nozzle / Primary 200 100 X # 63
STS 41-C 04/06/84 (Left) Aft Field / Primary 200 100 *3 # 63
STS 41-C 04/06/84 (Right) Igniter / Primary NA NA # X 63
STS 41-D 08/30/84 (Right)  Forward Field / Primary 200 100 X # 70
STS 41-D 08/30/84 (Left) Nozzle / Primary 200 100 X X 70
STS 41-D 08/30/84 (Right) Igniter / Primary NA NA # X 70
STS 41-G 10/05/84 # # 200 100 # # 78
DM-6 10/25/84 # Inner Gasket / Primary  NA NA X X 52
STS 51-A 11/08/84 # # 200 100 # # 67
STS 51-C 01/24/85 (Right) Center Field / Primary 200 100 X X 53
STS 51-C 01/24/85 (Right)  Center Field / Secondary 200 100 *4 # 53
STS 51-C 01/24/85 (Right) Nozzle / Primary 200 100 # X 53
STS 51-C 01/24/85 (Left) Forward Field / Primary 200 100 X X 53
STS 51-C 01/24/85 (Left) Nozzle / Primary 200 100 # X 53
STS 51-D 04/12/85 (Right) Nozzle / Primary 200 200 X # 67
STS 51-D 04/12/85 (Right) Igniter / Primary NA NA # X 67
STS 51-D 04/12/85 (Left) Nozzle / Primary 200 200 X # 67
STS 51-D 04/12/85 (Left) Igniter / Primary NA NA # X 67
STS 51-B 04/29/85 (Right) Nozzle / Primary 200 100 X # 75
STS 51-B 04/29/85 (Left) Nozzle / Primary 200 100 X X 75
STS 51-B 04/29/85 (Left) Nozzle / Secondary 200 100 X # 75
DM-7 05/09/85 Nozzle / Primary NA NA X # 61
STS 51-G 06/17/85 (Right) Nozzle / Primary 200 200 *5 X 70
STS 51-G 06/17/85 (Left) Nozzle / Primary 200 200 X X 70
STS 51-G 06/17/85 (Left) Igniter / Primary NA NA # X 70
STS 51-F 07/29/85 (Right) Nozzle / Primary 200 200 *6 # 81
STS 51-I 08/27/85 (Left) Nozzle / Primary 200 200 *7 # 76
STS 51-J 10/03/85 # 200 200 # # 79
STS 61-A 10/30/85 (Right) Nozzle / Primary 200 200 X # 75
STS 61-A 10/30/85 (Left) Aft Field / Primary 200 200 # X 75
STS 61-A 10/30/85 (Left) Center Field / Primary 200 200 # X 75
STS 61-B 11/26/85 (Right) Nozzle / Primary 200 200 X # 76
STS 61-B 11/26/85 (Left) Nozzle / Primary 200 200 X X 76
STS 61-C 01/12/86 (Right) Nozzle / Primary 200 200 X # 58
STS 61-C 01/12/86 (Left) Aft Field / Primary 200 200 X # 58
STS 61-C 01/12/86 (Left) Nozzle / Primary 200 200 # X 58

# - denotes No AnomalyNA — denotes Not Applicable

*1 - On STS-6, both nozzles had a hot gas path detected in the putty with an indication of heat on the primary O-ring.
*3 - On STS 41-C, left aft had a hot gas path detected in the putty with an indication of heat on the primary O-ring.

*4 - On a center field joint of STS 51-C, soot was blown by the primary and there was a heat effect on the secondary
*5 - 0On STS 51-G, right nozzle had erosion in two places on the primary O-ring.

*6 - On STS 51-F, right nozzle had hot gas path detected in putty with an indication of heat on the primary O-ring.

*7 - On STS 51-1, left nozzle had erosion in two places in the primary O-ring.

This table was created based on information provided in “The Challenger Launch Decision- Risky Technology, Culture, and Devianat
NASA”, by Vaughan, Diane, University of Chicago Press, 1996.
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tors’ certification of the design and per-
Field Joints MNozzle Joints formance of the element. The Flight
] ik Readiness Review ends in the Level |
Flight 5@ - Flight o Review by the highest NASA adminis-
Semp—_ — . trators and managers.
) il T " The initial directive also establishes a
10 Mission Management Team for the par-
: ticular mission. This team is responsible
& for the Shuttle’s readiness from two days
A1 et S e it i A s i before launch to the landing of the Or-
Leak Check Léak Check . . .
EtabiEzaiien Pressuns P R gy i — biter. The Mission Management Team
[PEL] (P51} also holds d.-1 meeting 24 hours be-
fore each scheduled launch. The L-1 ad-
closeout of any Flight Readiness Review
1 lists the incidences of O-ring distressng engineers. The Level | Review is heldaction items, a discussion of new prob-
(erosion and blow-by) and related tem-about two weeks before the launch. lems, and an updated briefing on antici-
perature for the flights that took place in  The process begins with a directivepated weather conditions at the launch site
the past. from the Associate Administrator for and at the abort landing sites in different
Space Flight that outlines the schedule foparts of the world.
The Launch Decision the Level | Flight Readiness Review and
the steps that precede it. At Level IV, theThe Launch Decision
N cpntractor; formally cgrtify in writing the Process for STS 51-L
The decision to launch a space shuttlflight readiness of their products. These
involves many different levels of manage-certifications are made to the appropriate On January 15, 1986, NASA held the
ment and sources of information. TheLevel IIl NASA managers. At Level lIl, Flight Readiness Review for STS 51-L.
process, known as th&huttle Flight a review is conducted for both MarshallJesse Moore, the Associate Administra-
Readiness ReviewFigure 9 and Appen- and Kennedy which verifies the readinesdor for Space Flight, issued a directive on
dix 8), is a carefully planned, step-by-stepof the launch support elements. The CedJanuary 23 that the Flight Readiness
activity, established by NASA to certify tification of Flight Readiness is presentedReview had been conducted and that 51-
the readiness of all components of théo the Level Il Program Manager atL was ready to fly pending closeout of
Space Shuttle. The process is focusedohnson Space Center. At this reviewany open work. No problems with any
upon the Level | Flight Readiness Re-each Space Shuttle program group agreéshuttle components were identified in the
view, chaired by NASA Associate Admin- that it has satisfactorily completed thedirective. The L-1 Mission Management
istrator for Space Flight and attended bynanufacture, assembly, test, and checkfeam meeting was conducted on January

the NASA Chief Engineer and support-out of the element including the contrac-25". No technical issues were brought
up in the meeting and all Flight Readi-

EL

0
1% |8 10

Process

s | ness Review items were closed out. The

Team ; | only remaining issue facing the Mission

B I Management_Team atthe L-1_ review was
Eughi the approaching cold front, with forecasts

A niag . .

Aruion of rain showers and temperatures in the

1 mid-sixties. There had also been very

brenl 3 Pro-Fight heavy rain since the Shuttle was rolled

P | il out onto the launch pad.
-l | e At 12:36 p.m. on January 27the

Larwei 2 e I ] Tl Mission Management Team cancelled the
- el ol - sy L bl Ml b | launch for that day because of high cross-

winds at the launch site. The team aimed
to launch at 9:38 a.m. on January' 28t

Agadreus Favues

r = ! . & T 2:00 p.m. on the 27 the team met again.
Spane St Tl Braked Fovemal Tark Sheria Cebding ST
v Ergina Prernr Prmcarsry Imgextion | The weather was expected to be clear but
pr——— P—— —— BPC P——— —— c_old with temperatures in the low tvv_en-
ties for about eleven hours. The predicted
temperatures for January™8ere as fol-
Qurahoes sntorms for bush o e el s ol Wit I(_)vys: 30° F at midnight, 22° F at 6:00 a.m.,
CasTld rising to 25° F by 9:00 a.m., and 26° F at

cold weather affecs on the taunch faci
\gure cold weather effects on the launch facil-
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ity and all members of the team wer
asked to review the situation and call i
problems arose.

At 2:30 p.m. on January 27Robert
Ebeling, an engineer in the SRM projec
at Morton Thiokol, after learning of the
predicted low temperatures, convened
meeting with several Thiokol engineer
to discuss the effects of the cold tempera- «
tures on the SRM. Ebeling stated thal
“The meeting lasted one hour, but the
conclusion of that meeting was Engineert
ing [personnel]...were very adamant
about their concerns on this lower tem-
perature, because we were way below oyr
data base and we were way below what e
we qualified for?” The SRM had been
qualified to fly at an SRM temperature
between 40° F and 90° F and the previoys *
lowest O-ring temperature had been 53° K.

Ebeling communicated the concerng
to Allan McDonald, the Thiokol liaison
for the SRB project at Kennedy Space
Center. McDonald informed managers at
Marshall and Kennedy of Thiokol’s con-
cern and an impromptu teleconference
was held at 5:45 p.m. At this teleconfer-

Joint Primary Concerns
SRM 25

A temperature Lower Than Cur-
rent data Base Results in Chang
ing Primary O-Ring Sealing Tim-
ing Function

SRM 15A— 8@  ARC Black
Grease Between O-Rings

SRM 15-B— 11@ ARC Black
Grease Between O-Rings

Lower O-Ring squeeze due to
lower temp.

Higher O-Ring shore hardness
Thicker grease viscosity

Higher O-Ring pressure actuation
time
If actuation time increases, thresh-

old of secondary seal pressuriza-
tion capability is approached

If threshold is reached then sec
ondary seal may not be capable
of being pressurized

ence, Thiokol engineers briefly conveye
their concerns to the other offices. An

other teleconference was scheduled for

was so much more significant than
had ever been seen before on any
blow-by on any joint...the fact was
that now you introduced another phe-
nomenon. You have impingement
erosion and bypass erosion [blow-
by], and the O-ring material gets re-
moved from the cross section of the
O-ring much, much faster when you
have bypass erosion or blow-8y.

STS 51-C was the first flight where
the secondary O-ring had seen the effect
of heat. Chemical analysis of the blow-
by material on STS 51-C found that it
contained both the products of putty and
O-ring.

Boisjoly and Thompson then pre-
sented several items about the O-ring
material. Boisjoly argued that as the tem-
perature dropped, the O-ring material
would become harder. This increased
hardness would make it more difficult for
the O-ring to squeeze between the tang
and clevis and seal the joint correctly.
Brian Russell, Special Projects Engineer
of Solid Rocket Motors at MT]I, explains:

Bench test data indicate that the O-
ring resiliency (its capability to fol-
low the metal) is a function of tem-

8:00 p.m. so that the Thiokol engineerss'gniﬁcam problem but did not relate ero-
could prepare a full presentation and alfion depth to temperature. (Appendix 9)
necessary officials could attend. The engineers next explained the con-

cerns about launching at low tempera-

tures. Roger Boisjoly and Arnold Thomp-
son, both Thiokol engineers, presented the
At 8:00 p.m. on Friday, January27 argument that lower temperatures resulted
1986, engineers and managers fronn longer primary O-ring sealing time.
Kennedy Space Center, Marshall SpacgFigure 10 and Appendix 9, page 2).
Center, and Morton Thiokol, Inc, partici- ~ The MTI engineers believed that this
pated in the teleconference. “Teleconshigher erosion due to cold temperatures
as they were called were accepted, reguvas evidenced by the flight of SRM-15
lar methods of conference conversationgFlight 51-C, January 1985). Flight 51-
between NASA and its different contrac-C was launched on January 24, 1985. The
tors. However, this was the first telecontemperature of the O-rings at launch was
ference where a contractor was asking3° F, the coldest to that date. O-ring ero-
NASA not to launch the shuttle. sion occurred in both solid rocket boost-.
The teleconference presentation (Apers with both impingement erosion an
pendix 9) began with Robert (Bob) Lund,blow-by erosion. Roger Boisjoly de-
the Vice-President of Engineering at MTI, scribed the blow-by erosion seen in ST%’

The Teleconference

perature and rate of case expansion.
MTI measured the force of the O-ring
against Instron platens, which simu-
lated the nominal squeeze on the O-
ring and approximated the case ex-
pansion distance and rate. At 100
degrees F, the O-ring maintained
contact. At 75 degrees F, the O-ring
lost contact for 2.4 seconds. At 50
degrees F, the O-ring did not re-es-
tablish contact in ten minutes at
which time the test was terminated.
The conclusion is that the secondary
sealing capability in the SRM field
joint cannot be guaranteed.

Furthermore, the grease within the
d]oint would become thicker due to the
lower temperature. This thicker grease
iscosity would make it more difficult for

presenting the findings of the Thiokol 51-C:

he O-ring to move across the grease to

engineers. Essentially, the engineers felt
that the STS-51L should not be launched
the following morning due to problems
associated with the O-rings in the field
joints and cold temperatures. The Thiokol
engineers began their analysis of the field
joint by describing the O-ring history.
This history showed that erosion was a

seal the joint. The engineers concluded
that the hardness of the O-ring material
and the thicker grease due to lower tem-
peratures factors would result in a longer
time for the primary O-ring to pressurize

field joint with hot gas, and we had and seal the joint. This higher primary

a witness of that event because th% . o
. -ring pressure actuation time could also
grease between the O-rings was

blackened just like coal...and that resultin decreaseed secondary seal capa-

SRM 15 [STS 51-C] actually in-
creased [our] concern because that
was the first time we had actually
penetrated a primary O-ring on a
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bility. Boisjoly used the data in Figure 11  Boisjoly then compared th

and Appendix 9 to illustrate this concept.erosion on two different SRM

Brian Russell explained this further: (Appendix 9). SRM 15 (ST el sl

| 51-C, with an O-ring tempere Lopngd ;:'_;"';,_'__"=,,;',7__:‘1:H—;-ff<__b LU LELL
ture of 53° F) had worse blo

P ——
"B TEMAPR MOET BE R RE R v Ldieics

TERE AT ATT TR T

If the primary O-ring were to fai
from 0 to 170 milliseconds, there is
" by then SRM 22 (STS 61-2

high probability that th -
a very high probanlilty mhat the sec with an O-ring temperature

d O-ri Id hold
ondary O-ring would hold pressure - F). Although SRM 15 ha

since the case has not expanded ap- ) thi de th . i t be at that t i
preciably at this point. Ifthe primary worse erosion, this made the engineerperature must be at that temperature or

seal were to fail from 170 to 330 mil- and managers question the relationship!gher at launch. (Figure 12 and Appen-

liseconds, the probability of the sec.Petween cold temperature and erosioralix 9)

ondary seal holding is reduced. since both a hot and cold launch had con- Lawrence Mulloy, the Marshall Space
siderable erosion. Boisjoly recalled thisCenter Project Manager for the SRB,

From 330 to 600 milliseconds the > o . .
chance of the secondary seal holgincident: asked Joe Kilminster, the Vice-President
of Space Booster Programs at MTI, for

ing is small. This is a direct result of | was asked, yes, at that pointintimeth ¢ | MTI dati
the O-ring’s slow response compared | was asked to quantify my concernsK.le . o:ma d rgctﬁn:rgen da |or;r.]
to the metal case segments as the andlsaid | couldnt. | couldnt quan- minster responded that based on the

joint rotates. tify it. 1 had no data to quantify it, englneerlng lconclﬁsuzns, heo C.OU|dt not
but I did say | knew it was away from'ccOMMend faunch at any £-nng tem-

goodness in the current data baseperature below 53° F. Bob Lund explains
what happened next:

Someone on the net commented tha¥

" PR Ei T AMBIEWT fsmiDeenid [TESAP W]
T DEraEeodn b T e | b

* Filed Joint— Highest Concern

 Erosion Penetration Of Primary
Seal Requires Reliable Second-
ary Seal For Pressure Integrity

« Ignition Transient - (0-600 Ms)
¢ (0-170 Ms) High Probabil-

ity Of Reliable Secondary
Seal

we had soot blow-by on SRM-22,
which was launched at [an O-ring
temperature of] 75° F. | don't remem-
ber who made the comment, but that
is where the first comment came in
about the disparity between my con-
clusion and the observed data be-
cause SRM-22 had blow-by at essen-

...the rationale was rejected...Mr.
Mulloy said he did not accept that,
and Mr. [George] Hardy [Marshall
Deputy Director for Science and En-
gineering] said he was appalled that
we would make such a recommenda-
tion.

Mulloy assessed the situation and used

tially a room temperature launch. | the same argument as the Criticality Items
then said that SRM-15 [S_TS, 51_'C]List for keeping the SRB field joint in use
had muc.h more blow-by .Indlcatlon (Appendix 10). Although there might be
and that it was indeed telling us th"fuerosion through blow-by, he expected the
Iowertemperature.wasafactor. Th'sshuttle to fly safely. Furthermore, the
was supported by inspection of fIOWr]blow-by of the O-rings could not be cor-
harQware by myself. | was as!‘edrelated to temperature since STS 61-A had
again for.data to support my claim, blow-by at O-ring temperature of 75° F.
and I.sald_l have none other thanAIso, STS 51-B (SRM 16), with an O-
what is bemg presented, apq I hadring temperature of 75° F, had the worst
been t_rymg to get rltfsmence blow-by and erosion recorded (Appendix
data...since last October:. 11). Mulloy concluded that the tempera-
This information caused the partici- ture did not seem to increase blow-by or
pants at Marshall and Kennedy to con-erosion and O-ring erosion was an accept-
sider what the data actually meant. Disable risk recognized at all levels of NASA
cussion resumed when Arnold Thompsormanagement.
presented a chart which showed that in At this point, Kilminster asked for a
static tests, blow-by had not occurred afive minute off-net caucus within MTI.
O-ring temperatures of 30° F or 75° FApproximately ten engineers and four
(Appendix 9) managers participated in the caucus.
Bob Lund’s presentation summarizedThese managers were: Calvin Wiggins,
the analysis of the engineers at MTI. Al-Vice President and General Manager of
though they agreed that factors other thaithiokol’s Space Division; Jerald Mason,
temperature controlled blow-by, they de-Senior Vice President of Wasatch Opera-
cided that the launch should not be heldions; Joe Kilminster, Vice President of
outside of the current database. (AppenSpace Booster Programs; and Robert
dix 9) The lowest O-ring temperatureLund, Vice President of Engineering.
they had observed was 53° F and the ederald Mason explains the content of the
gineers concluded that the O-ring tem-caucus:

* (170- 330 Ms) Reduced
Probability Of Reliable Sec-
ondary Seal

* (330- 600 Ms) High Prob-
ability Of No Secondary
Seal Capability

» Steady State(600 Ms - 2 Min-
utes)

« If Erosion Penetrates Primary
O-Ring Seal — High Prob-
ability Of No Secondary Seal
Capability

« Bench Testing Showed O-
Ring Not Capable Of Main
taining Contact With Metal
Parts Gap Opening Rate To
Reop

« Bench Testing Showed Ca
pability To Maintain O-Ring
Contact During Initial Phase
(0-170 Ms) Transient

Figure 11
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go to 125 thousandths of a cut out 0

Now, in the caucus we revisited all ¢ ! ‘
the O-ring and it would still sed?.

of our previous discussions, and the
important things that came out of that ~ This realization prompted the rest of
was that, as we had recognized, wethe conversation by the managers. Ma
did have the possibility that the pri- son stated that a management decisig
mary O-ring might be slower to move must be made and asked Bob Lund t
into the seating position and that was “take off his engineering hat and put on
our concern, and that is what we hadhis management h&t! Lund, who had

focused on originally. The fact that previously been against the launch, re
we couldnt show direct correlation versed his opinion in the subsequent dis
with the O-ring temperature was dis- cussion and agreed with the other man
cussed, but we still felt that there wasagers to recommend a launch. The mar]
some concern about it being colder. agers felt that this was the best decisio
We then recognized that, if the pri- since much of the engineering data ha
mary did move more slowly, that we been unsubstantiated and contradictory
could get some blow-by and erosionKilminster went on-line again and gave
on the primary. But we had pointed Marshall and Kennedy the MTI recom-
out to us in that caucus a point that mendation that STS 51-L launch shoulg
had not come across clearly in our occur as planned (Figure 13). Mueller,
earlier discussions, and that is that NASA administrator asked if everyone
we had run tests where we deliber-supported this decision, but no enginee
ately cut large pieces out of the O-from MTI responded to this question.
rings to see what the threshold of NASA proceeded with its plans to launch
sealing was, and we found we couldSTS 51-L on January 281986.
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Student Assignment

The class could be divided into
four groups. Each group has the
following responsibilities:

Group A: Defend launching

STS 51-L.

Group B: Defend not launching

STS 51-L.

Group C: Assume the role of a

consulting team criti-
cally evaluating the data
provided in the case
study with respect to the
following and provide
recommendations to
management:
(@) Engineering de-
sign considerations —
consider the aspects
of risk management,
evaluation of test
data, and blow-by
considerations.
(b) Statistical data
analysis — analyze the
data provided using
statistical methods
and interpret the data
accordingly.
(c) Ethical consid-
erations — consider
the aspects of manag-
ing risk, maintaining
competence, and be-
having responsibly
using utilitarianism,
Kantianism, and ethi-
cal codes.

Group D: Assume the role of

NASA and MTI man-
agement and make a fi-
nal decision on the
launch of STS 51-L.
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Blow-by erosion:

Criticality usage:

Erosion:

Impingement erosion:

Joint rotation:

L-1 meeting:

Leak check:

Putty layup:

Shuttle Flight
Readiness Review:

STS nomenclature:

Glossary of Terms

passage of gas or debris around an O-ring before
it has sealed the joint by moving into its seated
position. It may or may not be accompanied by
charring or erosion.

the O-ring has not sealed the joint gap and the
edge of the O-ring is “eaten away” as hot gases
flow around it; erosion caused by blow-by

Classification of any subsystem of the Space
Shuttle that defines the importance and risk asso-
ciated with the subsystem; i.e. a Criticality 1 ele-
ment could cause loss of the Shuttle if it fails

the “eating away” of portions of the O-ring due
to hot gases

occurs when the O-ring is already sealed and a
focused jet of hot gas strikes the surface of the O-
ring and removes a portion of it

a movement of the joint’s tang and inner clevis
flange with respect to each other; the movement,
which takes place as pressure builds in the boost
ers at ignition, enlarges the gap the O-ring must
seal

a meeting held by the Mission Management Team
24 hours before launch to close out any open work,
discuss new problems, and update the Shuttle
Team on anticipated weather conditions

a procedure that pressurizes the leak check port
within the field joint to determine whether or not
the O-rings are properly sealing the joint

the placement of the putty as the field joint is as-
sembled

a carefully planned step-by-step activity that was
established by NASA to certify the readiness of all
components of the Space Shuttle before launch

stands for Space Transportation System which in
cludes the Orbiter, External Tank, and Solid
Rocket Boosters; the numbers after the STS de-
scribe the flight's placement. In the early 1980s,
the Shuttle was numerically ordered but as the
frequency of Shuttle launches increased, NASA
created a new system. In the new system, the first
number stood for the year in which the flight was
launched, the second number stood for the launch
site, and the letter stood for the order in which the
shuttle was launched. For example, STS 51-L
stood for the 12" Space Transportation System
launched in 1985 and it was launched from
Kennedy Space Center.

Appendices

1. Timeline of Events

2. Marshall and MTI Partial
Organizational Charts

3. Recovery of SRB

4. Leon Ray memo

5. Criticality 1R Classification

6. Criticality 1 Classification

7. Memo from John Miller to John
Hardy

8. Excerpts from the Flight Readi-
ness Review for STS 51-E

9. Full Thiokol teleconference
presentation

10. Lawrence Mulloy recommenda-
tions

11. Diagrams of STS 51-B erosion

NOTES

1

This case was written from secondary
public sources, solely for the purpose
enhancing classroom student discussi
on engineering design and ethics. We g
knowledge the help rendered by Luis
Guzman, Jr., in making the figures an

appendices readable. This case study i

based upon work partially supported b
the Division of Undergraduate Educa-
tion, National Science Foundation un-
der Grant Numbers 9752353 and

9950514. Any opinions, findings, and
conclusions or recommendations ex-

author(s) and do not necessarily refle
the views of the National Science Fou
dation.

pressed in this material are those of t}e

Appendix 1 chronologically summarizes

the events in this case study. Append

2 provides a Marshall and MTI Organit

zational Chart.

Report to the President by the Presiden

tial Commission on the Space Shuttle
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Presidential Commission, vol. 1, p. 160.

Presidential Commission, Vol. 1V, p. 87
Bell, Trudy and Esch, Karl. “The fatal
flaw in Flight 51-L,” IEEE Spectrum,
February 1987, pp. 36-51.

Vaughn, DianeThe Challenger Launch
Decision: Risky Technology, Culture,
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Appendix 1

Timeline of Events

1977

» Enterprise flights begin

» Joint rotation is discovered in SRM

e October 21: Leon Ray writes memo detailing options for fixing joint rotation

1978-1979

e Tests conducted on all parts of Space Shuttle
e Tests conducted by Thiokol and Marshall to solve joint rotation

1980
» Marshall and MTI decide to use thicker shims and larger O-rings on field joints instead of redesigning the entirg joint
e September 15: SRM is certified

* November 24: SRM is classified as Criticality 1R

1981
e April 12: Columbiais launched
* November 14: Inspection reveals first in-flight erosion of O-ring in STS-2

1982

e Thiokol begins tests on putty

» May: Tests of motor case and O-rings convince Marshall that secondary O-ring is not completely redundant
e July 4: Orbital test program is completed and Space Shuttle is declared “operational”

» December 17: SRM criticality classification is changed to Criticality 1R

1983
« April: Thiokol discovers impingement erosion and the “safety margin” so that flights could be launched althoygh
erosion would occur

1984

e February 3: STS 41-B erosion is extremely severe

» February 28: John Miller sends a memo to George Hardy identifying problems with the putty

e April: Larry Mulloy sends a letter to Thiokol asking them for a formal review on the joint and erosion
« April 9: Brian Russell identified the leak check procedures as the cause of the erosion

1985

e January 24: STS 51-C (SRM 15), launched at an O-ring temperatureFoh&38 large amount of erosion
e April 29: STS 51-B (SRM 16), launched at an O-ring temperature ¢t has worst erosion recorded

* October 30: STS 61-A (SRM 22), launched at an O-ring temperatur€fhés large amount of erosion

1986

e January 15: Jesse Moore issues STS 51-L Flight Readiness Review directive

e January 25: L-1 meeting conducted for STS 51-L

« January 27, 12:36 p.m.: STS 51-L is cancelled for tlfead planned for January®8

e January 27, 2:30 p.m.: Robert Ebeling meets with Thiokol engineers and decide that cold temperatures are npt gooc
for SRM

e January 27, 5:45 p.m.: Impromptu teleconference held

e January 27, 8:00 p.m.: Full teleconference held

e January 27, 11:00 p.m.: Kilminster gives MTI final assessment to launch STS 51-L
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Appendix 2

NASA Marshall Space Center Partial Organization Chart,
1986

Judson Lovingood
Deputy Manager,
Shuttle Projects Office

George Hardy
Lawrencg Mulloy Deputy Director,
SRB Project Manager .
Science and
Engineering
I
John Miller Leon Ray
SRM Engineer SRM Engineer

Morton Thiokol Inc. Partial Organization Chart, 1986

Jerald Mason
Senior Vice President,
Wasatch Operations

|
Calvin Wiggins
Vice President and
General Manager,
Space Division

Robert Lund
Joe Kilminster Vicq Presjdent,
Vice President, Engineering
Space Booster Programs
Allan McDonald
Director, Solid
Rocket Motor
Roger Boisjoly
Robert Ebeling Staff Engineer of Applied
Manager, SRM Igniter Mechanics
and Final Assembly
Brian Russell Arnold Thompson
Pro gram Manager Supervisor of Applied
Mechanics
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Appendix 3
Recovery of SRB

Figure 1: Detatchment of the SRB from the
Shuttle

Figure 3: SRB lands in the ocean and is re-
trieved by ship

Figure S: The body of the spent SRB is loaded
on to the ship

:'r-' = = Chal i £ T Rl
Figure 7: The spent SRB is transported back to
the manufacturer by a special vessel

Figure 2: SRB aided in its fall to the earth by
parachutes

Figure 4: The Frustrum of the SRB is loaded
on to the ship

Figure 6: The spent SRB is loaded on to the
ship to be transported back to the
manufacturer

Figure 8: The spent SRB reaches the manu
facturer to be checked and readied
for next mission
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Appendix 4

Leon Ray Memo

e ~“WARINALL SPACE FLIGHT CORTLR :
LEON RaY
EFIS SRM CLEV1S JOIRT LEAKAGE STUDY
OCTORER 21, 1977
N DETIONE
(R REMARKS
1. M CHRNGE o IRALCEFTABLE -TAHG CAR HOVE CUTBOARD AND CAUSE EEEESSIVD J0INT

CLEARARLE RESWLTIHG N SEAL LEAMAGE,

o ECCEWTRIC TASGSCLEWIS INTERFALE CAN CAB[ O-%[HS EXTRUSION WHEM
CASE 15 FRESSURIZED,

2. SHIME BITHLEM TAMG s
CLEVES (OUTZdpE]

g ACCEFTARLE SHORT= Fi% [F FEOPFE
w PROBARILITY OF ERSOR 1M CALCULATIHE PROPSR SHIM SIIE.

& EENUIRES ISCEASED ASSEMELY TIME FOR SMIM IMSTALLATIDM AND JOIHT
LIRTEATSG,

3. OVERSIZED G- RIEGH

o UBACCIFTARLE SOLUTION - WiGel PROBARILITY OF O-RIRG DAMAGT
OR CLEV1S DIST{RT 0N CLURTHE ASSEMELY.

o DEPARTS FROM RECOMMEMDID DESTSN PRACTICES.

4, BEZES[EN TAIN: AMD REDUCE
TOLERAHIE D8 CLEVIS

& BEST OPT|{W FOR LOAG-TERM FIX - CLIMINATES USE OF SHIHS WMEHW
KLL BEDESIGRLD HRRCWARE [5 USED.

o PEEVENTS Tl TYPE OF ERROR WHICH COULD BLSULT IW CALCULATIRG
JOUHT CLEARAHLE FOR SHIM [RETALLATICH.

5. CCMDIRATION OF REDESIGN
(RS 1M DFTLCM 4} BAD
LSE OF SHIKS

0 ACCEPTABLE APPROACH, SHIMS WILL BE REGUTAED 1M SOME CASES
WHER REDESIGHED HARDWARE AAD PRESENT HARDMMES [5 JOIATCD.

o SHIMS WILL & DISCONTINUED WHEN PRESINT (ARIAMRE 15 PHASED QUT,
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Appendix 5
SRM Criticality IR Classification

ht‘ -;*i
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Thein & Coma:  LPATRe 2T cage ssemdly jeings due o redundest O-ring teal fatlures or priﬂ',-r ieal and
ernek =art G-ring fafivre,

e

lirer S Aczusl - 1335 07 mission, venicie, 83d crew dut i3 SETHI 4rOEIN, BurnTirougn, ind
Rrt e S5 in fire and defasration. ) :

S Sp— TS
Fuil = Leak =5t doee nobt werify integriiy af lesk check xori zeal.
Eall = kot texted,

Pase = Ho known credible chuges.

RATIONALE FOR EETENTION

A. DESIGN
-Each O-ring pair is designed to effect a seal. The design is based upon similar single seal joints used in previamdaege @i

segmented motor cases.

A small MS port leading to the annular cavity between the redundant seals permits a leak check of the seals immedig@ely after
joining segments. The MS plug, installed after leak test, has a retaining groove and compression face for its O-ringpaaal J§A
to test the seal of the installed MS plug has not been established.

The surface finish requirement for the O-ring grooves is 63 and the finish of the O-ring contacting portion of the tandlwhich
slides across the o-ring during joint assembly, is 32. The joint design provides an OD for the O-ring installation, \Wtaitds i
retention during joint assembly. The entry portion of the tang provides 0.125-inch standoff from the O-rings contacf ploetig o
tang during joint assembly. The design drawing specifies O-ring lubricant prior to the installation. The factory assetsbigll jo
(dwg. 1U517623) have an additional seal provided by the subsequently applied case insulation.

The field assembled joints (Dwg. 1U50747) and factory assembled joints (Dwg. 1U51768) benefit from the increasefO-ring
compression resulting from the centering affect of shims .032-.036-inches between the tang O.D. and clevis 1.D. of tiite glise joi
However, redundancy of the secondary field joint seal cannot be verified after motor case pressure reaches approximatdly 40% of
MEOP. It is known that joint rotation compression occurring at this pressure level with a resulting enlarge extrusisegaipec
secondary O-ring to lose compression as a seal. Itis not known if the secondary O-ring would successfully re-seahifyte p
ring should fall after motor case pressure reaches or exceeds 40% MEOP.

B. TESTING

A full scale clevis joint test verified the structural strength of the case and pins (TWR-1C547). A hydroburst life cyglle test
(TWR-11564) demonstrated the primary seal’s ability to withstand four times the flight requirement of one pressurizatod cjrle
the secondary seal’s ability to continue to seal under repeated cycling (54 cyclesO with the primary seal failed. Talks j@int se
withstood ultimate pressure of 1483 psi during the burst tests, yielding a safety factor of 1.58. The Structural T¢S{TArigle
verified the seal’s capability under flight loads and further verified the redundancy of the secondary seal.

The joint seals have performed successfully in four developmental and three qualification motor static firings.
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Appendix 6

SRM Criticality Classification 1

SRB CRITICAL ITEMS LIST

0T
T TER Sricalivy Casgory 1 Padciesn Timg Sy Zec,
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“Case, F/N (Sek Recention Matiandle)
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Epswrr Moos & Causs. Luur at case asserbly Jointd doe 5 vidusdant d-ring zml faifures or promarcy saal ana
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1ty of loss of
i Lameage of the prisary O-ring ssal 13 classified as & singla feilurs p2int cum to posyibl
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Case, P/N, 1U50129, 1U50130, 1U50185, 1U51473, 1U50715, 1U50716, 1U50717
A. DESIGN

The SRM case joint design is common in the lightweight and regular weight cases having identical dimensions. The
SRM joint uses centering clips which are installed in the gap between the tang O.D. and the outside clevis leg to
compensate fro the loss of concentricity due to gathering and to reduce the total clevis gap which has been provided
for ease of assembly. On the shuttle SRM, the secondary O-ring was designed to provide redundancy and to permit
a leak check, ensuring proper installation of the O-rings. Full redundancy exists at the moment of initial pressuriza-
tion. However, test data shows that a phenomenon called joint rotation occurs as the pressure rises, opening up the
O-ring extrusion gap and permitting the energized O-ring to protrude into the gap. This condition has been shown by
test to be well within that required for safe primary O-ring sealing. This gap may, however, in some cases, increase
sufficiently to cause the unenergized secondary O-ring seal to lose compression, raising question as to its ability to
energize and seal if called upon to do so by primary O-ring failure. Since under this latter condition only the single
O-ring is sealing, a rationale for retention is provided for the simplex mode where only one O-ring is acting.

The surface finish requirement for the O-ring grooves is 63 and the finish of the O-ring contacting portion of the tang,
which slides the O-ring during joint assembly, is 32. The joint design provides an OD for the O-ring installation,
which facilitates retention during joint assembly. The tang has a large shallow angle chamfer on the tip to prevent
the cutting of the O-ring at assembly. The design drawing specifies application of O-ring lubricant prior to the
installation. The factory assembled joints have NBR rubber material vulcanized the internal joint faying surfaces as
a part of the case internal insulation subsystem.

A small MS port leading to the annular cavity between the redundant seals permits a leak check of the seals imme-
diately after joining segments. The MS plug, installed after leak test, has a retaining groove and compression face
for its O-ring seal. A means to test the seal of the installed MS plug has not been established.

The O-rings for the case joints are mold formed and ground to close tolerance and the O-rings for the test port are
mold formed to net dimensions. Both O-rings are made of high temperature, low compression set flurocarbon
elastomer. The design permits five scarf joints for the case joint seal rings. TheO-ring joint strength must equal or
exceed 40% of the parent material strength.

B. TESTING

To date, eight static firings and five flights have resulted in 180 (54 field and 126 factory) joints tested with no
evidence of leakage. The Titan Ill program using a similar joint concept has tested a total of 1076 joints successfully.
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Appendix 7

SUBJECT: Burned O-Rings on STS-11

The recent experience of two burned O-rings (nozzle/case boss and forward/forwar@ center
joint) on STS-11 coupled with the “missing putty” finding at disassembly raise concerfl with
STS-13.

Specifically concern is raised about the type Il Randolph zinc chromate putty (ZCP)gensi-
tivity to humidity and temperature. The thermal design of the SRM joints depends of ther-
mal protection of the O-ring by the ZCP. ZCP failure to provide a thermal barrier can Igad to
burning both O-rings and subsequent catastrophic failure. Adhesion service-life angisensi-
tivity to temperature and humidity of the type Il ZCP must be reassessed and verifieqin the
light of recent experience. The O-ring leak check procedure and its potential effectjpn the
ZCP installation and possible displacement is also an urgent concern which requires xpedi-
tion of previously identified fullscale tests. Effect of cavity volume size (cavity betwedh the
ZCP and primary O-ring) on O-ring damage severity must also be assessed.

Your support in this urgent matter is requested.

. Miller
«f , Solid Motor Branch

(=] =34

EHOL M. Schwinghamer
EH4)/Me. Hi11
SA4LMMr. Hulloy
SAL2Mr,. Wear
EPD1/Hr. McCool
EPI1l/Mr. McCarcy

EF25/Me « B uf Ray
HﬂLL Tai. b, for Code) & Ext. |

John Q. Miller §53-3702
Code (ov athsr desrgnstiont EP25 Cate rrIafas

FAEA FOFM DS FUN TE reeisno ool BT ekl e Y B VS EDL
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Appendix 8

Excerpts from STS 51-E Flight Readiness Review
SRM Preboard (January 31, 1985)

Flight Readiness Assessment For STS 51-E

« Concern
e STS 51-C Primary O-Ring Erosion On Two Field Joints

e STS 51-C Soot Between Primary And Secondary O-Rings On Both Field Joints First Time Observed On Field Joint
» Evidence Of Heat Affect On Secondary O-Ring Of A68 (Right Hand) Center Field Joint But No Erosion

e Conclusion
e STS 51-E Could Exhibit Same Behavior

» Condition Is Not Desirable But Is Acceptable

» Rationale For Acceptance
» O-Ring Erosion On STS 51-C Was Within Experience Data Base

* Momentary Gas Passage By The Primary Seal Was Seen On The STS 14-A Nozzle Joint
» Secondary Seal Heat Effects Were Well Below Analytical Worst Case Predictions
» Gas Jet Penetrates The Primary Seal Prior To Actuation And Sealing

» Tests Show That O-Rings Will Seal At 3000 PSI Within 0.095 Inch Of Missing Material (Which Is Greater Than The
Worst Case Prediction And Almost Twice The Erosion Seen On Any SRM Motors)

* Primary O-Ring Erosion Observed To Date Is Acceptable And Will Always Be More Than Erosion On Secondary O-
Ring If'It Occurs

. Eﬂm?(ry O-Ring Leak Check Pushes O-Ring In Wrong Direction — Secondary O-Ring Is Sealed By Leak
ec

» Gas Volume In Front Of Primary O-Ring Is 50% Greater Than Free Volume Between O-Rings
» Gas Will Cool As It Passes Primary O-Ring And Diffuses Circumferentially

» Secondary O-Ring Is A Redundant Seal Using Actual Hardware Dimensions

» Evaluation Summary
e STS 51-C Primary O-Ring Erosion On Two Field Joints
» STS51-C Soot Between Primary And Secondary O-Rings On Both Field Joints — First Time Observed On Field Joint
» Evidence Of Heat Affect On Secondary O-Rings Of A68 (Right Hand) Center Field Joint But No Erosion

* Conclusion
e STS 51-C Consistent With Erosion Data Base

. hQW Temperature Enhanced Probability — STS 51-C Experienced Worst Case Temperature Change In Florida
istory

» Erosion In Two Joints Observed Before — STS 11 And 14
» STS 51-E Could Exhibit Same Behavior
» Condition Is Acceptable
e STS 51-E Field Joints Are Acceptable For Flight
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Appendix 9

MTI Teleconference Presentation

Slide 1 & 2: Temperature Concern on SRM Joints, 27 Jan 1986
History of O-Ring Damage of SRM Field Joints

Cross Sectional View Top View
Erosion  Perimeter Nominal Length of Total Heat Clocking
SRM Depth Affected Diameter Max Erosion Affected Length Location

No. (in.) (deg) (in.) (in.) (in.) (deg)
61A LH Center Field** 22A None None 0.280 None None 36° - 66°
61A LH Aft Field 22A None None 0.280 None None 338°-18°
51C LH Forward Field** 15A 0.010 154.0 0.280 425 525 163
51C RH Center Field (prim)*** 15B 0.038 130.0 0.280 1250 58.75 354
51C RH Center Field (sec)*** 15B None 45.0 0.280 None 295 354
41D RH Forward Field 13B 0.028 110.0 0.280 3.00 None 275
41C LH Aft Field* 1A None None 0.280 None None
41B LH Forward Field 10A 0.04 2170 0.280 3.00 145 351
STS-2 RH Aft Field 2B 0.053 116.0 0.280 N0

* Hot gas patch detected in putty. Indication of heat on O-Ring, but no damage.
** Soot behind primary O-Ring.
*** Soot behind primary O-Ring, heat affected secondary O-Ring.

Clocking location of leak check port - 0 deg.

Other SRM-15 Field Joints had no blowholes in putty and no soot
near or beyond the primary O-Ring.

SRM-22 Forward Field Joint had putty path to primary O-Ring, but no

O-Ring Erosion and no soot blowby. Other SRM-22 Field Joints had no blowholes in putty.

Slide 3: Same as Figure 11
Slide 4: Same as Figure 10
Slide 5: Same as Figure 7

Slide 6: Blow-by History
¢« SRM-15 Worst Blow-by
» 2 case joints (89, (11C) Arc
* Much Worse Visually Than SRM-22
* SRM-22 Blown-by
» 2 case joints (30 40°)
« SRM-13A, 15, 16A, 18, 23A, 24A
* Nozzle Blow-by

Slide 7: O-Ring (Viton) Shore Hardness Versus Temperature

°F Shore
Hardness
70° 77
60° 81
50° 84
40° 88
30° 92
20° 94
10° 96
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Slide 8: Secondary O-Ring Resiliency
Decompression Rate: 2”/minute (Flight approx. 3.2”/min)

(°F) Time To
Recover
50° 600
75° 24
100° *
* Did Not Separate
Right Durometer (2)
Slide 9: Blow-By Tests (Preliminary)
Argon:
(°F) Results (in’ / in. seal)
75 No Leakage
30 No Leakage
F-14:

(°F) [ Results (in’. / in. seal)

75 No Results Yet
30 No Results Yet

Slide 10: Field Joint O-Ring Squeeze (Primary Seal)

Motor FWD CTR AFT

SRM 15-A 16.1 (.045)* 15.8 (.044) 14.7 (.041)

SRM 15-B 11.1 (0.31) 14.0 (.039)** 16.1 (0.45)

SRM 25-A 10.16 (.028) 13.22 (.037) 13.39(.037)

SRM 25-B 13.91 (.039) 13.05 (.037) 14.25 (.40)

* 0.010” Erosion

** 0.038” Erosion

Slide 11: History of O-Ring Temperatures (°F)

Motor MGT AMB O-Ring Wind

DM-4 68 36 47 10 mph

DM-2 76 45 52 10 mph

QM-3 72.5 40 48 10 mph

QM4 76 48 51 10 mph

SRM-15 52 64 53 10 mph

SRM-22 77 78 75 10 mph

SRM-25 55 26 29 10 mph
27 25 mph

1-D Thermal Analysis

Slide 12: Conclusions

» Temperature of O-Ring is not the only parameter controlling blow-by.

* SRM 15 with blow-by had an O-Ring temperature &F53RM 22 with blow-by had an O-Ring
temperature at 76. Four development motors with no blow-by were tested at O-Ring temperature
of 47 to 52F.

Development motors had putty packing that resulted in better performance.

At about 50F, blow-by could be experienced in case joints.

Temperature for SRM 25 on Jan. 28, 1986 launch will BB 209 am and 3§ at 2 pm.

Have no data that would indicate SRM 25 is different than SRM 15 other than temperature.

Slide 13: Same as Figure 12
Recommendations:
* O-Ring temperature must 53°F at launch. Development motors afBTo 52F with putty
packing had no blow-by SRM is (The Best Solution) worked & .53
» Project ambient conditions (temp & wind) to determine launch time.
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Appendix 10

Assessment Made by Lawrence Mulloy Based on the Teleconference

Cold O-Ring Assessment

* Blow-By Of O-Rings Cannot Be Correlated To Temperature STS 61-A Had Blow-By At 75 Degrees Fahrenheit.

» Soot Blow-By Primary O-Rings Has Occurred On More Than One Occasion, Independent Of Temperature.

» Primary Erosion Occurs Due To Concentrated Hot Gas Path Thru Putty.

* Max Allowable Erosion And Still Seat Demonstrated By Test Is 0.125”

* No Secondary O-Ring Erosion Or Blow-By To Date In Field Joints

» Colder Temp May Result In Greater Primary O-Ring Erosion And Some Heat Effected Secondary Because Of Increased
Hardness Of O-Ring Resulting In Slow Seating

» Early Static Tests (Hydrotests) With 90 Durometer Showed Seating (0.275” O-Ring Diameter)

* Squeeze At 20 Degrees Fahrenheit Is Positive (>0.020")

» Secondary Seal Is In Position To Seat (200 PSI / 50 PSI Leak Check)

» Primary May Not Seat Due To Reduced Resiliency - However, During Period Of Flow Past Primary — Secondary Will Be
Seated And Seal Before Significant Joint Rotation Occurs.

Conclusion
» Risk Recognized At All Levels Of NASA Management Is Applicable To STS 51-L

Appendix 11
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