——— /,.-
e /
NASA J3/05
. s
Technical Jo4 ¥
Memorandum
(NASA-TM-108432) A SIMULATION N94-21859
MODEL FOR PROBABILISTIC ANALYSIS OF
NASA TM - 108432 SPACE SHUTTLE ABORT MODES (NASA)
104 p Unclas

G3/16 0198105

A SIMULATION MODEL FOR PROBABILISTIC ANALYSIS

OF SPACE SHUTTLE ABORT MODES

By R.T. Hage

Preliminary Design Office
Program Development

November 1993

NANASA

National Aeronautics and
Space Administration

George C. Marshall Space Flight Center

MSFC - Form 3190 (Rev. May 1983)






REPORT DOCUMENTATION PAGE

Form Approved
OMB No. 0704-0188

gathering and maintaining the data needed, and completing and reviewing the collection of information. Send comments r

Public reporting burden for this collection of information 15 estimated to average 1 hour per response, including the time for reviewing instructions, searching existing data sources,
arding this burden estimate or any other aspect of this
collection of information, including suggestions for reducing this burden. to Washington Headquarters Services, Directorate for information Operations and Reports, 1215 Jefferson
Davis Highway, Suite 1204, Arlington, VA 222(2-4302, and to the Otfice of Management and Budget, Paperwork Reduction Project (0704-0188), Washington, DC 20503.

2. REPORT DATE
November 1993

1. AGENCY USE ONLY (Leave blank)

3. REPORT TYPE AND DATES COVERED
Technical Memorandum

4. TITLE AND SUBTITLE

A Simulation Model for Probabilistic Analysis
of Space Shuttle Abort Modes

5. FUNDING NUMBERS

6. AUTHOR(S)

R.T. Hage

7. PERFORMING ORGANIZATION NAME(S) AND ADDRESS(ES)

George C. Marshall Space Flight Center
Marshall Space Flight Center, Alabama 35812

8. PERFORMING ORGANIZATION
REPORT NUMBER

9. SPONSORING / MONITORING AGENCY NAME(S) AND ADDRESS(ES)

National Aeronautics and Space Administration

10. SPONSORING / MONITORING
AGENCY REPORT NUMBER

NASA TM-108432

Washington, DC 20546

11. SUPPLEMENTARY NOTES

Prepared by Preliminary Design Office, Program Development

12a. DISTRIBUTION / AVAILABILITY STATEMENT

Unclassified—Unlimited

12b. DISTRIBUTION CODE

13. ABSTRACT (Maximum 200 words)

This report presents a simulation model which has been developed to provide a probabilistic
analysis tool to study the various space transportation system abort mode situations. The simulation
model is based on Monte Carlo simulation of an event-tree diagram which accounts for events during
the space transportation system's ascent and its abort modes. The simulation model considers just the
propulsion elements of the shuttle system (i.e., external tank, main engines, and solid boosters). The
model was developed to provide a better understanding of the probability of occurrence and successful
completion of abort modes during the vehicle's ascent. The results of the simulation runs discussed in
this report are for demonstration purposes only, they are not official NASA probability estimates.

14. SUBJECT TERMS
space shuttle abort modes, space transportation system, abort modes, risk
assessment, Monte Carlo simulation

15. NUMBER OF PAGES
110

16. PRICE CODE
NTIS

18. SECURITY CLASSIFICATION
OF THIS PAGE

Unclassified

17. SECURITY CLASSIFICATION
OF REPORT

Unclassified

OFf ABSTRACT
Unclassified

19. SECURITY CLASSIFICATION

20. LIMITATION OF ABSTRACT

Unlimited

NSN 7540-01-280-5500

Standard Form 298 (Rev. 2-89)




ACKNOWLEDGMENTS

The author has several people to thank for their help in this effort. Thanks are due to Dr. Fayssal
Safie for his assistance with this research effort. Thanks also are due to Bob Walsh and Rick Schmidgall
of Johnson Space Center for their expertise on space shuttle abort procedures. Thanks also to Richard W.
Brown of Marshall Space Flight Center for his knowledge on this subject.

i



TABLE OF CONTENTS

Page

I. INTRODUCTION ......cccccruevenveneee. feetesteetetete e et se et e eht s en e e e er e aesuteaensessteseensennteseones 1
L1 BAaCKZIOUNA ......cccoooiiiciiirrrcceieieeenrestesrsesstesssessnesssssssssseessesssssssnsesnsnsssnsssncessaneas 1
1.1.1 Space Shuttle DESCIPLON ......coocevermiiriininiineieicieenesiesieeess it stesssssssssnesess 1
1.1.2  Space Shuttle Ascent and AbOrt MOAES ......ccceevvemrievnrnenrueneennnnrerceneseeeseenes 3

1.2 ODBJECHVE ..uvervevenriierecnireerisieeressesesseesessessesssssesessssssesessestessenssssessesssssesssessassssssesasssasns 10
1.3 SCOPE cooovirceetecrinrirsiise et eriecsressesasssss e saaesaessasssessassesssesnsesnerssesesrsssnsessnesssesassssonss 10
II. SIMULATION MODEL DEVELOPMENT ........c.coovininienecenienreneesnecnnsseensesesssonsoses 10
2.1 Basic Approach to Model Development ........c.ccoeevveveeeiriemniniinsicnneienennseenseceseeeseeens 10
2.2 Element Failure MOAES .......cccccceviinriiiierieneneereeneneeseessnessesssisessseessssssasssassssssssossesans 11
2.2.1 SSME’s Failure MOdEl ......ccooevienrineiiicrieneiirenircieesiensenessssssnssnnssssssassssess 11
2.2.2 SRB’S Failure MOdEl ......coovivirreiienrrecertnienircecrnresenessstesstsesascssessaesaeens 13
2.2.3 ET Failure MOdel ......cocoomeominieieeicicieiectcnentcreeeeesieeeestsenesneestesncsseostasssases 13

2.3 Vehicle Performance MOdEl .......ccocvireeinriieerininieninennreeneenrcsessesssessossessnssssnsess 13
2.3.1 Ascent Flight Phase MOdel........cccoirvirnincenenninenieninensecenecseecesssesseeconees 14
2.3.2 Return to Launch Site Mode Model .........coovevuiriiinniveernnenieeesenenneeesannnne 14
2.3.3 Transoceanic Abort Landing Mode Model ........c.occeeireveeceeecneeciseerienesnernee 15
2.3.4 Late TAL Mode Model .........oovirorieniicieniecienenteenrenserssssesssessssnessssnsssnsense 15
2.3.5 Press to MECO Mode Model........ooeeiriniicinniniinieciccccniesnesseesneeneesnens 15
2.3.6 Press to Abort to Orbit to Mode Model .........cooeeeerrnenievcrnrceinienerceneneens 16
2.3.7 ContingenCy Mode MOdel ........oivveeniiieeninvieninieniennnesreenseneesssssseaeesses 16

2.4 Ascent/Abort Event Tree Diagram ..........cccoceevevereerinrenenrincnnnneeseecsersansasessenassssssens 16
2.4.1 Example Event Tree Description .........ccoveinivninienicnennnnneneesenecsessens 16

III. COMPUTER CODE DEVELOPMENT ..........ooceieireniceeecnreesenrennseesnossssssessesssssesssoses 18
3.1 Computer Program OVEIVIEW ..........ccccccereruereereecerceerencressiseesseseesssssesssssssssssssssesssassnss 18
3.2 Program MOGUIES.........ccocuereeevernrcrerreriensrenesressesssnoseostessesssnesnrasssssessessssessssssessssossssnes 18
3.2.1 Initial ADOIt SEIECHOMN .....ccevvirrieveirrireeriireirnenrreseeesersessreessessscossassssssnsessasnns 18

3.2.2 RTLS PErfOrmAanCe ......cocveeveieriniemsnnieesveressnsneesensssnssssesssssssesssesssnsssssosassnes 19

3.2.3 TAL PerfOIMANCE ......cccorvereererrnerererrsesnessnessestesneseesensossessessessssssnsssesasssnsnses 19

3.2.4 TAL Redesignation Option SEleCtion ...........cocceeveevuenierieirreecreecrreesecrsecrsecesees 20

3.2.5 Late TAL PErfOIMANCE .......cccevrueeeerrernveereeneessessseeseerssessseessssnsssssessessssassne 20

3.2.6 PTM and PTA PerfOrmMance ..........cceceeviererurnrecenesrenrenensesiessnessessesssssesaesanss 20

3.2.7 Random Number Generation .............ccceveerereererreereerueresiasssessesasssassessasssssaens 21

3.2.8 Exponential Distribution Value Generation ............ccceceveereveniirnccnserscennnaens 21

3.2.9 Uniform Distribution Value GEneration.............cccceeevvevveeesvreceesscneecreessnesnne 21
3.2.10 SRB Time to Failure Generation ............cccoeeeveerureeerrrecrencverseesseeessesssessassaess 21
3.2.11 ET Time to Failure GEneration .........c.c.eceeeverieneeseerseesnesseesseesseseessnessassanens 21
3.2.12 SSME Time to Failure Generation ..........cc.ceceeveeeveerrereeesenesnssrersseessesssssssene 22
3.2.13 SSME Failure Time Determination ..........ccccceeecviereciiencnenecennneeesneessnnessesnnes 22
3.2.14 SSME Required Run Time Determination .........c.ccccecceerrnrcecrerseececreesseseenes 23

iii



TABLE OF CONTENTS (Continued)

Page

3.2.15 Vehicle’s Black Zone Status Determination ............ceceeenesseneenssccssnsersaenees 24

3.2.16 Vehicle Inertial Velocity Determination .........cccveeveeecenseiicsisississisinnessennes 25

IV. SAMPLE APPLICATION ......cooiivteenccniioresrensisiisiesseisssasassessessesasssesasssssssssstssssssnsssessasse 25
4.1 MOGEIINPUL ...t isesssnseresstssessnsssesessssssuseseststsestatsssssrssesssensassasssnsasasesese 25

4.2 MOAEI OULPUL .....veurrereneereniniaciiisireretes b stsse s ssssse s e st e sststssssssseseseatasasssnsasessnss 28

4.3 RESULLS...ccoeiereirnieriictieereeteeeereesreeessesstesesstssssrasssaessensesnessnesssssasssnsssssssessstosssesanssssssnts 29

V. SUMMARY AND CONCLUSIONS ........cconnmrireinrnrsistsssnsessetsssessestessssessesssssssnanes 29
5.1 CONCIUSIONS....cviveerirreereereerseriessasessesseuestsseorsssessessissessessnsassassssssasaesassnsssssssssssssnssnssons 29

5.2 Recommendations for Future Research ..........coviiieemniermiinennnecisenncinsenssiennsnen 29
REFERENCES ....cuootivieviiverreneresesssesessessssssssestosestossusssesssssssensossssstassssssssssssssssstostssssstesssssssssssesses 31
APPENDIX A - Ascent Checklist—STS-32 Flight Supplement ........ccocoviveniinninninicncninienens 33
APPENDIX B — Enable/Inhibit SWitCh MOdel .........cccovnmiiinmiiierrmnirenenenenenecsensenesssscssiesiens 41
APPENDIX C — Vehicle ASCent MOGEL .....c.ccovuiiiniiniiinniniinreniienissneesnicsesssstssssisseniosnassneesss 45
APPENDIX D - Vehicle Acceleration ESmMAtion ...........ccocoeemeireirinineiennsniesessisnesscssiesscssisseenns 51
APPENDIX E — RTLS Mo0odel DevVElOPMENL .......c.coviviieiiiinneninisinsinisssesteseeeesersossesessassacnieseennens 55
APPENDIX F — TAL Model DEVEIOPMENL .........cocorviiiiiiririinrininnrmeninssinsssssostossssseossesasssassnessissnsas 59
APPENDIX G — PTA and PTM Model Development ............ooiiieiiiiniiinsnnrennnmcisiieninsiiosnaenes 61
APPENDIX H - STS Ascent/Abort Event Tree Diagram ..........coiiiiininiieninnieneenneneecnnssene 63
APPENDIX I — Sample Application Simulation QUIPUL  ......coveiiiiieiirneeiieeniiiieiiiiieneiennens 73
APPENDIX J — Program TULOHAL ......cccooceiiimiimiiiiiieini s seesesessssssssssssssassssissessanss 81

v



Figure

10.

11.

LIST OF ILLUSTRATIONS

Title Page
The space tranSportation SYSIEM ........ccccceeirrieeerniersenieerennteeseiseesiesassssessessssssessasonns 2
An SSME mission thrust Profile...........ccecceevverveeerrerserrresreensaermeesneessecesuessssessssesssnens 3
A typiCal RTLS PrOfile ....ceeoneieiiiiiieeeeteeercrie ettt saecrassnneon 4
Some TAL 1anding SIES .........ceceereriererrrereeierseeirreerieseretesssesiessaesseessssosnesseesnessssossasss 5
Comparison of ATO and nominal Orbits ..........ccecerveevirrenenrenircrnnier e 6
A typical contingency abort profile ...........ccccoiiviniiiiniini 7
Contingency abort CaAPAbILILY .......cccovverceervrinieerirce i 7
Basic approach to model development ...........cceceeviinenmecinnicinncninnrenre e 11
The SSME mission thrust profile model ..........ccoovevvvviirvinnininiinninicirceiens 12
A hypothetical event tree SEZMENL .........cccccevirreeniecerieenteeienrcetestessareseseesarssnees 17
Simulation Program OVEIVIEW .......ccceccvvvierierirreersenreenetrcereesesseessesstesseessssesneesssessessans 18



ACLS
AOA
APU
ATO
EO
ET
GSE
LEO
LS
MECO
MET
OMS
PTA

RCS
RPL
RTLS
SRB
SSME
STS
TAL

VI

LISTS OF ACRONYMS

augmented contingency landing site
abort once around

auxiliary power unit

abort to orbit

engine out

external tank

ground support equipment
low Earth orbit

landing site

main engine cut-off
mission elapsed time
orbital maneuvering system
press to abort to orbit

press to main engine cut-off
reaction control system
rated power level

return to launch site

solid rocket booster

space shuttle main engine
space transportation system
transoceanic abort landing

inertial velocity

vi



LIST OF SYMBOLS

a coefficient

ACC(1,104) acceleration of shuttle in abort mode with one SSME functioning at 104 percent
ACC(1,109) acceleration of shuttle in abort mode with one SSME functioning at 109 percent
ACC(2,104) acceleration of shuttle in abort mode with two SSME’s functioning at 104 percent
b coefficient

T mission elapsed time*

T(E.RTLS) time for earliest RTLS attempt possibility

T(init.) time of initiation of abort mode

T(L.RTLS) time for last RTLS attempt possibility

T(second failure) time of second SSME failure

TENGBEF(1) time of first SSME benign engine failure

TENGBF(2) time of second SSME benign engine failure

Tmeco time of main engine cut-off

Treqd time required for the SSME’s to run to complete the abort mode
Treqd(1) time required for one SSME to run to complete the abort mode

Treqd(1-E RTLS) time required for the SSME to run to complete a one SSME RTLS abort mode
Treqd(2) time required for two SSME’s to run to complete the abort mode

Treqd(2-E RTLS) time required for the SSME’s to run to complete a two SSME RTLS abort mode

VI vehicle’s inertial velocity
VITBEF(1) vehicle’s inertial velocity at the time of the first SSME benign failure
VITMCO vehicle’s inertial velocity at the time of main engine cut-off

*Time in all cases mentioned refers to the vehicle’s mission elapsed time.

vii






TECHNICAL MEMORANDUM

A SIMULATION MODEL FOR PROBABILISTIC ANALYSIS OF
SPACE SHUTTLE ABORT MODES

I. INTRODUCTION

The NASA space shuttle system is a reusable manned vehicle capable of transporting large pay-
loads to low Earth orbit (LEQO). The system is designed to provide abort options to accommodate *“con-
tained” system failures. Because of the complexity of the system, it is almost impossible to analytically
evaluate the risk due to the various abort modes. This report presents a simulation model which has been
developed to provide a probabilistic analysis tool to study the various space shuttle abort mode situa-
tions. The simulation model considers just the propulsion elements of the shuttle system (i.e., external
tank (ET), main engines, and solid boosters). Specifically, the model was developed to provide a better
understanding of the probability of occurrence and successful completion of the abort modes during the
ascent phase of the mission. The purpose of this document is to demonstrate the use of the simulation
program based on the assumptions and the principles used. The results from the simulation runs
discussed are for demonstration purposes only and are not official NASA probability estimates.

1.1 Background

1.1.1 Space Shuttle Description. The space shuttle is a system that has been designed to
provide a manned reusable transport vehicle capable of transporting large payloads to LEO. The launch

configuration of the system is shown in figure 1. The system consists of three main elements: the orbiter,
the ET, and the solid rocket boosters (SRB’s). The orbiter is the manned vehicle that accommodates
payload that is transferred between the ground and orbit. The orbiter ascends in a vertical configuration
and returns to Earth as a transatmospheric plane. The propulsion systems that support the orbiter are two
SRB’s, three space shuttle main engines (SSME’s), the ET, orbital maneuvering system engines, and
reaction control system thrusters.

The SSME’s provide thrust to help the orbiter attain ascent or successfully complete an abort.
Three SSME’s are located at the aft end of the orbiter. The engine is throttlable, uses oxygen and hydro-
gen propellant, and is designed to function for 55 starts (27,000 s). The rated power level (RPL) of the
SSME is 470,000 Ib of thrust in a vacuum, which corresponds to about 375,000 1b at sea level. The
engines can be throttled from 65 to 109 percent of the RPL. During the ascent of the space shuttle, each
engine burns for about 520 s during which it undergoes a throttling profile. A typical throttling profile
(for STS-26) is shown in figure 2. The engines are throttled up to 100-percent RPL prior to SRB igni-
tion. They then achieve 104 percent before being throttled down to 65 percent during a period of
maximum aerodynamic pressure for the vehicle. After the period of maximum aerodynamic pressure on
the vehicle has been passed, the engines are throttled back up to 104 percent where they remain before
being throttled down prior to main engine cut-off (MECOQ).

The ET is the “propellant tank” for the shuttle orbiter. It contains liquid hydrogen and liquid
oxygen for use by the SSME’s. The ET is the backbone of the launch configuration in that it is attached
to both the orbiter and the SRB’s. After MECO of the SSME’s, the ET reenters the atmosphere and
disintegrates; the remnants of the ET land in the ocean.



Figure 1. The space transportation system.
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Figure 2. An SSME mission thrust profile.

The SRB’s provide thrust to propel the space shuttle to orbit and serve as the launch pad mounts
for the vehicle prior to lift-off. There are two SRB’s located on opposite sides of the ET. Each SRB pro-
duces approximately 2.9 million 1b of thrust. The SRB’s complete their burn when the vehicle has
reached about 150,000 ft, at which time they separate from the ET and drop into the ocean, with
parachutes slowing their fall. The cases of the SRB’s are recovered and reused.

The orbital maneuvering system (OMS) engines provide thrust to support the orbit attainment,
orbit adjustments, and reentry of the vehicle. There are two OMS engines located on the aft end of the
orbiter. The OMS engines use monomethylhydrazine and nitrogen tetroxide for their propellant. Each

engine produces 6,000 Ib of thrust in a vacuum.

The reaction control system (RCS) thrusters provide thrust for pitch, yaw, and roll control of the
vehicle. There are 44 thrusters in all, and they are located in the fore and aft portions of the orbiter. The
RCS thrusters use monomethylhydrazine and nitrogen tetroxide for their propellant. The RCS thrusters
include primary thrusters for major adjustments, which produce 870 1b of thrust in a vacuum each, and
vernier thrusters, for finer adjustments, which produce 24 Ib of thrust each in a vacuum.

1.1.2 . The process of inserting the orbiter into orbit
consists of four phases: the prelaunch phase, the first stage, the second stage, and the orbit insertion.

The prelaunch period is the time during which the vehicle is held down and the SSME’s are
fired.

After the prelaunch time has been completed, the SRB’s are ignited, the vehicle is released from
the pad, and the first stage operation begins. After lift-off, the SSME’s are throttled down before a



period of maximum aerodynamic pressure is experienced by the vehicle. After the period of maximum
pressure has been passed, the engines are throttled back up. After the SRB’s have completed their
operation, they are separated from the ET.

The second stage begins after SRB separation. The SSME’s are throttled down prior to MECO in
order to achieve the desired insertion velocity. Once MECO is completed, the second stage has also been
completed.

After MECO, the ET separates from the orbiter, the OMS engines are then used to place the
vehicle in the desired orbit. Either one or two OMS burns will be used, depending on the type of mission
that is being performed.

The STS has several abort options: return to launch site (RTLS), transoceanic abort landing
(TAL), press to abort to orbit, press to MECO, late TAL, and contingency aborts.

RTLS is the abort option which occurs during the first window for the shuttle. The window for
this option varies from flight to flight, but, in general, it extends from shortly after SRB separation until
the first capability for TAL.

The RTLS is performed in three phases as shown in figure 3: powered flight, ET separation, and
glide-flight. During the power-flight portion of the RTLS, if the vehicle is not at the boundary of RTLS
capability, the pitch attitude is changed to allow the vehicle to be lofted out of the atmosphere. This will
be performed until the required amount of fuel in the ET has been depleted. The pitch-around maneuver
is then executed (at approximately 10°/s) to begin the flyback phase for the vehicle. The vehicle then
aims itself at a target position and velocity for completing the RTLS. When the desired altitude is
reached, the vehicle pitches down to an attitude of approximately —4°. The SSME’s are throttled down to
65 percent and MECO is then performed. Shortly after MECO, the ET is separated from the orbiter.
After ET separation, the vehicle pitches back up, and resumes a glide path for the RTLS runway.
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Figure 3. A typical RTLS profile.



TAL is more complex than RTLS in that for a typical flight there are several possible TAL
landing sites, and different criteria determine which site will be attempted. Some of the possible landing
sites for TAL aborts are shown in figure 4. In general, the window for the initiation of this option
extends from the inertial velocity at the RTLS/TAL window to the velocity of first press-to-abort (PTA)
to orbit capability.

P vy u's %S
LONGITUDR (DEC)

PROJECTION ¢ MEBCATOR
Figure 4. Some TAL landing sites.

The steps in performing a TAL include: selecting the TAL site, performing an OMS propellant
dump, achieving the desired MECO altitude and velocity, performing MECO, and gliding to the landing
site. The TAL site is selected based on the vehicle’s position in the ascent when the abort is initiated and
will be discussed in detail in later sections. After the site has been selected, dumping of the OMS propel-
lant will be initiated, and the vehicle will begin steering toward the selected landing site. After the
vehicle has reached the desired altitude and velocity, the MECO will be performed. After MECO, the
vehicle will glide to the runway at the target site.

PTA is an abort option in which the vehicle attempts to achieve an off-nominal orbit. The lower
orbit is attained because there is insufficient energy to attain a nominal orbit, and/or systems per-
formance suggests that an early reentry may be desired. In general, the window for this option extends
from the TAL/PTA boundary to the press-to-main (PTM) engine cut-off boundary.

The procedure for a PTA is similar to the procedure for a nominal ascent, with the exception that
the orbit which is attempted to achieve is shallower than the nominal orbit. After the PTA option is
selected, the engines run until the desired MECO velocity and position is reached. After MECO, the two
OMS engine burns place the vehicle in the desired orbit, as shown in figure 5.



NOTE: This drawing is not to scale.
Figure 5. Comparison of ATO and nominal orbits.

PTM involves the vehicle attempting to achieve its desired orbit despite its problems. This option
involves adjusting vehicle thrust and trajectory in order to achieve the desired orbit. The window for this
option extends from the PTA/PTM boundary until MECO. The procedure for this abort option is similar
to the PTA option, with the exception that the nominal orbit is attempted rather than a shallower one.

Late TAL is an abort to a landing site that is performed because of an early MECO. This abort
option is used when the vehicle cannot attain an orbit and it is past the region for the normal TAL
option. This option is generally available during the last minute of flight. This option involves “gliding
in” to the landing site that has been chosen based on the vehicles situation at the time of MECO,

Contingency aborts are performed because of either structural failures, multiple systems failures,
or multiple engine failures. A contingency abort is performed for multiple SSME failures whenever the
thrust of the engines is inadequate for either the vehicle achieving orbit or an intact abort. The profile of
a typical contingency abort is shown in figure 6. During a contingency abort due to multiple SSME
failures, an attempt will be made to achieve a gliding path for the vehicle from which either a vehicle
ditch or a crew bailout can be performed. The vehicle and crew will be lost if the vehicle is in a “black
zone,” a region in which the vehicle’s structural constraints are exceeded, at the time of multiple engine
failures. The current contingency capability for multiple engine failures during the ascent is shown in
figure 7.

Aborts for the space shuttle can be initiated for either systems problems or SSME failures.
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The procedures for selecting abort options for SSME failures is based on interaction between
Mission Control and the astronauts. Flight procedures and checklists are used to minimize the decision
time in the abort selection process. The earliest time at which an abort can be initiated is approximately
2 min 30 s into the flight, which is shortly after SRB separation. The many different possible situations
for SSME failures causes the abort selection process to be very complex, as the abort selected is largely
a function of when the SSME failure(s) occurred during the STS ascent and aborts.

1.1.2.1 STS Operational Flight Rules—All Flights. The purpose of the flight rules discussed in
the document “STS Operational Flight Rules—All Flights” is stated as: “The flight rules outline pre-
planned decisions designed to minimize the amount of real-time rationalization required when non-
nominal situations occur from the start of the terminal countdown through crew egress or ground support
equipment (GSE) cooling activation, whichever occurs later.”*

In the “Flight Operations Rules” section of the document, rules relating to abort procedures are
discussed. In this section, the topics that are discussed include: shuttle abort criteria, ascent mode priori-
ties for performance cases, aborts for systems failures, and contingency ascents/aborts.

The shuttle abort criteria subsection states that the nominal ascent will not be continued if any of
the following conditions occur: engine problems occur in a region where their performance is required,
deorbit maneuver capability is lost, attitude control is lost, or consumables, cooling, or systems lifetime
problems occur that will not support a first day landing to the primary landing site. The aborts that will be
used due to engine problems will be chosen based on the region in which the engine(s) problems occurred.

The subsection that discusses the ascent mode priorities for performance cases discusses the order of
precedence for the selection of abort modes and provides some discussion on the performance of the aborts.
The order of precedence for the abort modes is as follows: press-to-orbit (including press-to-MECO and
press-to-abort-to-orbit (ATO)), TAL, RTLS, late TAL, and abort-once-around (AOA). The press-to-orbit
decisions will be based on such factors as the ET impact location and post-MECO performance capability.

The subsection that discusses the abort modes that will be used for systems failures describes
systems failures that will result in abort initiation, and which aborts will be used for the various systems
failures. Examples of systems failures that would result in aborts include: loss of a thermal windowpane,
a cabin leak that results in a significant rate of pressure loss, two leaking or failed OMS tanks, the loss of
two Freon loops, and the loss of two main busses. The abort modes that are considered in this section are
RTLS, TAL, late TAL, and AOA. The abort modes that are used based on the systems failures are
selected based on the option that provides the earliest available landing time or to avoid requiring a lost
capability.

The contingency ascents/aborts subsection provides a general discussion of contingency
ascents/aborts and the possible outcomes. Contingency aborts will be used when structural failures or
multiple systems or SSME failures have occurred. Possible contingency abort cases include the follow-
ing: crew bailout or orbiter ditch due to the loss of multiple SSME’s in a region where no acceptable
landing site is available; an attempt to land at an RTLS, TAL, AOA, or ACLS due to structural or
multiple orbiter systems problems which necessitate landing at the earliest possible time; or an attempt
to land at an RTLS, TAL, AOA, LS, or ACLS due to multiple SSME failures coupled with other orbiter
failures which result in severe ascent performance loss. The contingency abort may result in the loss of
the vehicle and the crew if there is total SSME thrust loss in a “black zone,” which is a region where the
contingency abort would result in a violation of the vehicle’s constraints (such as structural constraints).



1.1.2.2 Flight Procedure Handbook—Ascent/Aborts. The purpose of the “Flight Procedure
Handbook—Ascent/Aborts” is stated as: “to describe and provide rationale for the flight procedures
used using space shuttle ascent and aborts. It has been prepared for shuttle flight crews and ground
operations personnel as an ascent flight training supplement and convenient reference source.”>

The Flight Procedure Handbook discusses in detail the procedures that the crew must be trained
for during the ascent and during the performance of shuttle aborts. This document was a valuable
reference in understanding the process that is involved in the ascent, and selecting and performing the
abort options.

When performance problems occur that will have to be compensated for by using aborts, a cer-
tain amount of time is required by the crew (and possibly mission control) to discuss the problem and
decide on the appropriate abort option to select. The time between the occurrence of the problem and the
initiation of the selected abort option is referred to as the decision time. The decision time that is
required is generally 15 s.

The inhibit/enable switch is a device that is used to control whether or not the SSME’s will be
automatically shut down due to exceedence of red-line limits of certain performance parameters. If the
switch is in the enable position, the SSME’s are shutdown if the red-lines are exceeded. If the switch is
in the inhibit position, the SSME’s are not shutdown if the red-lines are exceeded. The switch is in the
enable position initially. If an engine fails while the vehicle has not yet reached a region of single engine
capability, the switch is placed in the inhibit position. The switch may be placed back in the enable posi-
tion if the engines achieve single engine capability while two engines are still functioning.

1.1.2.3 Ascent Checklist. The ascent checklist’ is a document that summarizes the procedures
that the crew must perform during a shuttle ascent and during the performance of aborts. The checklist
consists of a generic document that pertains to all flights and flight supplements that are used for the
specific flight. Part of the ascent checklist flight supplement for STS-32 is contained in appendix A.

The ascent checklist contains information that can be used by the shuttle crew to select the abort
mode if performance problems occur with the vehicle and the crew does not have communication with
mission control. The information contained in the ascent checklist is in the form of cards. During the
flight, the cards are placed in a pad for the commander and pilot, and they may be referenced during the
vehicle’s ascent and during abort atiempts. Items of interest to this study that are contained in the ascent
checklist include: the systems flight rules card, the no comm mode boundaries card, the auto TAL card,
the late TAL card, the ascent ADI-nominal card, and the TAL redesignation cards.

The systems flight rules card states which abort option (s) will be used for certain systems
failures. The systems rules card is a summary of the information that is provided in the operational flight
rules pertaining to the abort modes that will be used for systems failures.

The no comm mode boundaries card is used by the crew if they do not have communication with
mission control. This card contains vehicle inertial velocity boundary value information from which the
abort options can be selected.

The auto TAL card states the inertial velocity at which MECO would be performed for a TAL
attempt.



The late TAL card states the boundary inertial velocity values at MECO for late TAL attempts as
well as the lowest inertial velocity at MECO for which a successful late TAL landing may be achieved.

The ascent ADI-nominal card provides information on the vehicle’s inertial velocity versus the
altitude of the vehicle.

The TAL redesignation cards are used to select a landing site for a one-engine TAL attempt if a
two-engine TAL attempt was selected and a second engine failed before the two-engine TAL attempt
could be completed. TAL redesignation cards are included for two-engine TAL attempts to the primary
two-engine TAL site, Benguerier, and the second two-engine TAL site, Moron. In using the TAL redes-
ignation cards, the column that contains the first EO VI value is first entered by choosing the column
that corresponds to the value of the inertial velocity at the time of the first engine failure and rounding to
the nearest 100 value. The correct row item is chosen by selecting the row with the VI value that
contains a value that is less than or equal to the inertial velocity at the time of the second engine failure
and that contains the value closest to the inertial velocity value at the time of the second engine failure.

1.2 Objective

The purpose of this study was to develop a simulation model that could be used to analyze the
various space shuttle abort mode situations and that could provide a better understanding of the
probability of occurrence and successful completion of the abort modes during the ascent phase of the
mission.

1.3 Scope

This study focuses on the effect of propulsion system failures on the ascent phase and the related
abort modes for the space shuttle. Systems failures (such as APU failures, Freon loop failures, etc.) are
not considered in this analysis.

The space shuttle items which were considered (the propulsive elements) were: the SSME’s, the
SRB’s, and the ET.

The simulation program has been designed for supporting analysis of various mission situations.
In addition to supporting analyses of specific missions, the program supports sensitivity analyses of the
effects of various ascent and abort parameters.

II. SIMULATION MODEL DEVELOPMENT

2.1 Basic Approach to Model Development

The basic approach to model development is described by an event tree diagram which accounts
for all the events during the space shuttle ascent and its abort modes. The event tree diagram was con-
structed by referring to NASA flight rules and procedures. The paths in the tree are determined based on
the failure times of the propulsion system elements. The propulsion elements considered in the analysis
are the ET, the SRB’s, and the SSME’s. A failure model described by a probability distribution is con-
structed for each of the three elements. A failure of either the ET or the SRB at any time during their
flight times will result in a catastrophic failure of the vehicle. For the SSME’s, the probability
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distribution is used to generate a failure time for each of the three engines. The failure time is then
checked against the mission profile to determine if the mission is a success or if a failure has occurred
that would result in loss of the vehicle or a mission abort. In case of an abort, the vehicle performance
model is taken into consideration. The vehicle performance model considers the vehicle velocity versus
mission time and the conditions for the successful completion of the abort modes. The vehicle velocity
versus mission time is used to determine the velocity at which the engine failure occurs. Given this
velocity, the time required for the engines to complete a successful abort is determined by the conditions
for abort completion. A summary of the model elements that where developed is shown in figure 8.

ET FAILURE
MODEL
SRB FAILURE EFlAi?‘UERNET
MODEL MODELS
ASCENT
THRUST PROFILE
MODEL SSME FAILURE
MODEL
ENABLE/INHIBIT
SWITCH MODEL ABORT MODES
ASCENT SIMULATION
Vive. T VEHICLE MODEL
MODEL PERFORMANCE
ATLS MODEL
AL ABORT MODES
MODEL
LATE TAL
PTA ASCENT/ABORT
EVENT TREE
LOGIC
PTM

CONTINGENCY

Figure 8. Basic approach to model development.

2.2 Element Failure Modes

Although various nonpropulsive systems failures would result in the initiation of abort options,
this study only considered the effect of performance of space shuttle propulsive elements on
ascent/aborts. The items which were considered in the model development were: the SSME’s, the
SRB’s, and the ET. The models that were developed to represent the performance of these items are dis-
cussed in the following sections.

2.2.1 SSME’s Failure Model. The SSME’s were the most difficult elements to model since their
design and operation are the most complex of the three items considered. The SSME’s operate at various
performance levels and are subject to both benign (self-contained) failures and catastrophic (criticality 1)
failures. An additional factor which must be considered in the modeling of the time-to-failure of the
SSME’s is whether or not the engines are “inhibited” from shutting themselves down due to off-normal
measurements.

The SSME’s operate from the beginning of the prelaunch phase until they either shut down
because of a failure or MECO is performed.
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The time-to-failure for the engines was treated as an exponential distribution. This distribution
was considered for this case because the SSME’s are very complex, with many parts. For systems with
many parts, an exponential distribution is sometimes used because the items are just as likely to
experience “random” failures any time during their life. Another distribution considered was a Wiebull
distribution that is modeled to predict higher probability of failure during the early time of the items
lifetime. This distribution has been shown to more accurately predict the failures for the SSME’s and
should be used for future applications of the simulation program that was developed. The exponential
distribution was used in this study for the initial demonstration of this simulation program because of its
ease of use and simplified approximation of the predicted failure times of the SSME’s.

Since various power levels, catastrophic and benign failures, and inhibited and enabled engines
are being considered, distribution parameters are required for each case. The power levels that were
considered were 100, 104, and 109 percent. Catastrophic failures are those failures that correspond to
criticality 1 failures. Benign failures are those failures that correspond to failures that result in a safe
engine shutdown. Inhibited engine failures are failures that occur when the engine is inhibited from
failing due to red-line exceedence of its various performance items. Enabled engine failures are failures
that occur when the engine is not inhibited from failing due to red-line exceedence of the various per-
formance items.

The source for obtaining the estimates for the exponential parameters for the various situations
was the SSME reliability study by Dr. Safie.® The method for obtaining exponential time-to-failure
estimates for the engines from the reliability study and estimates that are obtained are presented in the
referenced study.

For simplicity, the thrust profile that is used during the ascent phase was modeled using both
100- and 104-percent RPL’s. A model of the thrust profile is shown in figure 9. The thrust level that was
used for the various abort situations also used both 100- and 104-percent RPL’s. Abort mode attempts

Thrust
Level
(%)
109 —|

104 —

100 —

65 ; ! :

‘ | | ! T
— Thrust Thrust Pre-MECO MECO

SSME SRB  pBucket Bucket throttie-

start ignitfon poging ends down

Mission Elapsed Time (sec)
Figure 9. The SSME mission thrust profile model.
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that will be said to have engines functioning at 104 percent are: 2-E RTLS, 2-E TAL, 2-E PTA, 1-E
PTM, 1-E TAL to the primary TAL site, and 1-E TAL redesignation site attempts that require engines at
104 percent. Abort modes attempts that will be said to have engines functioning at 109 percent are: 1-E
RTLS and 1-E TAL redesignation sites that required engines functioning at 109 percent.

The model for the operation of the enable/inhibit switch was based largely on discussions with
engineers familiar with it. A diagram summarizing the operation of the switch, a summary of the
development of the switch model, and a flowchart that depicts how the switch’s operation is modeled is
presented in appendix B. As can be seen from the diagram, the switch is initially in the enable position.
If a first engine failure occurs before the inertial velocity required for a one-engine abort capability has
been reached, the switch is placed in the inhibit position. If there are no further engine failures before the
one-engine abort capability is achieved, the switch is placed in the enable position when the VI
boundary value for one-engine capability has been reached. If a second engine failure occurs, the switch
is placed in the inhibit position, where it remains.

From conversations with engineers familiar with the SSME, some general observations were
provided concerning the performance of inhibited SSME’s in relation to the performance of enabled
SSME’s. Approximately 50 percent of the failures that would lead to an engine shutdown due to red-line
exceedance for the enabled SSME’s would lead to catastrophic failures in the case of inhibited SSME’s.
An additional observation was that about 1 percent of the benign failures in the enabled SSME case
would be benign failures in the case of the inhibited SSME. The use of the approximations that were
suggested by the engineers in the development of the model for the switch is discussed in appendix B.

2.2.2 SRB’s Failure Model. The operation of the SRB’s was considered from the time of their
ignition to the time of their separation (or, for the first stage).

Since the performance of the SRB’s is largely driven by the manufacturing process, they were
modeled somewhat differently than the SSME’s. The probability of the successful operation of the
SRB’s up until separation was treated as a Bernoulli distribution, with the SRB’s either catastrophically
failing or successfully completing their burn time. If it is determined that the SRB’s will fail, the time of
the SRB failure is then determined. The time to failure for the SRB’s is treated as being uniformly dis-
tributed, with the earliest time occurring at ignition and the last time occurring at separation.

2.2.3 ET Failure Model. The operation of the ET was considered from the time of the beginning
of prelaunch until either an abort was initiated or nominal MECO of the SSME’s occurred.

The performance of the ET was treated similarly to that of the SRB’s. The probability of success
was treated as a Bernoulli distribution. If a failure occurred, the time to failure was treated as being uni-
formly distributed, with the minimum time occurring at the beginning of the prelaunch phase and the last
time occurring at the time of MECO.

2.3 Vehicle Performance Model
A model was developed for the performance of the vehicle during the ascent and during the abort
modes. The model for the ascent involved obtaining an estimate for the vehicle’s inertial velocity as a

function of time. The models for the vehicle’s performance during the abort modes involved estimating
the time or inertial velocity that was required for successful completion of the abort options.
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2.3.1 Ascent Flight Phase Model. Since inertial velocity is the parameter that is used to decide
between different abort options and since the run time of the engines is the value that is obtained based
on the distributed times to failure for the engines, a model was required for the simulation that depicted
the vehicle’s inertial velocity as a function of the time during the ascent at which the failure occurred.
The development of the vehicle ascent is discussed in its entirety in appendix C.

By plotting the VI as a function of MET for space shuttle ascent performance data, it was
observed that the function can be modeled as an exponential function during the second stage. Since no
aborts can be initiated before the beginning of the second stage, only the values in this region were con-
sidered. The VI versus mission elapsed time for the second stage can be modeled as:

VI = exp(a+b*T) , 1
where
VI = the vehicle’s inertial velocity
a = a coefficient
b = a coefficient

T = the mission elapsed time.

2.3.2 Retumn to Launch Site Mode Model. An RTLS attempt is said to be successful if the time

of the engine failure(s) are greater than the time that is required for an RTLS completion. The develop-
ment of the model of the RTLS required time for completion is discussed in its entirety in appendix E.

In developing the model, VI versus the MET data for an RTLS attempt was considered. The
model considered two phases during the RTLS attempt, the fuel dissipation phase, and the flyback and
powered pitchdown phase. During the fuel dissipation phase, the vehicle is heading down range prior to-
heading back to the launch site. This phase is therefore very dependent on the time at which the abort
was initiated. The data that appeared to represent the fuel dissipation phase were linear and appeared to
be dependent on the time that the first engine failed. The flyback and powered pitchdown phases are per-
formed to attain a proper attitude to release the ET and to attain a proper range and velocity at MECO so
that a successful RTLS abort may be performed. It appears reasonable that the total duration of the fly-
back and powered pitchdown phases should be fairly constant over the range of initiation times for the
RTLS attempt since there is not much flexibility in the position that vehicle should be in for performing
ET separation and MECO. The data that appeared to represent this phase exhibited very nonlinear char-
acteristics, but the total time duration seemed to be relatively constant for different abort initiation times.
Models for the required time for the completion of both of the phases was combined to obtain an esti-
mate for the required run time to complete an abort.

The required remaining run time for engines for the successful completion of a two-SSME RTLS
abort is therefore:

Treqd(2-E RTLS) = 350+(270/(T(L.RTLS)-T(E.RTLS)))*(T(L.RTLS)-T(init.)) . 2)

The required remaining run time for the remaining engine functioning at 109-percent RPL is
therefore:
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Treqd(1-E RTLS) = 1.91*(Treqd(2-E RTLS)-T(second failure)) . 3

2.3.3 Transoceanic Abort Landing Mode Model. A TAL attempt is said to be successful if the
vehicle attains the inertial velocity that is required for a successful TAL attempt. The development of the
model of the TAL VI versus ¢ is discussed in appendix F.

Since the VI value of the vehicle is the criteria that must be known for making the TAL option
selections, an estimate was required for the vehicle acceleration in order to relate the mission elapsed
time to the current vehicle VI value.

In order to see if the programming could remain simpler, acceleration estimates for TAL, PTA,
and PTM were made and compared with each other to see if they could be combined into one estimate.
The estimation of the vehicle acceleration is discussed in appendix D. The acceleration values that will

be used for the vehicle for the abort options at the various number of functioning engines and engine
power levels are therefore:

ACC(1,104) = 22.8 ft/s2
ACC(1,109) = 23.8 ft/s?
ACC(2,104) = 45.5 ft/s? .

The 2-E TAL attempts occur with the engines functioning at 104 percent, and the 1-E TAL
attempts occur with the engines functioning at either 104 or 109 percent. For a 2-E TAL attempt,

Treqd = (VITMCO-VITBF(1))/ACC(2,104) . 4)
For a 1-E TAL attempt with the engine functioning at 104-percent RPL,

Treqd = (VITMCO-VITBF(1)-ACC(2,104)*(TENGBF(2)-TENGBF(1)))/ACC(1,104) . &)
For a 1-E TAL attempt with the engine functioning at 109-percent RPL,

Treqd = (VITMCO-VITBF(1)-ACC(2,104)*(TENGBF(2)-TENGBF(1))/ACC(1,109). (6)

2.3.4 Late TAL Mode Model. A late TAL attempt is said to be successful if the vehicle’s VI
value at the time of the premature MECO is greater than the minimum value required for the completion
of a late TAL attempt and less than the maximum value for the selected late TAL option.

2.3.5 Press to MECO Mode Model. The abort attempt is said to be a success if the vehicle
achieves the inertial velocity that is required to achieve the orbit. The development of the model of the
PTM required time to completion is discussed in appendix G. For a 2-E PTM with the engines at 104-
percent RPL,

Treqd(2) = (3/2)*(TASCNT(5)-TENGBF(1)) . @)
For a 1-E PTM with the engine at 104-percent RPL,

Treqd(1) = 3*TASCNT(5)-TENGBF(1)-2*TENGBF(2) . ¢))]
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2.3.6 Press to Abort to Orbit to Mode Model. The abort attempt is said to be a success if the
vehicle achieves the inertial velocity that is required to achieve the orbit. The development of the PTA

required time to completion is discussed in appendix G. For a 2-E PTA with the engines functioning at
104-percent RPL,

Treqd(2) = (3/2)*(TASCNT(5)-TENGBE(1)) . &)

2.3.7 Contingency Mode Model. Contingency aborts that are initiated when there are two failed
SSME’s in a region where no other abort options are available are said to result in crew bailouts with the
loss of the vehicle. The results of contingency aborts that are initiated when there are three failed
SSME’s in a region where no other abort options are available are said to result in either a crew bailout
with the loss of the vehicle or the loss of the crew and vehicle due to the exceedence of constraints on
the vehicle. The crew will be said to bail out if the three engines failed in a region not in the contingency
abort “black zone.” The crew and the vehicle will be said to be lost when the three engines failed within
the “black zone.” The region of the black zone will be said to extend from a VI value of 8,000 ft/s up to
a VI value of 18,000 ft/s.

2.4 Ascent/Abort Event Tree Diagram

The event tree that was developed to model the space shuttle ascent and its abort options is based
on NASA procedures and conversations with personnel involved with analysis of space shuttle
ascent/aborts. The event tree is shown in appendix H.

2.4.1 Example Event Tree Description. A hypothetical portion of an event tree is shown in

figure 10. This event tree is for description purposes only and is not part of the actual ascent/abort event
tree.

The tree is continued from a previous path after the first engine failure occurred. If the time
between the first and second failures is greater than the time required to make a decision, the inertial
velocity of the vehicle is compared with the inertial velocity required for the initiation of a two-engine
abort to the abort site. If the inertial velocity is greater than that required for the initiation of a two-
engine abort, the event path is continued on chart 2; otherwise the path is continued on chart 3. If the
time between the second and the first failures is less than the decision time, the criticality of the engine
failure is checked. If a catastrophic failure occurred, the crew and vehicle are lost. If a catastrophic
failure did not occur, the inertial velocity of the vehicle is compared to the inertial velocity required for a
one-engine abort attempt. If the inertial velocity is less than that required for a one-engine abort, the
crew bails out of the vehicle. If the inertial velocity is not less than the required velocity, a one-engine
abort is attempted. If the third engine failure occurs before the completion of the one-engine abort, the
criticality of the failure is checked. If the engine failure was catastrophic, the crew and vehicle are lost.
If the failure was not catastrophic, the inertial velocity of the vehicle is checked to see if the vehicle is in
a black zone. If the vehicle is in a black zone, the vehicle and crew are lost, otherwise the crew bails out
of the vehicle.
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1. COMPUTER CODE DEVELOPMENT

3.1 Computer Program Overview

The computer code that was developed in Fortran 77 can be obtained by requesting it from the
NASA Marshall Space Flight Center Program Development Office (PD22). A simplified overview of
the program is shown in figure 11. As can be seen from the diagram, during the simulations the failure
times of the elements are first generated. The failure times are generated from statistical distributions,
the values of which are determined by pseudo-randomly generated numbers. The failure times are
checked to see if any failures occurred before the completion of the ascent. If a failure did occur, the
type of failure is checked to determine if the failure was an ET, SRB, or SSME failure. If either an ET or
SRB failure occurred, the crew and vehicle are counted as being lost. If an SSME failure occurred, the
criticality of the failure is checked. If the failure was catastrophic, the vehicle is lost. If the SSME failure
was not catastrophic, the vehicle attempts an abort. If the abort is successful the vehicle is safe; other-
wise, the vehicle is lost.

{Input /
Data ;

Perform \
Simulations/

Generate
Element Fallure
T
Y
ailur )_/ET\ RE ‘
: Loss of |
@urrw Qllure 2 Faiture |
Vehicle
O i AL
Loss of Loss of
Vehicle Vehicle :;t::‘::t
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to MECO b
Loss of N ccess Y Safe

Vehicle Abort Abort

Output
Results

3.2 Program Modules

Figure 11. Simulation program overview.

3.2.1 Initial Abort Selection. Subroutine ABTSLCT represents the selection of abort modes for
one-engine out. The subroutine is called when there is one shutdown SSME on the vehicle in a region of
the ascent where an abort may be initiated. The region during which a one SSME shutdown abort may
be initiated begins at approximately 150 MET and lasts until the time of MECO.
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If there is sufficient time between the first two engine failures to make a decision, the appropriate
subroutine (RTLS, TAL, or PRESS) is called based on the vehicle’s inertial at the time of the engine
failure.

If there is not sufficient time between the first two engine failures to make a decision and if the
second failure was not catastrophic, the time of the third engine failure is checked to see if there was
enough time before the third engine failure to make a decision. If there is not enough time before the
third engine failure and the engine failure is not catastrophic, a subroutine is called to determine if the
vehicle successfully completes a late TAL.

If there is enough time between the second and third engine failure to make a decision, the one-
SSME abort option is chosen based on the vehicle’s V1. If a one-SSME PTM is attempted and the
engine fails before abort completion and it is a benign failure, a subroutine is called to simulate a late
TAL attempt. If a one-SSME TAL or late TAL is attempted and a benign engine failure occurs before
abort completion, the vehicle and crew are lost if they are in a black zone or the vehicle is lost and the
crew bails out. If the one-SSME VI is less than the VI required for a TAL droop, the crew is said to bail
out and the vehicle is said to be lost.

3.2.2 RTILS Performance. Subroutine RTLS represents the RTLS success/failure logic. This
subroutine is called from ABTSLCT when an RTLS attempt is selected based on the ascent VI value at
which there was one shutdown SSME.

If a benign second engine failure occurs before the completion of a two-SSME RTLS and there is
adequate time between either the first and second failures or the second and third failures to make a
decision, a one-SSME RTLS is attempted. If there is a benign failure of the third engine before the
completion of the one-SSME RTL'’s, the VI of the vehicle is checked to see if it is in a black zone. If the
vehicle is in a black zone, the vehicle and crew are said to be lost, otherwise the vehicle is lost and the
crew bails out.

If there are three engine failures of which none are catastrophic before a decision can be made,
either the vehicle and crew will be lost or just the vehicle will be lost, depending on whether or not the
vehicle is in a black zone region.

3.2.3 TAL Performance. Subroutine TAL represents the TAL success/failure logic. This sub-
routine is called from ABTSLCT when a TAL attempt is selected based on the ascent VI value at which
there was one shutdown SSME.

If a second benign engine failure occurs before the completion of a two-SSME TAL and there is
enough time to make a decision before a third engine failure, a one-SSME TAL redesignation option is
selected by calling the subroutine TALSLCT. If the vehicle’s VI is too low, a crew bailout is performed,
otherwise an attempt for the selected one-E TAL site is attempted. If a third benign engine failure occurs
before the abort is completed, the crew either bails out or is lost depending on whether or not the vehicle
is in a black zone.

If there is not enough time between the first and second engine failures to make a decision, either
a one-SSME TAL attempt to the primary site or a TAL droop will be attempted if the vehicle has an
adequate VI value. If a third benign engine failure occurs before the completion of either a one-E TAL
or TAL droop attempt, a contingency abort is attempted. If the VI value is less than the VI boundary
value for a TAL droop, the crew is said to bail out and the vehicle is said to be lost.
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3.2.4 TAL Redesignation Option Selection. Subroutine TALSLCT represents the logic for
selection of a two-engine out TAL redesignation site. If the rounded value for the VI at the time of the
first engine failure is greater or equal to the lowest VI value for one-SSME TAL capability, the sub-
program of the value of the first engine out entry that matches up with the VI at which the first engine
failed is found by performing a loop for the total number of TAL redesignation velocities. When a value
is found that corresponds to the VI at the first failure, the integer parameter that corresponds to this value
is assigned the value that the counter has at that time.

After the proper column is found on the TAL redesignation chart, the option that will be selected
at that value of the first engine failure is chosen. To select the correct option, a loop is first entered that
will be performed for the total number of redesignation options for two engines out. Whenever the
rounded value for the VI of the second failure is greater than or equal to the boundary value at an option,
the option variable is assigned the value of the counter corresponding to that option. After the loop is
completed, the option variable will contain the value that corresponds to the redesignation option that
has been chosen.

3.2.5 Late TAL Performance. Subroutine LATETAL represents the late TAL success/failure
logic. This subroutine is called from ABTSLCT, TAL, and PRESS after an early MECO occurs in a
region where a late TAL can be attempted.

If the inertial velocity of the vehicle is less than that required for the earliest late TAL capability,
a contingency abort is attempted. If the VI value is less than or equal to the boundary for the first option
but greater than or equal to the earliest late TAL boundary value, then the vehicle is said to successfully
land at the first late TAL site. For the subsequent late TAL options, if the VI value is less than the
boundary value, the vehicle is said to successfully land at the late TAL site corresponding to that option.
If the VI value is greater than the value for the last option (the option with the highest VI boundary
value), then contingency abort will be attempted.

3.2.6 PTM and PTA Performance. Subroutine PRESS represents the PTA and PTM
success/failure logic. This subroutine is called from ABTSLCT when a PTA or PTM attempt is selected

based on the ascent VI value at which there was one shutdown SSME.

Whether a two-SSME PTA attempt or a two-SSME PTM attempt will be made is first deter-
mined. The logic for both a two-SSME PTA and a two-SSME PTM attempt are similar to each other
with the only difference being the two-SSME attempts.

If a second benign SSME failure occurs during the completion of the two-SSME abort attempt,
and there is adequate decision time between the times of the engine failures, either a crew bailout, a TAL
droop, a one-SSME TAL to the primary site, or one-SSME PTM is attempted. If the vehicle has an iner-
tial velocity less than that required for a TAL droop attempt, the crew bails out and the vehicle is lost. If
a benign engine failure occurs before the completion of an attempted one-SSME abort option, the sub-
routine LATETAL is called to determine if the vehicle successfully completes a late TAL.

If there is not enough decision time before the second benign engine failure and if the third
benign engine failure does not happen before the required decision time, logic similar to the case where
the time between the first and second failures is not less than the decision time is followed. If there is not
enough time to make a decision between either the first and the second or the second and third engine
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failure times, the subroutine LATETAL is called to determine if the vehicle successfully completes a
late TAL attempt.

3.2.7 Random Number Generation. Function RANDOM is the pseudo-random number gener-
ator for the program.

3.2.8 Exponential Distribution Value Generation. Function EXPON creates exponentially dis-
tributed random variables. The generated random number is converted in this function to an exponen-
tially distributed random variable by using the formula:

EXPON = -THETA*LN(RANDOM) , 10)
where:
EXPON = an exponentially distributed random number
THETA = the MTBEF for the exponential distribution

RANDOM = a randomly generated number, Unif(0..1) .

3.2.9 Uniform Distribution Value Generation. Function UNFRM creates uniformly distributed
random variables. The generated random number is converted in this function to a uniformly distributed
random variable by using the formula:

UNFRM = A+(B-A)*RANDOM , (11)
where:
UNFRM = a uniformly distributed random number
A = the lowest possible value
B = the highest possible value
RANDOM = a randomly generated number, Unif(0..1) .

3.2.10 SRB Time to Failure Generation. Function SRBFT determines the failure time for the
SRB pair. As can be seen from the code, it is first determined whether the SRB pair will fail, based on
the probability of failure. If it is determined that it will fail, a time of failure is generated which will lie
in the time from SRB ignition to SRB separation. If it is determined that it will not fail, the failure time
is set to be a very high number.

3.2.11 ET Time to Failure Generation. Function ETFT determines the failure time for the ET.
As can be seen from the code, it is first determined whether the ET will fail, based on the probability of
failure. If it is determined that it will fail, a time of failure is generated which will lie in the time from
SRB ignition to nominal MECO separation. If it is determined that it will not fail, the failure time is set
to be a very high number.
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3.2.12 SSME Time to Failure Generation. Subroutine FLRTIME determines engine failure

times. This function is used for calculating several different times-to-failure for the SSME’s: the time-to-
failure for the first engine at 100 percent, the time-to-failure for the first engine at 104 percent, the time-
to-failure for an inhibited SSME for the second failure, the time-to-failure for an enabled SSME for the
second failure, the time-to-failure at 104 percent for an inhibited SSME for the third failure, the time-to-
failure at 104 percent for an enabled SSME for the third failure, the time-to-failure at 109 percent for an
inhibited SSME for the third failure, and the time-to-failure at 109 percent for an enabled SSME for the
third failure.

FLRTIME(1) is called to determine the failure times before a failure occurs. The engines are first
sorted according to their times-to-failure at 100 percent. The position of the engine that experiences the
first failure, its time-to-failure (ENGT(1)), and the criticality of the failure are the returned values. The
engines are then sorted according to their times-to-failure at 104 percent. The position of the engine that
experiences the first failure, its time-to-failure (ENGT(2)), and the criticality of the failure are the
returned values.

FLRTIME(2) is called to determine the failure times after one engine failure occurs. The
inhibited engine at 104 percent that experiences the second failure is determined by comparing the
inhibited engine failure times at 104 percent. The position of the second engine that failed, its time-to-
failure (ENGT(3)), and its criticality are the returned values. The enabled engine at 104 percent that
experiences the second failure is determined by comparing the enabled engine failure times at 104 per-
cent. The position of the second engine that failed, its time-to-failure (ENGT(4)), and its criticality are
the returned values.

FLRTIME(3) is called to determine the failure times after a second engine failure occurs. The
inhibited engine at 104 percent that experiences the third failure is determined by comparing the
inhibited engine failure times at 104 percent. The position of the third engine that failed, its time-to-
failure (ENGT(5)), and its criticality are the returned values. The enabled engine at 104 percent that
experiences the third failure is determined by comparing the enabled engine failure times at 104 percent.
The position of the third engine that failed, its time-to-failure (ENGT(6)), and its criticality are the
returned values. The inhibited engine at 109 percent that experiences the third failure is determined by
comparing the inhibited engine failure times at 109 percent. The position of the third engine that failed,
its time-to-failure (ENGT(7)), and its criticality are the returned values. The enabled engine at 109 per-
cent that experiences the third failure is determined by comparing the enabled engine failure times at 109
percent. The position of the third engine that failed, its time-to-failure (ENGT(8)), and its criticality are
the returned values.

3.2.13 SSME Failure Time Determination. Function TIMEF determines the corresponding

mission times at which engine failures occur. This function is used to calculate engine failure time for
several different conditions during a mission: the time of failure for engines exposed to prelaunch
operation, the time of failure for the engines exposed to first stage operation, the time of the second
engine failure, the time of failure for engines exposed to second stage operation, the time interval
between the first and second engine failures, the time interval between the second and third engine
failures, the time of failure of the third engine at 104 percent, the time of failure of the third engine for
TAL redesignation option attempts, and the time of failure of the third engine at 109 percent.

For TIMEF(1), the time of the first engine failure at 100 percent is determined. The engine with
the earliest failure time at 100 percent, its failure time, and criticality are returned.
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For TIMEF(2), the time of a failure for the first stage is determined. It is determined if a failure
occurs before, during, or after the throttle-bucket based on the earliest engine failures at 100 and 104
percent. If a failure occurs during one of the three phases, the appropriate time of the engine failure is
determined by considering the engine times to failure at 100 and 104 percent. The returned values are
the time of the first engine failure, the position of the engine, the criticality of failure, and a value that
represents the number of engine failures at 104 percent.

For TIMEF(3), the time of a second engine failure is determined by considering whether the
engines are inhibited, and whether there was a previous engine failure at 104 percent. The returned
values are the time of the second engine failure, the position of the engine, and the criticality of the
failure.

For TIMEF(4), the time of an engine failure for the second stage is determined. The failure time
is determined by considering if a failure occurs either before pre-MECO throttle-down or during pre-
MECO throttle-down. If a failure occurs during either phase, the appropriate time of the engine failure is
determined by considering the engine times to failure at 100 and 104 percent. The returned values are
the time of the first engine failure, the position of the engine, and the criticality of the failure.

For TIMEF(5), the time between the first and second engine failures is determined by consider-
ing whether the engines are inhibited, and whether there was a previous engine failure at 104 percent.
The returned values are the time between the first and second engine failures, the time of the second
engine failure, the position of the engine that fails second, and the criticality of the second engine failure.

For TIMEF(6), the time between the second and the third engine failures is determined by con-
sidering whether engines are inhibited. The returned values are the time between the second and third
engine failures, the time of the third engine failure, the position of the engine that fails third, and the
criticality of the third engine failure.

For TIMEF(7), the time that a third engine fails while performing at 104 percent is determined
by considering whether the engines are inhibited. The returned values are the time of the third engine
failure, the position of the failed engine, and the criticality of the failure.

For TIMEF(8), the time that a third engine fails while a TAL redesignation attempt is being per-
formed is determined by considering whether the engines are inhibited and what thrust level is being
used with the engine to complete the abort attempt. The returned values are the time of the third engine
failure, the position of the failed engine, and the criticality of the failure.

For TIMEF(9), the time that a third engine fails while performing at 109 percent is determined
by considering whether the engines are inhibited. The returned values are the time of the third engine
failure, the position of the failed engine, and the criticality of the failure.

3.2.14 E Required Run Tim rmination. Function TREQD determines the required
engine run times. This function is used to calculate the required engine run times for several different
situations: the time required for the remaining engine to run to complete a one-engine PTM, the time
required for the remaining engine to run to complete a one-engine TAL at 104 percent, the time required
for the remaining engine to run to complete a TAL droop, the time required for the remaining engines to
run to complete a two-engine RTLS, the time required for the remaining engine to run to complete a
one-engine RTLS, the time required for the remaining engines to run to complete a two-engine PTA, the
time required for the remaining engines to run to complete a two-engine PTM, the time required for the
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remaining engine to run to complete a one-engine TAL to a redesignation site, the time required to
complete the throttle-bucket phase of the first stage, the time required to complete the 104-percent por-
tion of the first stage, the time required to complete the pre-MECO throttle-down phase of the second
stage, the time required for the remaining engines to run to complete a two-engine TAL, and the time
required to complete the 104-percent portion of the second stage.

For TREQD(1), the time that is required for the completion of a 1-E PTM, which is a function of
the times of the first and second engine failures, is returned.

For TREQD(2), the time that is required for the completion of a 1-E TAL at 104 percent, which
is a function of the times of the engine failures and the vehicle acceleration values, is returned.

For TREQD(3), the time that is required for the completion of a TAL droop, which is a function
of the times of the engine failures and the vehicle acceleration values, is returned.

For TREQD(4), the time that is required for the completion of a 2-E RTLS, which is a function
of the time of the engine failure, is returned.

For TREQD(5), the time that is required for the completion of a 1-E RTLS, which is a function
of the times of engine failures, is returned.

For TREQD(6), the time that is required for the completion of a 2-E PTA, which is a function of
the time of the engine failure, is returned.

For TREQD(7), the time that is required for the completion of a 2-E PTM, which is a function of
the time of the engine failure, is returned.

For TREQD(8), the time that is required for the completion of a 1-E TAL to a redesignation site,
which is a function of the times of the engine failures and the acceleration values, is returned.

For TREQD(9), the time that is required for the engines to operate at 100 percent during the
prelaunch and the first stage is returned.

For TREQD(10), the time that is required for the engines to operate at 104 percent during the
first stage is returned.

For TREQD(11), the time that is required for the engines to operate at 100 percent during the
second stage is returned.

For TREQD(12), the time that is required for the completion of a 2-E TAL, which is a function
of the vehicle’s acceleration, is returned.

For TREQD(13), the time that is required for the engines to operate at 104 percent during the
second stage is returned.

3.2.15 Vehicle’s Black Zone Status Determination. Function BLKZONE determines whether or

not the vehicle is in a three-engine out black zone.
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As can be seen from the code, this subprogram compares the VI at the time of the third engine
failure with the boundaries of the black zone VI boundaries for three-SSME’s out. The vehicle is said to
be in a black zone if the VI at the time of the third engine failure is greater than or equal to 8,000 and
less than or equal to 18,000.

3.2.16 Vehicle Inertial Velocity Determination. Function VI determines the inertial velocity

which corresponds to the engine failure times. This function is used to calculate the vehicle’s inertial
velocity for various engine failure situations: the inertial velocity of the vehicle at the time of the first
engine failure, the inertial velocity at the time of the second engine failure, the inertial velocity at the
time of the third engine failure for the last engine functioning at 104 percent, and the inertial velocity at
the time of the third engine failure for the last engine functioning at 109 percent.

For VI(1), the vehicle’s inertial velocity at the time of the first engine failure, which is a function
of the ascent trajectory coefficients, is returned.

For VI(2), the vehicle’s inertial velocity at the time of the second engine failure, which is a func-
tion of times of the engine failures and the acceleration values, is returned.

For VI(3), the vehicle’s inertial velocity at the time of the third engine failure for the last engine
functioning at 104 percent, which is a function of the times of engine failures and the acceleration
values, is returned.

For VI(4), the vehicle’s inertial velocity at the time of the third engine failure for the last engine
functioning at 109 percent, which is a function of the times of the engine failures and the acceleration
values, is returned.

IV. SAMPLE APPLICATION

Data were input into the simulation program to determine the frequency of occurrence of the
various ascent/abort options for the flight of STS-32. The results are limited by the assumptions and may
indicate where further refinement of the shuttle system element models, ascent trajectory, or abort mode
models are required. The results presented are for the purpose of demonstrating the use of the program
only and are not official NASA estimates of probabilities. The summary from the simulation is shown in
appendix 1.

4.1 Model Input

Data for the simulation were obtained from the ascent checklist—STS-32 flight supplement,
SSME reliability studies, ET and SRB reliability studies, and mission duration information. The input
data used are as follows:

Number of simulations: 1,000,000

TAL Sites:
Primary two-engine TAL site: Ben Guerir (BEN)
Primary one-engine TAL site: Banjul (BYD)

Primary TAL droop target: Banjul

Last two-engine TAL site: Moron (MRN)

First late TAL site: Amilcar Cabral (AML)
Second late TAL site: Banjul
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Third late TAL site:

Fourth late TAL site:

First TAL redesignation option:
Second TAL redesignation option: TAL to Banjul

Third TAL redesignation option: TAL to Ben Guerir
¥I Boundary Values (ft/s)

Two-engine to primary TAL: 6,200

MECO for TAL: 24,000

Nominal MECO: 25,918

Negative return: 8,400

Two-engine Press to ATO: 9,600

Two-engine Press to MECO: 13,900

One-engine Press to MECO: 16,800

One-engine to primary TAL: 13,700

TAL droop to primary target: 12,000

Last two-engine TAL: 13,500

First late TAL: 22,700

Second late TAL: 24,500

Third late TAL: 25,200

Fourth late TAL: 25,500

Earliest late TAL: 22,000

Lower black zone boundary: 8,000

Upper black zone boundary: 18,000

Fizst Engine-Out TAL Redesignation Increm )

1 6,200 11 7,200 21 8,200
2 6,300 12 7,300 22 8,300
3 6,400 13 7,400 23 8,400
4 6,500 14 7,500 24 8,500
5 6,600 15 7,600 25 8,600
6 6,700 16 7,700 26 8,700
7 6,800 17 7,800 27 8,800
8 6,900 18 7,900 28 8,900
9 17,000 19 8,000 29 9,000

10 7,100 20 8,100 30 9,100
1 10,900 11 11,100 21 11,300
2 10,900 12 11,200 22 11,300
3 11,000 13 11,200 23 11,400
4 11,000 14 11,200 24 11,400
5 11,000 15 11,200 25 11,400
6 11,000 16 11,200 26 11,400
7 11,000 17 11,300 27 11,400
8§ 11,100 18 11,300 28 11,400
9 1L100 19 11,300 29 11,400

10 11,100 20 11,300 30 11,500

Kinshasa (KIM)
Hoedspruit (HDS)

Droop to Banjul

31
32
33
34

31
32
33
34

9,200
9,300
9,400
9,500

11,500
11,500
11,500
11,500



1 — 11 — 21 13,900 31 13,600
2 — 12 — 22 13,900 32 13,600
3 — 13 — 23 13,800 33 13,600
4 — 14 — 24 13,800 34 13,600
5 — 15 — 25 13,800
6 — 16 14,300 26 13,700
7 — 17 14,200 27 13,700
8 — 18 14,100 28 13,700
9 — 19 14,000 29 13,700

10 — 20 13,900 30 13,700

n nation n (f

1 16,400 11 14,900 21 14,000 31 13,800
2 16,300 12 14,800 22 14,000 32 13,800
3 16,100 13 14,700 23 13,900 33 13,700
4 16,000 14 14,600 24 13,900 34 13,700
5 15,800 15 14,400 25 13,900
6 15,700 16 14,300 26 13,900
7 15,500 17 14,300 27 13,800
8 15,400 18 14,200 28 13,800
9 15,200 19 14,100 29 13,800

10 15,100 20 14,100 30 13,800

El Failure Probabiliti
SRB pair failure: 1/258
ET failure: 1/10,000
-to-Fai

Benign failures (100 percent): 22271.7s

Benign failures (104 percent): 22,889.6 s

Benign failures (109 percent): 9,744.1 s

Catastrophic failures (100 percent): 149,693.5 s
Catastrophic failures (104 percent): 77,2524
Catastrophic failures (109 percent): 13,181.1s

Launch/Ascent Phase Times (s)

Duration of the prelaunch phase: 6.6
Beginning of “throttle bucket”: 25
End of the “throttle bucket”: 70
Time of SRB separation: 130
Time of RTLS capability: 150
Beginning of throttle down: 460

Time of MECO: 516



Vehicle Acceleration Values (fs?)

Two functioning SSME’s
104-percent thrust: 4431

One functioning SSME
104-percent thrust: 22.16
109-percent thrust: 23,23

Required Decision Ti
15s

Enable/Inhibit Switch S
Enabled
4.2 Model Output

The frequency of occurrence of the ascent and abort events during the mission phases and abort

modes (for 1,000,000 simulations) are as follows:

Prelaunch

On-pad shutdown
Catastrophic SSME failure

First Stage
Crew bail-out
Catastrophic SSME failure

ET failure
SRB failure

Second Stage

Nominal ascent

Successful one-engine TAL to BYD
Successful TAL droop to BYD
Successful one-engine PTM

Crew bail-out

Catastrophic SSME failure

Return to Launch Site
Successful two-engine RTLS

Successful one-engine RTLS
Catastrophic SSME failure

28

802

142
4,197

2,921

914,416
36

35

2

110
13,338

20,017
1,333
327



TAL

Successful two-engine TAL to Ben 13,191
Successful redesignation TAL droop to BYD 107
Successful redesignation TAL to BEN 219
Crew bail-out 74
Catastrophic SSME failure 37
Press to MECO and Abort to Orbit
Successful two-engine PTM 1,198
“Successful two-engine ATO 514
Successful one-engine PTM 361
Successful one-engine TAL to BYD 145
Successful TAL droop to BYD 36
Crew bail-out 35
Catastrophic SSME failure 73
4.3 Results

For the sample application that was considered, several interesting observations can be made.
The results showed that the shuttle achieved orbit without problems 91.442 percent of the time. The
system was safely shut down on the pad 0.080 percent of the time. An ET failure occurred 0.0002
percent of the time, and an SRB failure occurred 0.292 percent of the time. The vehicle successfully
completed an abort 6.352 percent of the time. Catastrophic main engine failures occurred 1.797 percent
of the time. The crew survived by bailing out of the vehicle 0.036 percent of the time. The crew and
vehicle survived the performance of abort attempts 99.147 percent of the time.

V. SUMMARY AND CONCLUSIONS

5.1 Conclusions

The model developed was a significant effort toward the use of probabilistic characterization of
the performance of the space shuttle in relation to its abort modes. The model allows the estimation of
percentages of occurrences of various abort options for provided input for a mission.

The computer program that was developed can be used to analyze the effects of the variation in
parameters on the space shuttle performance of abort modes. The program can be used to analyze
specific missions or the general effect of parameter variations on the space shuttle missions.

5.2 Recommendations for Future Research
The model that has been developed is intended to be a first step toward the development of a

simulation model for the analysis of space shuttle aborts. Future work should be performed in relation to
the following areas:
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. Incorporation of abort modes that are initiated for system failures

- Refinement of the approaches that were used to estimate the performance of abort options

. Expansion of the model to include other mission phases, such as aborts that occur from orbit
. Improvement of the propulsion element failure models.

. Incorporation of the use of a more accurate probability distribution, such as a Weibull

distribution, into the program code to provide for a more accurate representation of the time
to failure behavior of the SSME’s.
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APPENDIX A

Ascent Checklist—STS-32 Flight Supplement

No Comm Mode Boundaries card definitions:

NEG RETURN (104) = Last RTLS capability
PRESS TO ATO (104) = First two-engine Press-to-ATO capability
DROOP BYD (109) = First TAL droop capability at 109-percent RPL
PRESS TO MECO (104) = First Press-to-MECQO capability at 104-percent RPL
LAST MRN (104) = Last two-engine TAL to Moron capability
SE BYD (104) = First one-engine TAL to Banjul capability at 104-percent RPL
LAST BEN (104) = Last two-engine TAL to Benguier capability
SE PRESS (104) = First one-engine Press-to-MECO capability at 104-percent RPL
LAST AUTO BYD
2 or 3 engine (65) = Last Auto TAL capability to Banjul with two or three engines at
65-percent RPL
1 engine (104) = Last Auto TAL capability to Banjul with one engine at
104-percent RPL
LAST LATE TAL BYD = Last late TAL to Banjul capability
LAST LATE TAL KIN = Last late TAL to Kinshasa capability
LAST LATE TAL HDS = Last TAL to HDS capability
2 ENG BEN (104) = First two-engine TAL capability to Benguier at 104-percent RPL
ABORT TAL BEN
EO VI = VI value at the time of the first engine failure
DROOP AML (109) = TAL redesignation value for the first TAL droop capability at
109-percent RPL
SE BYD (109) = TAL redesignation value for the first one-engine TAL capability
to Banjul at 109-percent RPL
SE BEN (109) = TAL redesignation value for the first one-engine TAL capability
at Benguier at 109-percent RPL
2 ENG MRN (104) = First two-engine TAL capability to Moron at 104-percent RPL
ABORT TAL MRN
EO VI = VI value at the time of the first engine failure
DROOP GDV (109) = TAL redesignation value for the first TAL droop capability at
109-percent RPL
SEBYD (109) = TAL redesignation value for the first one-engine TAL capability
to Banjul at 109-percent RPL
SE BEN (109) = TAL redesignation value for the first one-engine TAL capability
to Banguier at 109-percent RPL
SE MRN (109) = TAL redesignation value for the first one-engine TAL capability

to Banguier at 109-percent RPL

PRECEDING PAGE BLANK NOT FILMED 13
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* No joy in 68 sec: BFS - ENGAGE * FesTTT T
* BFS, OPS 301 PRO * ,
---------------------------------- MM304 ---=====mmmmmmmmmmmmeaoaod

/P.Y - SPOBK, BOY FLP - AUTO
BFS, 0PS 301 PRO (/MM304) WINDS
AG50] SPOBK, ITEM 39 50K /
/Bugs, HDG, RANGE, a = 40° 40 /
* [ow energy: CSS, a = 40° * 39 2
£ WINGS LVL  * 59 .
*Atf=0:flya=3l® *€

- * Maintain AAZ < 20 * L

= Adjust seat SURF /

& V=10 /SPDBK ~ 81% SPDBK @ 3000 FT

v TACAN MODE (three) - GPC

AIR DATA PROBES (two) - DEPLOY, (/Heat)
JRUD, AIL TRIM
/SPOBK -+ 65%

HUD PWR (two) - ON

Ensure ADTA to G&C elsa THETA limits

P,R/Y - CSS, SPDBK - MAN (as reqd)
/NWS - GPC
POST LANDING: ENT C/L, POST LANDING

FB 2-14 ASC/32/FIN A _+-

XX <«
oW i
. L] *
WONN

35



36

AUTO
TAL

LATE TAL CDR
PILE Vi = [24.0KIME SHUTON pb (three) - push
**[f 1 SSME out at PTA, subtract 200 fps *
a = 80731 HA + HP >
220 22.7 23.1 248 Aon-s A0S
283 svo i) 24.6 KIN(€)
AML ] OMS - OFF N i' ENA ICNCT : l 5.5
(9) He (4) - OP ' OMS . OFF zs.z
ENA ICNCT g ti9-0? '
MECO+18 /ET SEP, /AUTO -Z TRANS -
MECEES VRS 250 "ei%-0P
vP = 10#30, Y = 0%30; RATES < .5°/sec
vET DOORS MOVING PRO
......... MM304 _PASS OPS 301 - 304 PRO_______ . MM3048 -----
SITE RWY TACANS MLS LENGTH
s |8vD32 |8YD121Y - BJ76(DME 6 10420
8YD 4 gYyD 121y . 8) 76 (DME . 10420
6 |ROBO4 |ROBBS(DME) - 11160
KIN 25 | 87 78 (OME) — 15510
7 KKI 1S RIY 92 - 3700
HOS 18 | WS 73 (DME) -— 13120
9 | AMLOZ | CVS 100(DME) - 10890
OON29 |ONSa - | 1naeo
PASS [G5Q SEL SITE, RWY
BFS 301 - 304 PRO
BFS SEL SITE, RWY
* Low energy: CSS, a = 40° *
* t oo f]NINGS |§‘{L :
* At H=0: fly a = 31°
* Maintain aAZ < 20 * ig“ f
SHORT SPOBK, 30 /
ITEM 39 EXEC WINDS 20 /
Adjust seat 7 7
V=10 /SPDBK - 81% SURF /
SPDBK € 3000 FT
V=25 AIR DATA PROBES (two) - DEPLOY (/Heat)
vRUD, AIL TRIM
M=3,2 /SPDBK + 65%
M =27 HUD PWR (two) - ON
M =20 Ensure ADTA to G&C else THETA limits
M=0.9 P,R/Y -CSS
vNWS - GPC
POST LANDING: ENT C/L, POST LANDING
FB 2-16 ASC/32/FIN A

TQp
BACK OF 'AUTO TAL PLT'




ASCENT ADI - NOMINAL
(32CY 2R)

TIME 8 H H
230 70 640 9K
:50 64 940 25K
1:10 60 1360 47K
1:30 43 1880 80K
1:50 35 2250 122K

ASC
CARDS

100'..'..'......

60.-.0.-003506 .

N
2§

M.

ACCEL - FT/SECE

20.0........0.-.

60 40 20 O
XPRPLT REMAIN

-STAGING-
8 o

[ #
& 19 1800 3Brm
7 16 1330 48
8 13 960 54

9 11 670 58

10 9 430 60

12 § 80 62

14 3 -130 62 |
16 2 -240 61

18 0_-240 60

20 -1 -160 59

2 -1 -10 s8
24 -1 180 59

25318 -0 400 60 |

ASC-14b/32/A/8

MS ONLY FS 2-28 ASC/32/FIN A
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BEN TAL REDESIGNATION

(32CY 2R)
NOTE: DROOP IS 109% THROTTLE:
FOR 104% THROTTLE, ADD 300 FPS
1ST E.0. VI 8200 | 6300 | 6400 | 6500 | ss00 | 8700
SE DROOP BYD (109) (S) | 10900 | 10900 | 11000 | 11000 | 11000 | 11000
SE BYO (104) (5) --- .- --- ---
SE BEN (109) (2) | 16400 | 18300 | 16100 | 16000 | 15800 | 15700
1ST €.0. VI 8800 | 6900 | 7000 | 7100 | 7200 | 7300
SE DROOP BYD (109) (5){ 11000 | t1100 | 11100 | 11100 | 11100 | 11200
SE BYD (104) (5) --- ... .ee --- ---
SE BEN (109) {2) | 15500 | 15400 | 15200 { 15100 | 14900 | 14800
1ST €.0. VI 7400 | 7500 | 7¢00 | 7700 | 7800 | 7900
SE DROOP BYD (109) (S) | 11200 | 11200 | 11200 { 11200 | 11300 { 11300
SE B8YD (104) (5) --- A --- | 14300 | 14200 | 14100
SE BEN (109) (2) | 14700 | 14800 | 14400 | 14300 | 14300 | 14200
1ST E.0. VI 8000 | 8100 | 8200 | 8300 | 8400 | 8500
SE OROOP 8YD (109) (5) 1 11300 | 11300 | 11300 | 11300 | 11400 | 11400
SE BYD (104) (5) | 14000 | 13900 | 13300 | 13900 | 13800 | 13800
SE BEN (109) (2) | 14100 [ 14100 { 14000 | 14000 | 13900 | 13900
1ST €£.0. VI 8600 | 8700 | ss0c | 8900 | 3000 | 9100
SE DROOP BYD (109) (5) | 11400 | 11400 | 11400 | 11400 | 11400 | 115¢0
SE BYD (104) (5) | 13800 | 13700 | 13700 | 13700 | 13700 | 13700
SE BEN (109) (2) | 13900 | 13900 | 13880 | 13800 | 13800 | 13800
1ST E.0. VI 9200 | 9300 | 9400 | 9S00
SE OROOP BYD (109) (5) | 11500 | 11500 | 11500 ) 11500
SE 8YD (104) (5) | 13800 | 13600 | 13800 | 13800
SE BEN (109) (2) | 13800 { 13800 { 13708 | 13700
ASC-8a/32/A/8
MS ONLY FS 2-30 ASC/32/FIN A



MRN TAL REDESIGNATION

(32CY 2R)

NOTE: OROGP S 109% THROTTLE:

FOR 104X THROTTLE. ADD 300 FPS

1ST €.0. VI 6900 | 7000 | 7100 | 7200 | 7300 | 7400
SE DROOP BEN (109) (2) | t1000 { 11000 { 11000 | 11000 | 11600 | 11100
SE BEN (104) (2) | 15800 | 15700 | 15800 | 15500 | 15400 | 15300
SE 8Y0 (104) (5) | --- ol Bl Bl BTN e
SE MAN (109) (3) | 16700 | 16500 [ 16400 | 18300 | 18200 | 18000

1ST E.0. VI 7500 { 7600 | 7700 | 7800 | 7900 | scoo
SE DROOP BEN (109) (2) | 11100 | 11100 | 11100 | 11100 | 11100 | 11100
SE BEN (104) (2) | 15200 | 15100 | 15000 | 14900 | 14800 | 14700
SE BYD (104) (5} === | oo | cee f eee | aee | aee
SE MRN (1089) (3) | 15900 | 15800 | 15700 | 15600 | 15500 | 15400

1ST €.0. VI 8100 | 8200 | 3300 | 8400 | 8s00 | ssoo
SE DROOP BEN (109) (2) | 11200 | 11200 | 11200 | 11200 | 11200 | 11300
SE BEN (104) (2) | 14700 | 14800 | 14500 | 14500 | 14400 | 14400
SE 8YD (104) (5) | 15200 | 15100 | 14900 | 14800 | 14700 [ 14500
SE MAN (109) (3) | 15300 | 15300 | 15200 | 15100 | 15100 | 15100

1ST €.0. VI 8700 | 8800 | 8900 | 9000 | 9100 | 9200
SE DROOP BEN (109) (2) | 11300 | 11300 | 11300 | 11300 | 11300 | 11400
SE BEN (104) (2) | 14300 | 14300 | 14300 | 14200 | 14200 | 14200
SE BYD (104) (5) | 14400 | 14300 { 14200 | 14100 | 14100 | 14000
SE MAN (109) (3) | 15000 | 15000 | 15000 | 15000 | 15000 | 14500

1ST £.0. VI 9300 | 9400 | 9s00
SE OROOP BEN (109) (2) | 11400 | 11400 | 11400
SE BEN (104) (2) | 14100 | 14100 | 14100
SE BYD (104) (5) | 14000 | 14000 | 13900
SE MRN (109) {3) | 14900 | 14900 | 14900

ASC-8b/32/A/8
MS ONLY FS 2-31 ASC/32/FIN A
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APPENDIX B
Enable/Inhibit Switch Model
From conversations with engineers familiar with the SSME, there were two general observations
about the performance of the SSME’s with the switch in the inhibit position in relation to the perform-

ance of the SSME’s with the switch in the enable position:

1. Approximately 50 percent of the failures that would have resulted in engine shutdown due to
red-line exceedence for the enabled engine case would lead to catastrophic engine failure in the inhibited

engine case.

2. The percentage of benign failures that occur in the inhibit situation is a small percentage of
the total number of failures. The number of benign failures for the inhibited situation is about 1 percent
of the number of benign failures for the enabled situation.

Solving for the time-to-failure parameter estimates for the inhibited engines:

Using the exponential distribution,

R(t) = exp(-L*1t) = exp(-¢/P) ,
where

R(t) = reliability at time ¢
L = failure rate
P = mean time to failure .

For catastrophic failures of inhibited engines:
1-R(ic)(t) = 1/2*(1-R(eb)(t))
1-exp(-t/P(ic)) = 1/2*(1-exp(-+/P(eb)))
exp(—t/P(ic)) = 1/2+1/2*exp(-t/P(eb))
~t/P(ic) = In(1/2*(1+exp(-t/P(eb)))) = In(1/2)+In(1+exp(—/P(eb)))
P(ic) = -t/(In(1/2)+In(1+exp(-t/P(ib))))

P(ic) = —t/(-0.693+In(14+exp(-t/P(eb)))) ,
where:

t = time of the engine’s exposure at the power level
ic = parameter for catastrophic failures of an inhibited engine

eb = parameter for benign failures of an enabled engine.

PRECADYNE PAGE BLAIWK NOV FHMED 41



Since the catastrophic failures of an inhibited engine can result from either catastrophic failures that
would have occurred in an enabled engine or catastrophic failures that are due to the engine being
inhibited,

L(ict) = L(ic)+L(ec)

P(ict) = (P(ic)*(P(ec))/(P(ic)+P(ec)) ,
where

ict = the parameter for the total catastrophic failures of inhibited engines.
For benign failures of an inhibited engine:
1-R@b)(t) = 1/100*(1-R(eb)(?))
1-exp(-t/P(ib)) = 1/100-1/100*exp(~t/P(eb))
exp(-t/P(ib)) = 99/100+1/100*exp(—t/P(eb))
—t/P(ib) = In((1/100)*(99+exp(-/P(eb))))
P(ib) = —1/(—4.60517+In(99+exp(-t/P(eb)))) .
Estimating the engine power level exposure time:

Using typical values:
1(100) =110s

#(104) =405 s
#109)=350s.
Time-to-failure parameter estimate functions for inhibited engines:
Benign, 100 percent: P =-110/(—4.60517+In(99+exp(—110/P(eb))))
Benign, 104 percent: P =—405/(—4.60517+In(99+exp(—405/P(eb))))
Benign, 109 percent: P =-350/(—4.60517+In(99+exp(-350/P(eb))))
Catastrophic: P = (P(ic)*P(ec))/(P(ic)+P(ec)) ,
where
100 percent:  P(ic) = —110/(-0.693+In(1+exp(~110/P(eb))))
104 percent:  P(ic) = —405/(=0.693+In(1+exp(—405/P(eb))))
109 percent:  P(ic) = =350/(-0.693+In(1+exp(-350/P(eb))))

42



003N

uotyisod 11qiyu] Ul Yoiims = |

uoilisod ajgqeu ul Yolimg = 3
ainjie; IWSS puz = 03¢
ainjie; INSS ist = O3t

IA

Aiepunog INSS-H Y

®

o3t ©

@ @ O

@ EN 5

m 03¢ m. _“

m ® :

T 0

032" 3 0 @
© o3l M

03z, | M @

: @ m

@

AHVYIWIANS 019071 HOLIMS LIGIHNI/3TEVNS

43



ewi} ein|jey peyqiyuj

einjje;}
JNSS pug jo ewy)

ew|} ein(ie; pejqeuy
einjie}
3WSS PuzZ jo0 ewyy

ew|} eunjiej pejqeuy

eunjieq
JNSS pug jo swiy

_,oz

AHQ8gIA

>

SoA HNILI

AHQgIA

>

QELIY]

|

dwi aJnjie} 3NSS
Pug paliqiyul eyy
0} spuodsaiiod jey)
enjea |A ejejnojen

A

einjied INSS pug
1o} swi} aunjjey
pellqIyu| sujwis}eq

S

ainjle4 JNNSS pug
J0oj awl) einjiey
pelqeu eujwidleqg

LYVHOMOT4 13AOW HOLIMS LIFIHNI/IT19VYNI




APPENDIX C

Vehicle Ascent Model

The vehicle ascent model was an attempt to determine the inertial velocity of the vehicle as a
function of the time in the ascent. Ascent simulation information for STS-27 and STS-29 was
referenced. Curves were fit to the VI versus ¢ data for the second stage for each of the missions. It was
determined that an exponential function provided a good fit to both sets of data. The function is of the

form:

VI = exp(a+b*t) .
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Ragression of STS27 on T

149

2409

449

540




Regression Analysis - Exponential model: Y = exp (a+bX)

Depepndent variable: STS27 Independent variable: T
Standard T Prob.

Parameter Estimate Error Value Level

Intercept 7.94512 6.5458E~3 1213.77 . 00000

Slope 4.32715E-3 1.93531E-5 223.59 .00000

Source Sum of Squares Df Mean Square F-Ratio Prob. Level
Model 4.269 1 4.269 49992.,44 .00000
Error .001452 17 .000085

Total (Corr.) 4.270571 18

Correlation Coefficient = 0.99983 R-squared = 99.97 percent

Stnd. Error of Est. = 9.24096E-3
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Regression of STS29 on T

(X 1800)

ST

140 2489 349 440 640
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Regression Analysis - Exponential model: Y = exp(a+bX)

r andent variable: STS29 Independent variable: T
Standard T Prob.

Parameter Estimate Exrror Value Level

Intercept 7.69441 3.73546E-3 2059.83 . 00000

Slope 4.75395E-3 1.10441E-5 430.451 .00000

Source Sum of Squares Df Mean Square F-Ratio Prob. Level
Model 5.15 1 5.15 185287.7 . 00000
Error .000473 17 .000028

Total (Corr.) 5.153279 18

Correlation Coefficient = 0.999954 R-squared = 99.99 percent

stnd. Error of Est. = 5.2735E-3
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APPENDIX D
Vehicle Acceleration Estimation
The acceleration of the STS vehicle for the TAL, PTA, and PTM abort modes was estimated by
combining information from each of the abort modes to arrive at an estimate that could be used to
represent all three of them. The data sources that were referenced to obtain the acceleration estimate
were STS-31 TAL simulation data and the Briscoe presentation material.
Estimating the vehicle acceleration for TAL, PTA, and PTM attempts:
For TAL attempts (fig. D-1):
For a 2-E TAL initiated at 186 s MET,
ACC = dVI/dT = 34.09 fus2 .
For a 2-E TAL initiated at 328 s MET,
ACC=dVI/dT =47.24 fus? .
Estimating the acceleration for a 2-E TAL with the engines functioning at 104-percent RPL,
ACC(TAL) = (34.09+47.24)/2 = 40.7 ft/s? .
For PTM attempts:
Using STS-26 data from reference 1:
Tmeco =516 s
T(init.) =320 s

T(comp.) =600 s,
where

Tmeco = time of nominal MECO
T(init.) = time of the 2-E TAL at 104-percent initiation
T(comp.) = time of the 2-E TAL at 104-percent completion .

From the previous,
VI(init.) = exp(a+b*320) .

From the STS-26 data,
a=1797

b =0.0042766

51
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VI(init.) = 11,367 ft/s .
Similarly,
VImeco = exp(a+b*516) ,
VImeco = 26,284 ft/s .
Estimating the acceleration for a PTM attempt,
ACC(PTM) = (VImeco-VI(init.))/(T(comp.}-Tmeco) = (26,284-11,367)/(600-320)
ACC(PTM) =46.6 .
For a 2-E PTM with the engines functioning at 104-percent RPL,
ACC(PTM) = 46.6 fu/s? .
For PTA attempts:
Using a similar approach as was used in determining the PTM acceleration estimate value,
Tmeco =516 s
T(init.) = 281 s
T(comp.) =619.
VImeco = 26,284 fu/s
VI(init.) = 9,621 fu's .
For a 2-E PTA with the engines functioning at 104-percent RPL,
ACC(PTA) =493 ft/s .
Combining the TAL, PTA, and PTM results to obtain an overall estimate,
ACC = (ACC(TALY+ACC(PTA)+ACC(PTM))/3 = (40.7 +46.6+49.3)/3
ACC =455 fus?.

Assuming that the vehicle’s acceleration is proportional to the number of engines functioning and the
power level at which the engines are performing,

ACC(Engines,%RPL) = (Engines/2)*(%RPL/104)*ACC(2,104)

= (Engines/2)*(%RPL/104)*45.5 ,

52



where
Engines = number of engines functioning
%RPL = percent of the RPL at which the engines are functioning.

The acceleration values that will be used for the vehicle for the abort options at the various number of
functioning engines and engine power levels are therefore:

ACC(1,104) = 22.8 ft/s2
ACC(1,109) = 23.8 ft/s?
ACC(2,104) = 45.5 fu/s2 .
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APPENDIX E

RTLS Model Development

The RTLS model involved determining the time that would be required to complete an RTLS

based on the vehicle’s current situation. Data sources that were referenced during the development of the

model were the Flight Procedures Handbook—Ascent/Aborts and STS-31 RTLS simulation data.

Developing the RTLS required to complete model:

From the Flight Procedures Handbook, it appears that an RTLS attempt can be divided into two phases,

the fuel dissipation phase and the flyback and powered pitchdown phase.
T(reqd) = T(fd)+T(fb and PPD) ,

where

T(reqd) = time required for RTLS completion

T(fd) = time required for fuel dissipation

T(fb and PPD) = time required for flyback and powered pitchdown.
From the data (fig. E-1),

T(fb and PPD)=C=350s

T(fd) = b+m*T(init) = (270/(T(L.RTLS)-T{E , RTLS}))XT (L.RTLS)-T(init.)) ,

where

T(init) = time of RTLS initiation

T(L.RTLS) = time of last RTLS capability

T(E,RTLS) = time of earliest RTLS initiation capability .
Since the VI value for the last RTLS is given (from the no comm mode boundary cards),

VI(Last RTLS) = exp(a+b*T(last RTLS)) , or
T(Last RTLS)~(In(VI(Last RTLS))-a)/b ,

where

VI(Last RTLS) = the VI value for last RTLS capability.
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The required remaining run time for engines for the successful completion of a two-SSME RTLS abort
is therefore:

Treqd(2-E RTLS) = 350+(270/(T{L.RTLS)-T{E.RTLS)))*(T{L.RTLS)-T{(init.)) .
For the completion of an RTLS attempt with one function SSME, the thrust of the remaining engine is at
109 percent. Assuming that the acceleration of the vehicle (dVI/dT) is proportional fo the number of
engines functioning and the power level of the engines, we obtain:

Treqd(1-E RTLS) = (Treqd(2-E RTLS)-T(second failure))*((2*104)/(1*109)) ,

where

T(second failure) = the time of the second SSME failure relative to the beginning of the 2-E
RTLS attempt.

The required remaining run time for the remaining engine with it function at 109-percent RPL is
therefore:

Treqd(2-E RTLS) = 1.91*(Treqd(2-E RTLS)-T(second failure)) .
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APPENDIX F
TAL Model Development
The TAL model is used to determine the vehicle’s inertial velocity as a function of the times of
the engine failures. TAL situations that were considered were 2-ENG TAL attempts at 104 percent to the
primary site, 1-ENG TAL attempts at 104 percent to the primary site, 1-ENG TAL attempts at 104
percent to a redesignation site, and 1-ENG TAL attempts at 109 percent to a redesignation site. The
estimates of the vehicle’s acceleration are used in the model.
Developing the TAL VI = f(time of engine failure) model:
For a 2-ENG TAL attempt at 104 percent:

VI = VI(1stEO)+(T(2ndEQ)-T(1stEO))*ACC(2-ENG at 104 percent) ,
where

VI(1stEQ) = inertial velocity at the time of the first engine failure
T(2ndEO) = time of the second engine failure
T(1stEO) = time of the first engine failure

ACC(2-ENG at 104 percent) = the vehicle’s acceleration with two engines functioning at
104 percent.

For a 1-ENG TAL attempt at 104 percent:
VI = VI(IStEO)+(T(2ndEO)-T(1StEQ))*ACC(2-ENG at 104 percent)

+(T(3rdEO)-T(2ndEO))*ACC(1-ENG at 104 percent) ,
where

T(3rdEO) = time of the third engine failure

ACC(1-ENG at 104 percent) = vehicle’s acceleration with two engines functioning at
104 percent.

For a 1-ENG TAL attempt at 109 percent:
VI = VI{(1StEO)+(T(2ndEO)-T(1stEQ))*ACC(2-ENG at 104 percent)
+(T(3rdEO)-T(2ndEQ))*ACC(1-ENG at 109 percent) ,
where

ACC(1-ENG at 109 percent) = vehicle’s acceleration with two engines functioning at
109 percent.
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APPENDIX G
PTA and PTM Model Development
The PTA and PTM models involved determining the time that would be required to complete a
PTA and PTM based on the vehicle’s current situation. Abort situations that were considered were
2-ENG PTM and PTA attempts at 104 percent and a 1-ENG PTM attempt at 104 percent.
Developing the PTA and PTM required time to completion model:
For a 2-ENG PTM attempt:

Assumption: For a PTM attempt to be successful, the vehicle must attain the VI that would have
been attained at the time of MECO for a nominal ascent.

Using the vehicle performance model,
VI(MECO) = exp(a+b*TMECO) ,
where
a,b = VI versus ¢ profile parameters
TMECO = time of MECO.
Assumption: The acceleration of the vehicle is proportional to its thrust.
ACC(2E,104%) = 2/3*104/104*ACC(3E,104%)
VI(MECO) = ACC(3E, 104%)*(TMECO = ACC(3E,104%)*T(1StEO)+ACC(2E,104%)*Treqd ,
where
Treqd = required remaining run time for the two remaining engines
T(MECO) = T(1stEO)+2/3*Treqd
Treqd = 3/2*(T(MECO)-T(1stEQ)) .
For a 2-ENG PTM:
Treqd = 3/2*(TIMECO)-T(1StEQ)) .
For a 1-ENG PTM attempt:
ACC(3E,104%)*TMECO = ACC(3E,104%)*T(1stEQ)+ACC(2E, 104%)
*(T(2ndEO)-(1stEO))+ACC(1E,104%)*Treqd ,
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TMECO = T(1stE0)+2/3*(T(2ndEO)-T(1stEO))+1/3*Treqd ,
Treqd = 3*TMECO-2*T(2ndEO)-T(1stEO) .
For a 2-ENG PTA attempt:

Assumption: The inertial velocity required for PTA completion is about the same as the inertial
velocity required for PTM completion.

Using the same procedure as for the PTM case,

Treqd = 3/2*(TMECO-T(1stEO)) .
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Symbol

Al

A2
ATO02
BZN
BZY
B9

Cl1
DTMEZ21
DTME32
ET

LC

LV
MEIl
ME2
ME3
NTM
OP
PTM1
PTM2
RTLS1
RTLS2
SRB
TAl
TA2
TA3
TAL2
TDEC
TDP
TL1P
TLR1
TLR2
TLRN
TRTLS
TSRBS
VI
VILT1
VILT2
VILTN
VILTERLY
VIPA2

APPENDIX H

STS Ascent/Abort Event Tree Diagram

Definition of Symbols

Definiti

First anomaly occurs

Second anomaly occurs
Successful 2-SSME ATO
Vehicle is in a black zone
Vehicle is not in a black zone
Benign SSME failure
Catastrophic SSME failure

Time between ME2 and ME1
Time between ME3 and ME2

ET failure

Loss of vehicle and crew

Loss of vehicle—crew bailout
First SSME failure

Second SSME failure

Third SSME failure

Nominal ascent to MECO
On-pad engine shutdown
Successful 1-SSME PTM
Successful 2-SSME PTM
Successful 1-SSME RTLS
Successful 2-SSME RTLS

SRB failure

Time of first anomaly

Time of second anomaly

Time of third anomaly
Successful 2-SSME TAL
Required decision time
Successful TAL droop
Successful primary 1-SSME TAL
Successful first redesignation site TAL
Successful second redesignation site TAL
Successful Nth redesignation site TAL
Earliest RTLS initiation time
Time of SRB separation

Vehicle inertial velocity

VI boundary for first late TAL

VI boundary for second late TAL
VI boundary for Nth late TAL
Early VI boundary for late TAL
2-SSME PTA VI boundary
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VIPM1
VIPM2
VITDP
VITL1P
VITL2
VITLR1
VITLR2
VITLRN

64

1-SSME PTM VI boundary

2-SSME PTM VI boundary

VI boundary for TAL droop

1-SSME primary TAL VI boundary
2-SSME TAL VI boundary

First TAL redesignation TAL boundary
Second TAL redesignation TAL boundary
Nth TAL redesignation TAL boundary
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APPENDIX 1

Sample Application Simulation Output

J % Je & v %k ok ko e g gk ke Kk ok gk gk ok gk ok ok gk ke ke ok ke ke ok de ke ok kedk

***x%%* SPACE SHUTTLE ABORT MODES  *%%%x

* ke ok SIMULATION RESULTS * ok ok ok ok
khkkhkhhkkhkdkhhhkhhkhhkhhhhkhhhhhhkhkhkhhhhik

SIMULATION INPUT DATA
hmkmk— ko ke kmk—k—kmkmk =k

Name of data: STS-32
Number of simulations: 1000000

Ascent Checklist values:

2 ENG (104)
Name of landing site BEN
VI boundary value 6200
VI value for Abort MECO 24000
VI value for Nominal MECO 25918
NEG RETURN (104) 8400
PRESS TO ATO (104) 9600
PRESS TO MECO (104) 13900
SE PRESS (104) 16800
SE (104)
Name of landing site BYD
VI boundary value 13700
DROOP (109)
Name of target site BYD
VI boundary value 12000
LAST (104)
Name of landing site MRN
VI boundary value 13500
Late TALs
Total number of sites 4
Late TAL site: AML
VI boundary value 22700
Late TAL site: BYD
VI boundary value 24500
Late TAL site: KIN
VI boundary value 25200
Late TAL site: HDS
VI boundary value 25500
Earliest Late TAL 22000

TAL Redesignations
Total number of 1lst EO values 34

Number VI Value

ONAO B WN R
e
N
=
o
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9
10
11
12
13
14
15
16
17
18
19
20
21
22
23
24
25
26
27
28
29
30
31
32
33
34

7000
7100
7200
7300
7400
7500
7600
7700
7800
7900
8000
8100
8200
8300
8400
8500
8600
8700
8800
8900
9000
9100
9200
9300
9400
9500

Number of redesig. options

TAL redesignation option:

Option power level:

VI Value

3

SE DROOP B
109



27
28
29
30
31
32
33
34

11400
11400
11400
11500
11500
11500
11500
11500

TAL redesignation option:

Option power level:

TAL redesignation option:

Option power level:

VI Value

SE BEN
109
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7 15500

8 15400
9 15200
10 15100
11 14900
12 14800
13 14700
14 14600
15 14400
16 14300
17 14300
18 14200
19 14100
20 14100
21 14000
22 14000
23 13900
24 13900
25 13900
26 13900
27 13800
28 13800
29 13800
30 13800
31 13800
32 13800
33 13700
34 13700
Probability of SRB pair failure 3.
Probability of ET failure 1.

Enabled SSME time-to-failure parameters

Self-contained - 100% RPL 22
Self-contained - 104% RPL 22
Self-contained - 109% RPL 9
Catastrophic - 100% RPL 149
Catastrophic - 104% RPL 77
Catastrophic - 109% RPL 13

Launch/ascent phase times (sec):

Duration of the pre-launch phase
Beginning of "throttle bucket"
End of the "throttle bucket"
Time of SRB separation

Time of RTLS capability
Beginning of throttle down

Time of MECO

875969E-03

000000E-04

277.700000
889.600000
744.100000
693.500000
252.400000
181.100000

6.600000
25.000000
70.000000

130.000000
150.000000
460.000000
516.000000



Vehicle acceleration values (ft/sec”2):

2 functioning SSMEs - 104% RPL
1 functioning SSME - 104% RPL
1 functioning SSME - 109% RPL

- e wm et em wm mr me s an e e an ws e mm e e -

Black zone VI boundaries (ft/sec):

Lower boundary
Upper boundary

ASCENT/ABORT SUMMARY
x Kk Kk k Kk Kk Kk k Kk *k Kk *

Nominal to MECO

On-pad shutdown

Successful RTLS

Successful TAL

Successful Aborts to Orbit
Successful Aborts to MECO
Non-intact abort - crew bailout
Non-intact abort - loss of crew
Benign SSME failure
Catastrophic SSME failure
External Tank failure

Solid Rocket Booster failure

PRE-LAUNCH SUMMARY
$tet—tmt—t=t—t—t—t—+

Oon-pad shutdown

Benign 1lst SSME failure
catastrophic 1lst SSME failure
External Tank failure

FIRST STAGE SUMMARY
$—t—tmtmtmt—t—t b=t =t

Non-intact abort - crew bailout
Non-intact abort - loss of crew
Benign 1lst SSME failure
Benign 2nd SSME failure
Benign 3rd SSME failure

44.310000
22.160000
23.230000

15.000000

ON

8000.000000
18000.000000

914416
802
21350
13769
10413
17992
361

0
67796
17974
2
2921

802
802

142

15801
142

77
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Catastrophic 1st SSME failure 4196

Catastrophic 2nd SSME failure 1
Catastrophic 3rd SSME failure 0
External Tank failure 2
Solid Rocket Booster failure 2921

SECOND STAGE SUMMARY
L s S S S SR

Nominal to MECO 814416
Successful 1-E TAL BYD 36
Successful TAL Droop BYD 35
Successful 1-E Press to MECO 2
Successful Late TAL AML 0
Successful lLate TAL BYD 0
Successful Late TAL KIN 0
Successful Late TAL HDS 0
Non-intact abort - crew bailout 110
Non-intact abort - loss of crew 0
Benign 1st SSME failure 48522
Benign 2nd SSME failure 183
Benign 3rd SSME failure 0
Catastrophic 1st SSME failure 13338
Catastrophic 2nd SSME failure 0
Catastrophic 3rd SSME failure 0
External Tank failure 0
Return to Launch Site (RTLS) Summary

Successful 2-E RTLS 20017
Successful 1-E RTLS 1333
Non-intact abort - crew bailout 0
Non-intact abort - loss of crew 0
Benign 2nd SSME failure 1369
Benign 3rd SSME failure 0
Catastrophic 2nd SSME failure 291
Catastrophic 3rd SSME failure 36

Trans-oceanic Abort La

I A A S T S U

Successful
Successful
Successful
Successful
Successful
Successful
Successful
Successful
Successful
Successful
Non-intact
Non-intact

nding (TAL) Summary

2-E TAL BEN 13191
1-E TAL BYD 0
TAL Droop BYD 0]
1-E TAL SE DROOP B 107
1-E TAL SE BYD 0
1-E TAL SE BEN 219
Late TAL AML 0
Late TAL BYD 0
Late TAL KIN 0
Late TAL HDS 0
abort - crew bailout 74
abort - loss of crew 0



Benign 2nd
Benign 3rd

SSME failure
SSME failure

Catastrophic 2nd SSME failure
Catastrophic 3rd SSME failure

U . . . A A i

Successful
Successful
Successful
Successful
Successful
Successful
Successful
Successful
Successful
Non-intact
Non-intact
Benign 2nd
Benign 3rd

to MECO and ATO Summary

2-E PTM
2-E ATO
1-E PTM
1-E TAL BYD
TAL Droop BYD

Late TAL AML

Late TAL BYD

Late TAL KIN

Late TAL HDS
abort - crew bailout
abort - loss of crew
SSME failure

SSME failure

catastrophic 2nd SSME failure
Catastrophic 3rd SSME failure

400

37

17629
10413
361
145

577

73

79
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APPENDIX ]

Program Tutorial

This section is intended to acquaint the program user with how to use the program by walking
them through an example application. The example application involves assessing the expected risk
involved for STS-32.

Start the Program

The simulation program has been developed for use with a Microsoft FORTRAN version 4.1 or
an equivalent compiler. The executable file for this program must first be loaded into the directory that
contains the compiler.

To begin the program enter: ABTSIM
Iin ram In

This section will show the sample input of data. The default values included Ascent Checklist
values for STS-26 and values that appeared reasonable to the author. The entered data includes values
from the STS-32 Ascent Checklist—Flight Supplement and information that is intended to be for
illustration purposes only. The reader is encouraged in particular to follow the Ascent Checklist data as
they are entered and to locate their position within the document. The reader should also note that when
data are entered for the TAL redesignation values, if an option is not available at a particular first engine
out inertial velocity value, the inertial velocity value of the next possible option at that first engine out
inertial velocity value is entered in its position. If the last option is not available at the first engine out
velocity value, a very large number is entered as the velocity value for that option. The data that are
requested and the information that is entered in response for this application is as follows:

What is the name of the data?
STS-32

Would you like to have the results sent
to an output file (Y or N)?
Y

What is the name for the output file?
STS-32

How many simulation runs are desired?
10000

Please enter your selection.
1

- 2 ENG (104)? {6300}
6200

81
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Name of landing site? {BEN}
BEN

VI value for Abort MECO? {24000}
24000

VI value for Nominal MECO?? {25918}
25918

- NEG RETURN (104)? {8300}
8400

- PRESS TO ATO (104)? {9800}
9600

- PRESS TO MECO (104)? {12200}
13900

- SE PRESS (104)? {18600}
16800

- SE (104)? {14000)
13700

Name of landing site? {BYD}
BYD

- DROOP (109)? {11100}
12000

Name of target site? {BYD}
BYD

- LAST (104)? {24600}
13500

Name of the landing site? {BEN}
MRN

What is the total number of Late TAL sites? {3}
4

- LAST LATE TAL VI Value 1
22700

Name of the landing site?
AML
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- LAST LATE TAL VI Value 2
24500

Name of the landing site?
BYD

- LAST LATE TAL VI Value 3
25200

Name of the landing site?
KIN

- LAST LATE TAL VI Value 4
25500

Name of the landing site?
HDS

— Earliest Late TAL? {24000}
22000

Total number of TAL redesignation options? {3}
3

Total number of TAL redesignation velocities? {33}
34

Do you wish to use all the default 1st engine
out VI redesignation values? (Y or N)
N

1st EOVI 1
6200

1st EO VI 2
6300

1st EOVI 3
6400

1st EO VI 4
6500

IstEO VI 5
6600

IstEOVI 6
6700
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Ist EO VI 7
6800

Ist EO VI 8
6900

IstEO VI 9
7000

1st EO VI 10
7100

Ist EO VI 11
7200

1st EO VI 12
7300

1st EO VI 13
7400

1st EO VI 14
7500

1st EO VI 15
7600

1st EO VI 16
7700

1st EO VI 17
7800

Ist EO V1 18
7900

Ist EO VI 19
8000

1st EO VI 20
8100

1st EO VI 21
8200

1st EO VI 22
8300
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1st EO VI 23
8400

1st EO VI 24
8500

1st EO VI 25
8600

1st EO VI 26
8700

1st EO VI 27
8800

1st EO VI 28
8900

1st EO VI 29
9000

1st EO VI 30
9100

1st EO VI 31
9200

1st EO VI 32
9300

1st EO VI 33
9400

Ist EO VI 34
9500

Name of the TAL redesignation option 1
DROOP BYD

Power level required for this option (104 or 109)
109

Name of the TAL redesignation option 2
BYD

Power level required for this option (104 or 109)
104



Name of the TAL redesignation option 3
BEN

Power level required for this option (104 or 109)
109

Do you wish to use all the default 2nd engine
out VI redesignation values for option 1? (Y or N)
N

-~ TAL REDES VI Value 1 1
10900

- TAL REDES VI Value 1 2
10900

-~ TAL REDES VI Value 1 3
11000

— TAL REDES VI Value 1 4
11000

- TAL REDES VI Value 1 §
11000

~TAL REDES VI Value 1 6
11000

—~TAL REDES VI Value 1 7
11000

- TAL REDES VI Value 1 8
11100

—~TAL REDES VI Value 1 9
11100

- TAL REDES VI Value 1 10
11100

- TAL REDES VI Value 1 11
11100

- TAL REDES VI Value 1 12
11200

— TAL REDES VI Value 1 13
11200
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-~ TAL REDES VI Value
11200

- TAL REDES VI Value
11200

— TAL REDES VI Value
11200

— TAL REDES VI Value
11300

- TAL REDES VI Value
11300

— TAL REDES VI Value
11300

-~ TAL REDES VI Value
11300

— TAL REDES VI Value
11300

- TAL REDES VI Value
11300

- TAL REDES VI Value
11400

— TAL REDES VI Value
11400

— TAL REDES VI Value
11400

- TAL REDES VI Value
11400

- TAL REDES VI Value
11400

— TAL REDES VI Value
11400

— TAL REDES VI Value
11400

14

15

16

17

18

19

20

21

22

23

25

27

29
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~ TAL REDES VI Value 1 30
11500

- TAL REDES VI Value 1 31
11500

- TAL REDES VI Value 1 32
11500

- TAL REDES VI Value 1 33
11500

— TAL REDES VI Value 1 34
11500

Do you wish to use all the default 2nd engine out
VI redesignation values for option 2? (Y or N)
N

- TAL REDES VI Value 2 1
16400

- TAL REDES VI Value 2 2
16300

— TAL REDES VI Value 2 3
16100

-~ TAL REDES VI Value 2 4
16000

-~ TAL REDES VI Value 2 §
15800

— TAL REDES VI Value 2 6
15700

— TAL REDES VI Value 2 7
15500

— TAL REDES VI Value 2 8
15400

- TAL REDES VI Value 2 9
15200

— TAL REDES VI Value 2 10
15100
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- TAL REDES VI Value 2 11
14900

— TAL REDES VI Value 2 12
14800

— TAL REDES VI Value 2 13
14700

- TAL REDES VI Value 2 14
14600

— TAL REDES VI Value 2 15
14400

- TAL REDES VI Value 2 16
14300

—TAL REDES VI Value 2 17
14200

—~ TAL REDES VI Value 2 18
14100

-~ TAL REDES VI Value 2 19
14000

— TAL REDES VI Value 2 20
13900

—TAL REDES VI Value 2 21
13900

- TAL REDES VI Value 2 22
13900

- TAL REDES VI Value 2 23
13800

- TAL REDES VI Value 2 24
13800

-~ TAL REDES VI Value 2 25
13800

- TAL REDES VI Value 2 26
13700
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-~ TAL REDES VI Value 2 27
13700

— TAL REDES VI Value 2 28
13700

- TAL REDES VI Value 2 29
13700

— TAL REDES VI Value 2 30
13700

- TAL REDES VI Value 2 31
13600

— TAL REDES VI Value 2 32
13600

- TAL REDES VI Value 2 33
13600

— TAL REDES VI Value 2 34
13600

Do you wish to use all the default 2nd engine out
VI redesignation values for option 3? (Y or N)
N

- TAL REDES VI Value 3 1
16400

-~ TAL REDES VI Value 3 2
16300

— TAL REDES VI Value 3 3
16100

—~ TAL REDES VI Value 3 4
16000

—TAL REDES VI Value 3 §
15800

- TAL REDES VI Value 3 6
15700

~ TAL REDES VI Value 3 7
15500
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- TAL REDES VI Value
15400

- TAL REDES VI Value
15200

~ TAL REDES VI Value
15100

- TAL REDES VI Value
14900

— TAL REDES VI Value
14800

- TAL REDES VI Value
14700

- TAL REDES VI Value
14600

- TAL REDES VI Value
14400

- TAL REDES VI Value
14300

— TAL REDES VI Value
14300

— TAL REDES VI Value
14200

- TAL REDES VI Value
14100

— TAL REDES VI Value
14100

- TAL REDES VI Value
14000

— TAL REDES VI Value
14000

- TAL REDES VI Value
13900

in

312

31

314

315

316

317

318

319

320

321

3 22

323
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- TAL REDES VI Value 3 24
13900

—~ TAL REDES VI Value 3 25
13900

— TAL REDES VI Value 3 26
13900

—~ TAL REDES VI Value 3 27
13800

— TAL REDES VI Value 3 28
13800

— TAL REDES VI Value 3 29
13800

— TAL REDES VI Value 3 30
13800

- TAL REDES VI Value 3 31
13800

—TAL REDES VI Value 3 32
13800

— TAL REDES VI Value 3 33
13700

- TAL REDES VI Value 3 34
13700

Please enter your selection.
2

What is the probability of SRB failure?
{.00388}
.00388

Please enter your selection.
3

What is the probability of ET failure?
{.0001}
.0001

Please enter your selection.
4
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Enabled - catastrophic parameter values:

-- for 100% SSME thrust: {149693.5}
149693.5

-- for 104% SSME thrust: {77252.4}
77252.4

-- for 109% SSME thrust: {13181.1}
13181.1

Enabled - benign parameter values:

-- for 100% SSME thrust: {22277.7}
22271.7

-- for 104% SSME thrust: {22889.6}
22889.6

-- for 109% SSME thrust: {9744.1}
9744.1

Please enter your selection.
5

— duration of the prelaunch phase: {6.6}
6.6

— beginning of the “throttle bucket”: {25}
25

— end of the “throttle bucket”: {70}
70

— time of SRB separation: {130}
130

— time of RTLS capability: {150}
150

— time of pre-MECO throttle down: {460}
460

— time of MECO: {516}
516

Please enter your selection.
6
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What is the required decision time? {15}
15

Please enter your selection.
7

Will the SSMEs be inhibited during black zones
(Yor N)?(Y)

Y

Please enter your selection.

8

— the lower back zone VI bound: {8000}
8000.

— the upper black zone VI bound: {18000}
18000.

Please enter your selection.
9

Viewing Program Summaries

The results of the simulation are summarized on the screen and, since the output file option was
chosen

» @ summary of the results is also sent to a file. The output to the screen is menu-driven and straight
forward. The output to the file may be sent to a printer. The output file for the input data in this tutorial
is shown in this appendix.
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dkdkkkkhkdddkkkdkhkkhkhdkkkdhhhhhhrrhkhkkkhkkkdh
*%%x%% SPACE SHUTTLE ABORT MODES *%%k%*

L2 2 2 2]
o e de ok kg ok

SIMULATION RESULTS kkhkdk
hkkkkkhkkkkkhhhhh ko hkddkdkhkh

SIMULATION INPUT DATA
Kok kK k—k—k—k—k—k—kek—k

Name of data: STS-~32
Number of simulations: 10000

Ascent Checklist values:

2 ENG (104)
Name of landing site
VI boundary value
VI value for Abort MECO
VI value for Nominal MECO

NEG RETURN (104)

PRESS TO ATO (104)

PRESS TO MECO (104)

SE PRESS (104)

SE (104)

Name of landing site
VI boundary value

DROOP (109)

Name of target site
VI boundary value

LAST (104)

Name of landing site
VI boundary value

Late TALs
Total number of sites
Late TAL site:

VI boundary value
Late TAL site:

VI boundary value
Late TAL site:

VI boundary value
Late TAL site:

VI boundary value
Earliest Late TAL

TAL Redesignations
Total number of 1st EO values

Number VI Value

OO W
2,
e
o
o

BEN
6200
24000
25918
8400
9600
13900
16800

BYD
13700

BYD
12000

13500

AML
22700
BYD
24500
KIN
25200
HDS
25500
22000

34

95
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9
10
11
12
13
14
15
16
17
18
19
20
21
22
23
24
25
26
27
28
29
30
31
32
33
34

7000
7100
7200
7300
7400
7500
7600
7700
7800
7900
8000
8100
8200
8300
8400
8500
8600
8700
8800
8900
2000
9100
9200
9300
9400
9500

Number of redesig. options

TAL redesignation option:

Option power level:

VI Value

3

DROOP BYD
109



27
28
29
30
31
32
33
34

11400
11400
11400
11500
11500
11500
11500
11500

TAL redesignation option:

Option power level:

VI Value

TAL redesignation option:

Option power level:

Number

VI Value

BYD
104

BEN
109
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7 15500

8 15400
9 15200
10 15100
11 14900
12 14800
13 14700
14 14600
15 14400
16 14300
17 14300
18 14200
19 14100
20 14100
21 14000
22 14000
23 13900
24 13900
25 13900
26 13900
27 13800
28 13800
29 13800
30 13800
31 13800
32 13800
33 13700
34 13700
Probability of SRB pair failure 3.
Probability of ET failure 1.

Enabled SSME time-to-failure parameters

Self-contained - 100% RPL 22
Self-contained - 104% RPL 22
Self-contained - 109% RPL 9
Catastrophic - 100% RPL 149
Catastrophic - 104% RPL 77
Catastrophic - 109% RPL 13

Launch/ascent phase times (sec):

Duration of the pre-launch phase
Beginning of "throttle bucket"
End of the "throttle bucket"®
Time of SRB separation

Time of RTLS capability
Beginning of throttle down

Time of MECO

875969E-03

000000E~-04

277.700000
889.600000
744.100000
693.500000
252.400000
181.100000

6.600000
25.000000
70.000000

130.000000
150.000000
460.000000
516.000000



Vehicle acceleration values (ft/sec”2):

2 functioning SSMEs - 104% RPL 44.310000

1 functioning SSME -~ 104% RPL 22.160000

1 functioning SSME - 109% RPL 23.230000
Required decision time (sec): 15.000000
Enable/inhibit switch status: ON

Black zone VI boundaries (ft/sec):

Lower boundary 8000.000000
Upper boundary 18000.000000

ASCENT/ABORT SUMMARY
A k k k k k * *k k k k *

Nominal to MECO 9146
On-pad shutdown 14
Successful RTLS 206
Successful TAL 134
Successful Aborts to Orbit 96
Successful Aborts to MECO 190
Non-intact abort - crew bailout 2
Non-intact abort - loss of crew 0
Benign SSME failure 667
Catastrophic SSME failure 178
External Tank failure 1
Solid Rocket Booster failure 33

PRE-LAUNCH SUMMARY
e o s

On-pad shutdown 14
Benign 1st SSME failure 14
Catastrophic 1st SSME failure 2
External Tank failure 0

FIRST STAGE SUMMARY
e B o T T

Non-intact abort - crew bailout o]
Non-intact abort - loss of crew 0
Benign 1lst SSME failure 163
Benign 2nd SSME failure 0

Benign 3rd SSME failure 0



100

Catastrophi
Catastrophi
Catastrophi
External Ta
Solid Rocke

SE
-+ -

Nominal to
Successful
Successful
Successful
Successful
Successful
Successful
Successful
Non-intact
Non-intact
Benign 1st
Benign 2nd
Benign 3rd
Catastrophi
Catastrophi
Catastrophi
External Ta

Return to

Successful
Successful
Non-intact
Non-intact
Benign 2nd
Benign 3rd
Catastrophi
Catastrophi

Trans-ocea
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APPROVAL

A SIMULATION MODEL FOR PROBABILISTIC ANALYSIS OF
SPACE SHUTTLE ABORT MODES

By R.T. Hage

The information in this report has been reviewed for technical content. Review of any
information concerning Department of Defense or nuclear energy activities or programs has been made
by the MSFC Security Classification Officer. This report, in its entirety, has been determined to be
unclassified.
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